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Abstract

Infectious disease is one of the major global health threats that the world’s population is
facing. The potential of exponentially transmission requires early, rapid, robust and affordable
diagnostic techniques to prevent rapid propagation of infection and allow adequate and
prompt treatment. The developments over the last decades in the areas of clinical diagnostics
and therapeutics have been remarkable. However, current techniques still often suffer from
compromises regarding accuracy, time consumption and cost efficiency. Bioconjugates in
particular are appealing and have much to offer for applications in research, diagnostics and
therapy. However, the synthesis is challenging, often lead to low yields, purification can be

inconvenient and the process lacks in scalability.

In this thesis, it was investigated if potent diagnostic probes and therapeutics with high
specificity and sensitivity could be developed by specific conjugation using rationally designed
peptides and oligonucleotides. A pilot study was performed in order to evaluate the design
and synthetic path of a model system that is capable of revealing if oligonucleotide adaptors
can reach cellular proximity. Therefore, a detection element was used that utilizes
fluorescence resonance energy transfer. On another topic, an oligonucleotide hybridization
platform for detection of human cancer DNA was established. A hydrogel forming peptide
attached to a specific hybridization detection probe (POC) as well as an eight-arm-PEG
conjugated to a hybridization capture probe (PEG) were synthesized. POC and PEG were used
to investigate the sensitivity and swiftness of detecting EGFR oncogene and to evaluate the
potential as an amplification-free diagnostic system. As a final topic, the synthesis of modified
transferrin targeting linear (mP6 and mP7) and cyclic peptides (mcP10) were successfully
carried out with the purpose of enhancing blood brain barrier crossing of therapeutic lipid
nanoparticles. The modified peptides aim to serve as a surface modifier of lipid nanoparticles

to improve sensitivity and selectivity.
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Kurzfassung

Eine der groRten globalen Gesundheitsgefahrdungen stellen Infektionserkrankungen dar.
Mitunter tragt ihre exponentielle Ubertragungsrate zu dem Gesundheitsrisiko bei. Um diesem
Potential der raschen Ausbreitung entgegenzusteuern, ist es notwendig, schnelle, einfache,
robuste und leistbare Wege der Diagnose zu entwickeln und bereitzustellen. Darliber hinaus
tragt eine frihzeitige Diagnose der Krankheiten dazu bei, rechtzeitig eine adaquate Therapie
einzuleiten. Die Entwicklung klinischer Diagnosemethoden und Therapien waren in den
letzten Jahrzehnten bemerkenswert rasant, jedoch ist das Potential aktueller Techniken im
Hinblick auf Genauigkeit, Kosteneffizienz und Zeitaufwand noch nicht ausgeschopft.
Diesbeziiglich sind Biokonjugate sehr vielversprechend flr Forschung, Diagnose und Therapie.
Allerdings sind die synthetische Herstellung und Aufreinigung oft herausfordernd und
unbequem und dartber hinaus ist der Herstellungsprozess nur eingeschrankt Skalierbarkeit

und haufig mit geringen Ausbeuten verbunden.

In dieser Diplomarbeit werden spezifische Biokonjugate von rational designten Peptiden und
Oligonukleotiden auf ihr Potential untersucht, Anwendung in der Diagnose oder der Therapie
zu finden. Mittels diverser Techniken der Biokonjugation wurde an der Etablierung eines
Modellsystems gearbeitet, welches als Pilotstudie zur Entwicklung einer neuen Methode der
fluoreszenz-basierenden Durchflusszytometrie dienen soll. Das dafir entwickelte
Modellsystem beinhaltet ein Detektionselement, welches auf Fluoreszenz markierten
Oligonucleotiden basiert. Dieses Detektionselement macht sich den Forster-
Resonanzenergietransfer zu Nutzen. Darliber hinaus wurde eine Hybridisierungs-Plattform
basierend auf Oligonukleotiden entwickelt, welche es ohne Signalverstarkung ermdoglicht,
menschliche Krebs-DNA zu detektieren. Daflir wurde ein Hydrogel formendes Peptid mit einer
Oligonukleotid-Nachweissonde (POC) konjugiert, sowie eine acht-armige-PEG Verbindung mit
einer Oligonukleotid-Fangersonde (PEG). Dieses Detektionssystem wurde anschlieRend auf
die Empfindlichkeit und Schnelligkeit der EGFR-Oncogen-Detektion untersucht. Des Weiteren
wurden modifizierte lineare (mP6 und mP7) und cyclische Peptide (mcP10) synthetisiert,
welche den Transferrin Rezeptor anzielen. Diese Peptide dienen dazu, die Oberflache von

therapeutischen Lipid Nanoparticles zu modifizieren. Die Modifizierung der Oberflache
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erleichtert den Lipid Nanoparticles das Passieren der Bluthirnschranke und verbessert somit

die Sensitivitat und Selektivitat der Wirkstofflibertragung.
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1 Introduction

1.1 Chemical biology

Chemical biology is a rather new research field that is located at the interface of chemistry
and biology. Over the past decade, investigations on a molecular level, especially the
interactions between small molecules and biomolecules, have become more and more the
center of interest among researchers. This occurrence is not only based on the promising
techniques that have been offered for studying and manipulating complex biological systems
and processes. It is also based on the highly potent output of applications that have been
established within that field, particularly in research and healthcare. Especially, the
remarkable progress in the development of highly efficient, reliable and convenient synthetic
strategies provided the necessary tools for chemical biologists to perform and design their

investigations.

These synthetic strategies include robust ways for establishing synthetic biomolecules such as
peptides and oligonucleotides. In particular, the development towards solid supports led to
highly appealing applications that are commonly used today. Moreover, the exceptional
progress within synthetic chemistry enables diverse conjugation techniques to tune and
modify the properties of biological probes. Notably, the development of “click” chemistry and

other biorthogonal reactions strongly contributed to that progress.'?

Applications that come from the field of chemical biology include highly potent diagnostics
and therapeutics for infectious disease, cardiovascular disease and cancer.>* Furthermore,
the field also offers promising approaches with regards to the development of advanced
analytical methodologies. More specific, single cell studies are highly appealing to overcome
the problems of reduced information gain when it comes to the analysis of bulk populations
of cells via e.g. western plotting or microarraying. Therefore, analysis on a single cell level
would provide a solution to this problem.>~” Single cell studies are appealing due to their
greater accuracy and resolution. The avoidance of information loss is of particular importance

for genomics, transcriptomics, proteomics and metabolomics.
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1.2 Synthetic biomolecules

Synthetic biomolecules have a large potential for applications in research, diagnostics and
therapy. Bioconjugates have demonstrated promising results with regards to specificity and
efficacy with their full potential still to be revealed. Conveniently, oligonucleotide and peptide
synthesis became less time and labor consuming due to the establishment of solid phase
strategies and the implementation of automatization techniques. However, the synthesis of
their more appealing bioconjugates often leads to low yields; purification can be inconvenient

and the process lacks in scalability.38

1.2.1 Synthetic oligonucleotides

The development of phosphoramidite chemistry paved the way for modern nucleic acid
synthesis. With the development towards solid phase supports® and the implementations of
automation techniques?9, it is still considered as the method of choice for oligonucleotide
synthesis amongst researchers.!’ A commonly used strategy utilizes DMT-protected
nucleoside phosphoramidites to synthesize the desired oligonucleotide sequence in 3' to 5'
direction. Starting from the 3'-terminus of the nucleoside attached to a solid support (typically
controlled pore glass or polystyrene) via a cleavable linker, a stepwise addition of nucleoside
residues at the 5'-termini is performed to build up the desired sequence. Each nucleoside
coupling follows a four-step cycle (Figure 1), resulting in the elongation of the oligonucleotide

backbone.
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Figure 1'2: Synthesis of oligonucleotides based on phosphoramidite chemistry. Synthesis starts with the 3'-
terminus of the desired nucleotide and elongation proceeds through a series of cycles. Each cycle involves four
steps: Deprotection, coupling, capping and oxidation.

In the initial step, DMT-deprotection (or detritylation) is performed using trichloroacetic acid.
Afterwards, coupling of the follow-up base of the designed sequence (DMT-protected
nucleoside phophoramidite monomer) is allowed to take place at the 5'-hydroxy group. A
phosphite triester linkage is formed leading to the third step, the capping. This capping step
covers the acylation of unreacted 5'-hydroxy groups which prevents any interaction during
upcoming steps. In the fourth step an oxidation is performed resulting in a closure of the
chain-elongation cycle. This step enables the stabilization of the reaction product by
converting the phosphite triester into a cyanoethyl protected phosphate triester, using an
iodine solution. This synthetic cycle is designed to be repeated for as many couplings as
needed to receive the required oligonucleotide sequence.!®> Nowadays, the average coupling
efficiency of one cycle reaches up to 99.5%, which leads to a full length recovery rate of e.g.
88.6% for a 25-mer.** Afterwards, the synthesized oligonucleotide is cleaved from the solid
support. Next, the removal of the protecting groups from the backbone and the bases follows.
Common approaches for oligonucleotide purification are high-performance liquid
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chromatography (HPLC) or polyacrylamide gel electrophoresis (PAGE). Errors, such as side
reactions, incomplete couplings and misincorporations, during the synthesis may occur but it
was shown that phosphoramidite chemistry can be optimized to an efficiency up to 99% or

higher.11:15

1.2.2 Synthetic peptides

Peptides and proteins play an essential role in every living organism due to the enormous
number of physiological and biological processes they are involved in. Processes, such as
intercellular communication, biocatalysis and inter- and intracellular transportation, are just
a few examples of the integral parts in the design of life. The growing functional and structural
understanding led to the development of many different pharmaceutical and biological
applications. There are many different approaches to prepare peptides and proteins. The
approach most commonly used for synthetically making peptides is solid phase peptide
synthesis (SPPS)*® (Figure 2). In particular the so-called “Fmoc strategy”, which follows a

repetitive cycle to gradually establish the desired peptide sequence.

The initial loading step covers the coupling of the first amino acid to the linker (attached on
solid support). Next, the elongation of the sequence is performed via a repetitive cycle of
deprotections and amino acid couplings. As soon as the synthesis of the desired sequence is
completed, cleavage of the peptide from the resin is performed as a terminal step. Depending

on the cleavage mixture used, side chain protecting groups can be remained or removed.
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Figure 2: Schematic overview of solid phase peptide synthesis (SPPS), covering the elementary steps of the
synthesis strategy: Loading, elongation and cleavage. (Modified figure from reference.’)

1.2.3 Bioconjugation and “click” chemistry

Bioconjugate chemistry is a rather modern research field that focuses on discovering efficient
strategies to form stable covalent linkages between two molecules of different origin, where
at least one of them is a biomolecule. Once a covalent linkage is formed, the received
bioconjugate is commonly used to investigate certain effects in biological systems to gain
information about them. On that account, “click” chemistry? is a frequently used approach

that enables an efficient and convenient way of making a high variety of bioconjugates (Figure

3).18—20
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Figure 3%°: Toolbox of azide-alkyne “click” chemistry showing the variety of applications.

1.2.3.1 Azide-alkyne “click” reaction

One of the most commonly used “click” reaction is the bioorthogonal copper-catalyzed azide-
alkyne cycloaddition (CuAAC). The reason for the popularity is the high practicability,
efficiency and capability to access conjugates with various architecture and functionalities.
This reaction exploits the active catalytic species Cu*, which is produced via reduction of the
more stable Cu?* in situ. Typically this reduction is achieved by sodium ascorbate?!, hydrazine??
or hydroxylamine?3. The presence of Cu* and sodium ascorbate can promote the oxidation of
certain amino acid residues. Therefore, Cu-stabilizing ligands (Figure 4) were introduced to

limit amino acid degradation and to increase the reaction rate.?4?>

In order to avoid usage of copper, reducing agents and accelerating ligands, strain promoted

azide-alkyne cycloaddition (SPAAC) was developed.!? Beneficially, SPAAC can be used under
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mild reaction conditions but the approach faces a drawback due to a lack of regiospecificity.

An overview of diverse azide-alkyne cycloadditions (AAC) and their limitations is shown in

Table 1.

R«
N-N
)
R = benzyl (TBTA)
N R = tert-butyl (TTTA)
N” f N R = CH,CH,CH,OH (THPTA)
A k\4\14%

/

N=N

Figure 4°°: Structures of commonly used Cu-stabilizing ligands.

Table 1: Various types of azide-alkyne cycloadditions (AAC) and their limitations. (Modified figure from

reference.??)

Reaction
Type Reagent 1 Reagent 2 Catalyst Product Limitations
i R,———R Ri~n"*N Ri~N not regiospecific
Huisgen 2 3
g R{—Nj Internal or A » >:< + ):< days-weeks
AAC terminal alkyne R2 RS RS >100 °C
; F{1\NfN¢N catalyst requiered
CuAAC Ri—Nj3 =R, Cu'™ \—( reducing agnet
R stabalizing agent
N
Re——Rs Ri~N" N catalys requeired
R—N Ru?* —
RuAAC 17 N3 ter':]‘;:;aa'lfy'ne — 1,5 regioisomer formed
R Rs
- Ri~n7' % . -
— NN not regiospecific
SPAAC R{—N3 O—R2 —_— cycloocytyne
TR2 more expensive (reagents)

1.2.3.2 Azide and alkyne installation on biomolecules

There are two common strategies to install azide or alkyne functionalities on intact

biomolecules. One is the utilization of N-hydroxysuccinimide (NHS) mediated amide bond

formation. The other one is the coupling of a maleimide labeled molecule to a sulfhydryl
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group.?’ The labeling of biomolecules via NHS activated compounds is widely used due to their
aqueous compatibility, commercial availability and selectivity towards primary amine (e.g.
lysine residues or N-termini). Mostly, the reaction is performed at room temperature in
aqueous buffers with slightly basic pH (pH 7-9). An elevated pH value tends to boost the
efficiency of the reaction due to the higher degree of amine deprotonation. In contrast, the
reaction simultaneously suffers from a higher hydrolysis rate of the activated ester. At neutral
pH, the opposite occurs. Besides primary amines, NHS activation can also be performed in situ
on carboxylic acids functionalities. In order to achieve this, appropriate coupling reagents are
essential (e.g. 1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide (EDC) and N,N'-dicyclohexyl-
carbodiimide (DCC). As mentioned before, another strategy commonly used is the coupling of
a maleimide labeled molecule to a sulfhydryl group in order to form a thioether linkage via
Michael-Addition. Common side reactions of the thioether formed are thiol exchange
reactions as well as the reverse reaction.?® The reaction mechanism for the maleimide

coupling is strongly depending on the solvent, initiator (base) and sulfhydryl group used.?’

20


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thelo

[ ]
10
edge

b

now!

L]
|
rk

Bernhard Jandl
Introduction

1.3 Diagnosis of nucleic acid mutations by synthetic

probes

Rapid, reliable and inexpensive detection of nucleic acid mutations is highly desired in
research and clinical applications. Therefore, detection strategies that utilize synthetic probes
to perform hybridization assays are appealing with clear advantages regarding high specificity
and sensitivity. In addition, single cell FACS studies are appealing as high performance
diagnostic tools. FACS studies and other fluorescent-based detection applications are
depended on effective fluorescent signal reporting strategies. In particular, taking advantage
of the fluorescence resonance energy transfer enables attractive strategies including the use

of molecular beacons.

1.3.1 Hybridization assays

The structure of DNA, two helical chains coiled around the same axis and held together via
hydrogen bonds, is forming the foundation of hybridization assays.?®73° DNA-DNA or DNA-RNA
hybrids, constructed by the complementary paring of single strands, can be formed in solution
as well as on solid support (e.g. 96-well plates, labeled beads).3! The use of hybridization
assays is widely applied in research and diagnostic applications. These assays are commonly
based on labeled probes, which enable detection and quantification of nucleic acids of
interest.3! Various different strategies are used and can be classified into amplification (e.g.
RT-PCR3233, rolling-circle amplification3? and ddPCR34) and amplification-free methods (e.g.
Northern Plot3, Microarray®?, UPT-LF*®> and time-gated FRET ligation3®). Starting from
radioisotope labeling as a reporting technique, today the scientific spotlight is more centered
towards various kinds of fluorescent labeling, such as fluorophores, quantum dots or rare
metal complexes.?” Regarding real-time amplification techniques, unselective intercalating
dyes and target-specific fluorescently labeled oligonucleotides are increasingly used in routine
methods.?® Besides that, the use of dual-labeled target-specific oligonucleotides as reporting
tools (e.g. hydrolysis probes, molecular beacons) is a widespread approach that is based on

fluorescence resonance energy transfer (FRET) between two fluorescent moieties.?®
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1.3.2 Flow cytometry and single cell studies

Fluorescent activated cell sorting (FACS) was invented in the late 1960s by researchers who
worked in the field of flow cytometry and cell sorting of viable cells.*® Over the last years this
technique has developed to a traditional tool in the field of cell sorting and recently regained
attention for the ability among various types of flow cytometers to isolate single cells.*!
Alternatively, common techniques are magnetic-activated cell sorting, laser-capture

microdissection®?, manual cell picking/micromanipulation and microfluidics.*®

1.3.2.1 Fluorescence activated cell sorting

Fluorescence activated cell sorting is a technique which allows the characterization and
differentiation of diverse cell types in a heterogeneous cell population. The sorting is typically
based on granularity, size and fluorescence of the cells. A common approach to perform
fluorescence surface labeling of target cells is utilizing fluorophore-conjugated monoclonal

antibodies.

For conducting FACS-studies a cell sample suspension is passed through the cytometer.
Meanwhile, each cell is exposed to a laser and internally installed fluorescent detectors enable
the identification of the labeled cells. Right after this process the suspension reaches a valve,
which allows the suspension to form fluid droplets. Those droplets, which contain cells of
interest, are electorally charged and subsequently exposed to an electrical field. Differently

charged droplets can be collected due to different deflection (Figure 5).
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Figure 5*: Principle of fluorescent activated cell sorting (FACS).

1.3.2.2 Mass cytometry

Fluorophore emission spectra in FACS studies often suffer from a lack of resolution due to
overlapping emission signals. The problem with such experiments is, that the informational
output is limited. A promising modern attempt to overcome this problem is mass cytometry.*
The method is a fusion of flow cytometry and elemental mass spectrometry. Single cell
experiments with simultaneous detection of more than 40 cellular parameters make this
instrument to a powerful tool that enables the quantification of multiple cellular features at a

single cell resolution.*®

1.3.2.3 Why single cell studies?

Conventional analytical techniques are generating information from a population of cells.
Typically, the result of these measurements is given as an average response. However, recent
studies have shown that even the same cell line can differ in genome, transcriptome and
epigenome during division and differentiation of cells.*’ If individual cells within a population
are not homogeneous as once thought and rather show unique features, an average value can
completely suppress potentially relevant information about subpopulations. With that in

mind, considering the complex heterogeneous system of a tumor microenvironment, highly
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important information can get lost due to interaction between tumor cells and non-cancerous
neighbor cells. Therefore, it is necessary to develop new technologies to isolate and analyze

single cells.

1.3.2.4 Single cell analysis

Due to cell to cell variation within a cell population, single cell analysis can give a far more
detailed understanding of cells than we currently have.® Technologies for single cell genome,
transcriptome and proteome analysis will help to further study diseases and stem cells and to
improve drug development.®*® To achieve that, a simultaneous demand on amplification
methodologies emerges, due to an extremely small amount of templet oligonucleotides
recovered from a single cell. Common techniques for amplifying and analyzing nucleic acids
include gqPCR, RT-gPCR and RNA/DNA sequencing. Especially the recent development of RNA
sequencing towards a cost effective and high throughput technique brought increased
attention to that field over the last years.*>*° Moreover, immunohistochemistry and

quantitative mass spectrometry (MS) are typically in use for protein analysis.*°1>2

1.3.2.5 Polymerase chain reaction

Polymerase chain reaction (PCR) is a very efficient and commonly used amplification tool for
specific DNA fragments.>>>* This highly sensitive technique is capable of generating an
enormous amount of copies of a preselected DNA fragment in a reasonable amount of time.
The presence of nucleotides, primers, DNA polymerase and templet DNA are required to
perform PCR. Furthermore, a thermal cycler is essential to perform the process. The thermal
cycler repeatedly follows a predefined temperature program to which the sample is exposed
to, leading to the amplification of the desired DNA fragment. Each cycle is divided into three
steps. The initial step, called Denaturation, covers the separation of complementary DNA
strands of the target DNA. This is achieved by heating above the melting point of the DNA (94
— 98 °C). The follow-up step is called Annealing and includes the hybridization of the primers

to the target DNA. Primers are short DNA strands (usually around 18-25 base pairs) that are

24


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thelo

[ ]
lio
nowledge

b

L]
|
r ki

Bernhard Jandl
Introduction

designed the be recognized from the DNA polymerase and to mark the DNA fragment of

interest for the enzyme via specific hybridization to the template strand. Both processes occur

at a temperature between 55 - 70 °C. After the hybridization and the binding of the DNA

polymerase to the primer had occurred, the temperature is increased between 68 - 72 °C to

allow the DNA polymerase to build up the complementary DNA strand. This step closes the

cycle and is called Elongation. An overview of the main steps in PCR is given in Figure 6.

Template DNA

.
ﬁ /)0000000000(\ 94-98°C
\

Extension Denaturation

S'M/\/\/\/\
68-72& 3 55-70 °C

3

DNA-Polymerase Primer Template-DNA

Figure 6: Overview of the main steps in PCR for target sequence amplification using a template DNA.
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Once the cycle is completed, two copies of each DNA template are received. With this
exponential growth given, the amount of copies rises rapidly after a reasonable number of
cycles applied. PCR products can be analyzed and separated via agarose gel electrophoresis,
which requires subsequent visualization of the gel received. Two common techniques for
visualizing PCR products are chemical dyes (e.g. ethidium bromide) and the use of fluorescent
labeled PCR primers. A more advanced approach is quantitative real-time PCR. This technique
allows simultaneous detection and quantification of PCR products. This real time PCR is often
combined with reverse transcription (RT-gPCR). That allows the conversion of mRNA into
cDNA and a subsequent quantification. This technique is sufficiently sensitive to measure a

single mRNA molecule.

1.3.2.6 RNA/DNA sequencing

DNA and RNA sequencing has been a challenging topic in research for more than 40 years.>
Besides, the technique has led to some breakthrough discoveries including the result of the
Human Genome Project. While the first analysis of a RNA sequence covered the work of five
people for three years, techniques progressed to “massively parallel sequencing” and

furthermore to real time single-molecule sequencing.”>>°®

A promising approach of real time single-molecule sequencing was introduced by Pacific
Biosciences. The company established a device that utilizes an optical method that allows the
observation of the polymerase-mediated synthesis in real time.>”>® That is realized by the help
of a zero-mode waveguide. This waveguide enables fluorescent excitation of a tiny volume
and leading to an excitation of a single polymerase. To receive a sufficient signal on the

detector side, fluorescently labeled nucleotides are essential.

1.3.2.7 Single cell genome studies

Single cell genomics help to increase the understanding of the basic unit of biological
structure. Typically, studies in that field allow characterization of cell identity and function.
More advanced techniques are utilizing PCR and have obtained significant progress over the
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last years. Degenerated oligonucleotide-primed PCR is a method that is used for whole and
single cell genome amplification.®® The use of hybrid oligonucleotides with partially
degenerated bases allows a dense priming of the template. This process is typically divided

into two stages. First, the primer extension and second, the amplicon replication.

A challenging key step in the whole genome amplification is to suppress contamination. Only
an extremely small amount of templates is received from a single cell. Therefore,
contamination from the sample, the lab, the processing instruments and the reagents used,
needs to be avoided.®® Alternative whole-genome amplifications techniques are isothermal.
These amplification techniques include multiple displacement amplification® and several
hybrid methods (e.g. multiple annealing and looping based amplification cycles®® and
displacement DOP-PCR (PicoPlex)).®> Since PCR-based methods often suffer from low
coverage and isothermal approaches from a lack of uniformity, hybrid methods are a

promising development to overcome these problems.>?

1.3.3 Optical detection

1.3.3.1 Fluorescence resonance energy transfer

Fluorescence resonance energy transfer (FRET) is a non-invasive phenomenon that can be
utilized to carry out short distance studies, particularly for interactions on the lower
nanometer scale.®®%4 This concept is used in biomolecular research to study heterogeneous
systems, dynamic processes or transient conformational changes. First biological applications

started in the field of protein research. Later on FRET-based DNA applications appeared.®>®

FRET is a quantum phenomenon that appears between two fluorophore molecules. In the
presence of a donor and acceptor fluorophore, an excitation can be transferred from donor
to acceptor fluorophore via dipole-dipole coulomb interaction. This energy transfer occurs
without photon emission and results in a shift of the excitation state towards the acceptor
molecule. This phenomenon only occurs when the distance between these two fluorophores
is less than 10 nm and particularly has a high dynamic range for distances in the range of 3-9

nm.65:66
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1.3.3.2 Molecular beacon

Nucleic acids and their features provide a suitable framework for molecular modifications,
making them highly appealing for plenty of applications in bioanalysis including biosensing
and bioimaging.®’” The modification of nucleic acids can be achieved via diverse engineering
strategies.®® That modification can vary in the design and helps to target nucleic acids, proteins
or small molecules with high sensitivity and specificity.®’” The concept of molecular beacons
(MB) as a reporting tool was first published in 1996 by Tyagi and Kramer®®. They showed that
oligonucleotide hybridization probes are capable of specifically targeting nucleic acids in
homogenous solutions. Typically, molecular beacons are composed of a short oligonucleotide
chain forming a single-stranded loop, a hybridized stem structure and a signal reporter. The
stem part typically consists of five to seven complementary nucleotides. One strategy that
enables monitoring of the stem hybridization state is achieved via fluorophore and quencher
attachment to the particular ends. (Figure 7a).”° An example of a FRET system utilizing EDNAS
(5-(2'-aminoethyl) aminonapthalene-1-sulfonic acid) as fluorophore and DABCYL as quencher
is illustrated in Figure 7b. If the stem is hybridized and the fluorophore is in close proximity to
the quencher, fluorescence is quenched by FRET. In contrary, if binding to the complementary
sequence takes place, quenching is suppressed and fluorescent emission occurs (Figure 7c).”*
Additionally, a typical fluorescence emission spectra resulting from a molecular beacon is

illustrated in Figure 7d.
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Figure 7: a): General structure of a molecular beacon and various rationally designed strategies for different
parts. b): Exemplary design and structure of a molecular beacon. A 15-nucleotide-long-probe with two
complementary 5-nucleotide-long arm sequences. EDANS (fluorophore) is attached to the 5'-terminal via a -
(CH3)s-S-CH»-CO- linker; DABCYL (quencher), attached to 3'-terminal via a -(CH;);-NH- linker. c): Operation
principle of molecular beacons. The hairpin stem occurs if complementary sequences bind together and a hybrid
is formed if hybridization to target sequences takes place. d): Resulting fluorescence emission spectra in open
“OFF” state (1) and closed “ON” state (2) form of the molecular beacon. (Modified figure from references.®”:5%79)

Assays based on molecular beacons are popular among the scientific community due to their
fast, simple and inexpensive application. Especially for real-time monitoring used in vivo as

well as in vitro, molecular beacons are a highly employed approach.
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1.3.4 Clinical diagnostics of oncogenes and viruses

Diagnostics of viruses has undergone a huge development in the second half of the last
century. Important milestones have been reached since diagnostic tools, such as transmission
electron microscopy and diverse serological methods, got well established. The major
breakthrough came as enzyme-linked immunosorbent assay and monoclonal antibodies were
implemented in diagnostic strategies. Furthermore, the development of polymerase chain
reaction and nucleic acid based amplification technologies enabled the detection of microbial
and host genetic sequences in a very sensitive and specific manner. Both techniques are
increasingly used to detect and quantify viruses such as human immunodeficiency virus,
hepatitis B virus, hepatitis C virus and cytomegalovirus.”> The Human Genome Project and The
Cancer Genome Atlas not only revealed that cancer is a genome disease but also that genomic
analysis can be used to identify mutations.”>™’® It is expected that next generation sequencing
(NGS) will bring a paradigm-shift towards genetic signature-based diagnoses’® and specific

molecular-targeted therapy.””’8

1.3.4.1 Liquid biopsy and non-invasive genetic diagnosis techniques

The typical DNA source for screening single oncogene loci is a tumor tissue, that is commonly
taken by surgery or core needle biopsy.”® Individual variables and failures in sampling and
processing of the tumor tissue are factors that can weaken the quality of the sample.®
Therefore, the sample lacks in representativity. The dynamic behavior of the mutational
profile can be used to trace the progression of the disease. Vice versa, the response to the
treatment can be monitored.?’ Histological data is useful at any stage of the disease, but

testing tends to non-invasive genetic diagnosis.”®

Disseminating tumor cells and circulating tumor cells (CTCs), frequently released from the
surface of malignant tumors, can be sampled by peripheral blood. For gaining more local
information, spinal, pleural or peritoneal fluid and urine can be used. To enhance the number
of target cells, different cell sorting techniques, such as immunological, magnetic or flow

sorting, can be applied.8%23
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Cell-free DNA (cfDNA), also isolated from peripheral blood, is commonly used as a
representative sample for non-invasive monitoring of the malignant process.”®8* Cell-free
DNA has received a lot of attention in cancer monitoring and diagnostics due to next
generation sequencing tools. This approach is attractive especially when tumor tissue testing
fails in regard of anatomical, technical or sampling problems.”® Cross-validation of mutations,
enabled via analysis of CTCs and cfDNA together, leads to an even greater blood-based tumor

profiling.8*

1.3.4.2 EGFR receptor mutation tracking

Screening and targeting are commonly used methods for epidermal growth factor receptor
(EGFR) mutation testing.®> Screening methods, such as denaturing high-performance liquid
chromatography (dHPLC)® and high-resolution melting analysis®’, are promising alternatives
to widely used direct sequencing. HPLC has shown 100% analytical sensitivity and HRMA
exhibited 100% sensitivity and 90% specificity, compared to direct sequencing.8”8 Besides
that, various targeting methods include PCR-based screening. Reviewing 24 studies, Ellison et
al.®5 concluded that PCR-based screening methods (to specifically detect exon 19 deletions
and exon L858R point mutation) are able to virtually detect all mutations which were also
tested positive by direct sequencing. Furthermore, targeting methods were able to detect
mutations in samples, which were tested negative via direct sequencing, without giving a
false-positive result.®> Some studies show, that amplification refractory mutation system,
fragment length analysis and pyrosequencing, have a higher sensitivity than direct
sequencing.8>! A more modern technique adapted for PCR-based mutation detection is

cationic conjugated polymer based fluorescence resonance energy transfer.®?

The EGFR oncogene is associated with multiple types of cancer including lung cancer, breast
cancer and melanoma. That makes mutation monitoring highly important for early diagnosis
and successful therapy. Besides that, the oncogene has been recently linked to
immunotherapy with regards to its effectiveness and role in hyperactivation of cancer

progression.®3%4

31


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thelo

[ ]
lio
nowledge

b

L]
|
rk

Bernhard Jandl
Introduction

1.3.4.3 Fluorescent in situ hybridization

After the structure of DNA and the base paring was revealed®’, it soon became widespread in
scientific communities to use the unique coding for analytical purposes. First radioactive
labeled®® and later on fluorescent labeled RNA and DNA probes®® were used to track specific
sequences in a biological sample. Fluorescent in situ hybridization (FISH) is today an essential
tool in cytogenesis. Previously it was a commonly used technique for gene mapping (e.g.
Human Genome Project’3). Today, this technique has become an appealing tool for clinical
diagnosis due to the useful ability to localize the position of the gene of interest via fluorescent

microscopy.”-%8

The principle of the technique is based on the specific interaction between nucleotides.
Complementary sequences can be chemically modified via active or passive fluorophore
labeling. Once the labeled probe and the natural DNA are mixed, both biopolymers undergo
a denaturing process. After denaturation, the modified probe anneals with the natural DNA

and can be analyzed via fluorescent microscopy.

1.3.4.4 Comparative genome hybridization and single nucleotide polymorphism

arrays

Comparative genome hybridization (CGH) offers the possibility to gain information about
alternation of certain chromosomal regions and their correlating genetic information. That
enables the screening for copy number variations.% Using this technique, researchers were
able to discover the amplification of a gene, which encodes a catalytic subunit of
phosphatidylinositol 3-kinase that is responsible for ovarian cancer.’%%1! This method was
further developed into a microarray based set-up, which provides two main advantages:
Simultaneous detection, duplications and deletions of aneuploidies as well as the
independency of the usage of metaphase chromosomes.’® Microarrays additionally offer the
possibility to collect transcriptomic data in parallel and therefore allow analysis of dynamics

in gene expression.04
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Single nucleotide polymorphisms (SNPs) describe the variation of a single nucleotide at a
certain position in the genome. These occurrences can be located in noncoding or coding
regions in DNA sequence. The latter could affect the encoding of the amino acid sequence

leading to the conclusion that SNPs are associated with cancer development. 105106

CGH and SNP are used in clinical environment for evaluation of patients with developmental

107

delay/intellectual disability, multiple congenital anomalies and neuropsychiatric

disorders.1%8109 Recent studies show that copy number variations are linked to different

112

diseases including Alzheimer disease!'®, Parkinson disease!!?, Chron’s disease!!? and

autism13,
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1.4 Bioconjugates as therapeutics: Delivery challenge

Besides diagnostic applications, synthetic biopolymers and their conjugates find growing
appeal in biological therapies. The advantages of biological therapies include high specificity,
low dose and low to no side effects. However, the delivery of biological therapeutics and their
stabilization in vivo are important obstacles to be overcome. Therefore, the concept of smart
drug delivery systems had been established and some resulting delivery carriers have already
found the way into clinical praxis. Approaches on the development of a smart drug delivery
system include the utilization of diverse nanocarriers. Nanocarriers, such as liposomes,
micelles, gold nanoparticles and carbon nanotubes, are currently under investigation and

show promising behavior with regards to in vivo stabilization.

1.4.1 Nanocarriers

A widely used modern strategy for targeted delivery of therapeutics involves nanocarriers
(NCs). These nanocarriers can be used for systemic administration of therapeutics or localized
therapeutics delivery to target tissues.!'* Improved solubility, higher bioavailability, altered
bio-distribution and facilitation of entering diseased cells are observed passive effects of
nanocarriers. These effects can be utilized through encapsulation of therapeutic molecules.'*
Although this strategy improves permeability and additionally shows an enhanced
permeability and retention effect!!® (EPR-effect), the major proportion of NCs are still cleared
by the mononuclear phagocytic system and the reticuloendothelial system, get stuck
physically in sinusoids of the liver or are taken up by hepatocytes and Kupffer cells.!1¢117 Both,
the increased permeability of tumor blood vessels and the compression of the lymphatic
vessels (responsible for cell waste elimination) are responsible for the EPR-effect.!*® This
occurrence is due to accelerated growth of tumor mass. However, the EPR-effect depends on
the type of tumor and actual state of the disease progression and is not as universal as
originally assumed.!?® Even if a high EPR-effect is occurring, there are several different

120 5r the dense extracellular

challenging barriers such as the elevated interstitial fluid pressure
matrix!?!. To overcome the latter barrier, diverse alternatives have been proposed. One

example is using pH-sensitive polymeric nanocapsules.’??2 These nanocapsules are carrying
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collagenase and are capable to release the enzyme when they are exposed to mild acidic
conditions. Exactly these conditions are found in tumor tissues and as a result it was possible

to show an enhanced penetration in three-dimensional tumor tissue models.!22

1.4.2 Smart drug delivery system

Conventional drug delivery often suffers from nonspecific distribution and uncontrollable
drug release. This limitation led to the development of smart nanocarrier-based drug delivery
systems (Smart Drug Delivery System) with the aim of overcoming these problems.123125 The
eight most reported nanocarriers are liposomes, micelles, dendrimers, meso-porous silica
nanoparticles, gold nanoparticles, super paramagnetic iron oxide nanoparticles, carbon
nanotubes and quantum dots.'? Figure 8 shows the essential steps to establish a liposome-

based smart drug delivery system for cancer therapy.
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Figure 8'%°: Illustration of the essential steps of liposome-based smart drug delivery system for cancer therapy.

35


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thelo

[ ]
lio
nowledge

b

L]
|
rk

Bernhard Jandl
Introduction

1.4.3 Liposomes and functionalization

Liposomes are usually phospholipid-based amphipathic self-assembling bi-layered vesicles.'?

They were long considered to be both pharmacologically inactive and minimally toxic, but
recent studies show that they are less immunologically inert as expected.'?®12” This naturally
occurring bi-layered phenomenon can be used to capture water-soluble drugs in the core of

130 and

the nanocarrier.1?® Traditionally, the Bangham method!?%, reverse phase evaporation
detergent dialysis'3! were used to prepare liposomes. More state-of-the-art techniques
include supercritical reverse phase evaporation!3? and supercritical anti-solvent method?®33,
Pure liposomes suffer from insufficient drug loading, fast drug release, short circulation time
in blood and instability.'?> Functionalization can help to overcome these problems. Therefore,
peptides, proteins, PEG, monoclonal antibodies and glycoproteins are used to decorate the
liposome. With this decorations applied, the modified liposome gives access to a smart
delivery systems.'34135 Liposomes can be used for diagnosis as well as therapy. Additionally,

125 (e.g. delivering two

they show promising behavior as co-delivery systems
chemotherapeutic drugs, gene agents'*® or chemotherapeutics with anticancer metals'3’). A
schematic illustration of different types of drug delivery systems based on liposomes is shown

in Figure 9.
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Figure 9'%: Schematic illustration of different types of drug delivery systems based on liposomes. a):
Conventional liposome; a lipid bilayer that is typically composed of cationic, anionic or neutral (phosphor)lipids
and cholesterol and which encloses an aqueous core. The lipid bilayer and the aqueous core respectively can be
used to incorporate hydrophobic or hydrophilic compounds. b): PEGylated liposome; surface coating with
polyethylene glycol (PEG) leads to steric stabilization. c): Ligand-targeted liposome; diverse ligands (e.g.
antibodies, peptides and carbohydrates) can be attached to the surface to achieve specific targeting. d):
theranostic liposome; composed of a nanoparticle, a targeting ligand, an imaging component and a therapeutic
component.

1.4.4 Active cellular targeting strategies

Active cellular targeting can be achieved via surface modification of nanocarriers, using
various functional ligands.13° These strategies involve the utilization of affinity ligands for
specific homing, increased uptake by target cells and increased retention at the target site.*4°
For combatting cancer, ligands are chosen that bind to overexpressed or clustered receptors
on diseased tissues and diseased cell surfaces. Furthermore, for tackling both neurological
diseases, such as Parkinson’s and Alzheimer’s, brain neoplasm transferrin receptor-mediated

delivery is a widely used strategy to overcome the blood brain barrier.!#!
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1.4.5 Delivery of therapeutic RNA

Recent developments in RNA-based gene therapy show high potential for both scientific and
therapeutic tasks. Applications include RNA oligonucleotides and polymers that knock down,
insert and replace disease associated RNA. The main potential of these therapeutics lies in the
highly variable design, which can be used to interact and manipulate an enormous variety of
biological processes. Antisense oligonucleotides (ASOs), RNA interference oligonucleotides,
messenger RNAs and single guide RNA systems are just a few examples and some have already
been approved by the Food and Drug Administration (FDA) (e.g. Mipomersen, Exondyn 51 and
Patisiran).}¥ Main challenges that have to be addressed include RNA stability, intracellular
delivery and off-target effects in vivo.l*® Patisiran is based on a lipid nanoparticle (LNP)
formulation and is the first FDA-approved siRNA therapeutic. It tackles hereditary
transthyretin amyloidosis, which is a disease caused by mutation of the gene encoding for
transthyretin.’** The formulation includes pH-sensitive fusogenic amino lipid,
phosphatidylcholine, cholesterol and dimyristolglycerol-PEG.1#314> Especially in phase Il
clinical trial, the intravenous administration of Patisiran showed high therapeutic activity

without apparent side effects.14®
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1.5 Problem, study objectives and rationale

Overall, bioconjugates have a large potential for applications in research, diagnostics and
therapy. However, there is a lack of robust and reliable strategies for the design of
bioconjugates that would demonstrate high performance as diagnostic and therapeutic tools.
In particular, single cell studies put very high demands on bioconjugate reagents in terms of
efficacy and specificity. In spite of a recent progress, synthesis of bioconjugates remains being
challenging, often leading to low yields; purification of bioconjugates can be inconvenient and
the process lacks in scalability. Main objectives of this work have been to develop a series of
novel potent bioconjugates for appealing single cell FACS studies, detection of oncogenes and

gene therapy.

The key hypothesis in this work has been that by applying rationally designed peptides,
oligonucleotides and their conjugated products, it is possible to develop potent diagnostic
probes and therapeutics with high specificity and sensitivity. The methods that were used in
this thesis to test this hypothesis include solid phase oligonucleotide and peptide synthesis,
conjugation techniques, such as “click” chemistry and diverse coupling methods, and
appropriate purification techniques in this field. More specifically, three different approaches

were tested.

The first approach was the development of a novel methodology for fluorescence-based cell
sorting that is capable of narrowing down the biomolecular population for applications such
as FACS and single cell sequencing. Therefore, a model system was designed, where
oligonucleotide adaptors are used to establish a detection element via FRET, to initially test if
these adaptors are capable of revealing cellular proximity. The second approach was a point-
of-care detection for human EGFR oncogene, using a peptide-fluorophore signal boosting
approach. This approach contains a hydrogel forming peptide conjugated to a specific
hybridization probe to test the capability of detecting human cancer DNA in very low
abundance. The third approach includes the synthesis of modified peptides serving as surface
ligands for therapeutic LNPs. These ligands aim to enhance the blood brain barrier crossing of
LNPs, which leads to an increased uptake in the central nervous system (CNS) and therefore

enhances the therapeutic efficacy.
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2 Results and Discussion

2.1 Bioconjugate precursors and bioconjugation

methodologies

2.1.1 Bioconjugate precursors: Modification and labeling

The synthesis was performed using various modifiers with diverse functionalities to obtain

desired products. Figure 10 shows oligonucleotide modifiers used throughout the synthesis

to ensure oligonucleotide precursors with appropriate functionalities for desired reactions.
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Figure 10: Structures of modifiers used for synthetic oligonucleotides.
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Azide- and alkyne-modifiers were utilized for making “clickable” oligonucleotides accessible
and internal linkers were attached to oligonucleotide probes to receive modified
oligonucleotides with less sterically hindered reactive sites. Especially the use of the CuAAC
reaction is favorable due to its optimization for biological molecules in aqueous buffers, the
formation of little or no by-products as well as the potential of giving near quantitative
yields.>14” Moreover, succinimidyl-ester were used for acylation of primary amines in proteins
to receive desired modification. Primary amines as targets are attractive due to the high
abundance of lysine in the human proteome. That said, it is important to keep in mind that
these sorts of modifications could potentially affect the protein/peptides functionality.14814°

Additionally, amino modifiers were incorporated to serve as attachment points for succimidyl-

ester conjugations.

Besides that, heterobifunctional linkers were used to perform linkages between proteins and
oligonucleotides as well as between proteins and proteins. These heterobifunctional linkers
consist of terminal maleimide and succinimidyl-esters functionalities. The succinimidyl-ester
functionality was used to attach the linker to oligonucleotides or proteins. That paves the way
to perform subsequent maleimide conjugation to sulfhydryl group containing biomolecules.
Similar to that, STP-azide and STP alkyne labeling of biomolecules was performed to make
“clickable” synthetic probes accessible. The structure of the two linkers maleimide-PEG2-
succinimidyl ester and sulfo-SMCC as well as the STP labeling reagents used during the

synthesis course are shown in Figure 11.
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Figure 11: Structures of linkers and labeling reagents used.
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2.1.2 Bioconjugation methodologies

Diverse bioconjugation methodologies were performed to establish desired synthetic probes.
Methodologies used include CuAAC, maleimide coupling, amide coupling and labeling
strategies via STP or NHS activated compounds. “Click” chemistry was applied to make
detection and capture molecules accessible to establish an amplification free detection assay.
Therefore, a hydrogel forming peptide was conjugated with an oligonucleotide detection
probe (PEG) to serve as a detection element. Besides that, an 8x PEG azide was “clicked” with
an oligonucleotide capturing probe (POC). Additionally, the control probe CP was synthesized
by CuAAC of an oligonucleotide detection probe with the fluorophore Cy3.5. STP azide or STP
alkyne labeling of proteins was used to make the proteins ready for “click” reactions (SC1 and
SC4). Azide-alkyne cycloaddition was used to perform a simultaneous conjugation (SC5) of an
oligonucleotide reporter molecule with an oligonucleotide aptamer. Furthermore,
heterobifunctional linker (e.g. sulfo-SMCC) were used to perform oligonucleotide-protein
(SC2) and protein-protein (SC3) crosslinking via succinimidyl-ester labeling and maleimide
coupling. Amide couplings were applied to make peptide sequences accessible and to
conjugate them with fatty acids (mP6, mP7 and mcP8-mcP10). A schematic overview of the

bioconjugation methodology used in the three projects is shown in Figure 12.
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Chemistry

Oligonucleotides

Peptides

Bioconjugation
Chemistry

Amide coupling

STP labeling
Maleimide coupling

CuAAC

succinimidyl-ester labeling

Therapeutic Conjugates Amplification Free Cell Sorting
Detection Assay
mcP10 mcP9 scs sc3
mP6 poc cp sct
mcP8 SC4
mP7 PEG sc2
\ J

Figure 12: General overview of the synthetic pathway applied to the three projects “Therapeutic conjugates”,
“Amplification free detection assay” and “Cell sorting”. Starting form rationally designed synthetic biomolecules
(peptides and oligonucleotides), diverse bioconjugation techniques (maleimide coupling, amide coupling, STP
labeling, succinimidyl-ester labeling and CUAAC) serve to develop potent diagnostic probes and therapeutics with
high specificity and sensitivity.
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2.2 Design of synthetic biomolecules and synthetic

approaches

Oligonucleotides, peptides and their bioconjugates were designed to undergo specific
hybridization, hydrogel formation and receptor targeting. That was achieved by the
application of various bioconjugation methodologies. More specifically, oligonucleotides were
designed to enable a reporting element based on FRET as well as to achieve specific
hybridization of human cancer DNA. Moreover, rationally designed peptides were used to
obtain hydrogel formation and to serve as transferrin receptor ligands on the surface of lipid

nanoparticles.

2.2.1 Cell sorting

Oligonucleotide adaptors with attached fluorophores were designed to serve as a reporter
element utilizing fluorescence resonance energy transfer. The fluorescent labeling acts as
transducer that transforms the information of hybridization into a fluorescent signal.
Therefore, two oligonucleotides (ON1 and ON2) were designed with complementary up- and
downstream regions and terminally attached fluorescent reporter molecules. By hybridization
of the complementary regions, terminally attached reporter fluorophores are allowed to
reach proximity for fluorescence resonance energy transfer. For a pilot study the selected
model system was composed of two parts named System A and System B. The key
components of System A are BSA, CD63 and a fluorescently marked oligonucleotide (ON1).
The composition of System A features a covalent linkage of CD63 and the oligonucleotide ON1
with BSA. Regarding System B, the key components are BSA, CD63 aptamer (ON3) and a
fluorescently marked oligonucleotide (ON2). Covalent linkages are to be performed between
BSA and both oligonucleotides ON2 and ON3. The use of surface protein CD63 is appealing
due to reported applications as cell surface marker.1>>152 The use of aptamers is appealing
due to their high affinity target binding, which can be transformed into a highly specific
detection tool. In contrast to widely used approach of antibodies, oligonucleotide aptamers

have lower production costs and elicit no antigenic reactions. Although interesting approaches
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in this field have already been taken'#’/1>3, further investigation to disclose their full potential

is still needed. The synthesis is carried out with the help of bioconjugation techniques. The

final design of the model systems as well as the interaction mechanism to be tested are

illustrated in Figure 13.

\

%

System A System B

FRET-system

Interaction study

BSA

- %

D63 CD63 aptamere

Flourophores

ON2

W,

Figure 13: Overview of the synthetic approach to establish System A and System B for fluorescent based single

cell studies.
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The synthetic approach for System A initially includes labeling of oligonucleotide ON1 (SC1),
using maleimide-PEG2-succinimidyl ester. Once the oligonucleotide labeling is performed, the
product can be used for subsequent maleimide coupling with BSA (SC2). Next, the synthetic
strategy includes a protein-protein crosslink reaction between the modified BSA (SC2) and
CD63. Finally, fluorescent labeling of the modified oligonucleotide is attempted to make
System A accessible for interaction studies. Regarding the synthetic approach for System B, it
begins with STP-labeling of BSA (SC4). Next, a simultaneous “click” reaction of the two
oligonucleotides ON1 and ON3 with the STP-labeled BSA (SC4) is attempted. The last step in
the synthesis of System B includes fluorescent labeling of the oligonucleotide to make System
B ready for interaction studies. An overview of the synthetic approach to establish System A

and System B for the interaction study is shown in Figure 14.

System A Interaction study System B

FRET-system

isc2 !

STP-azide !
labeling

Figure 14: Composition of System A and System B and the proposed interaction.
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2.2.2 Mutation detection

A detection methodology for cancer DNA was designed consisting of an oligonucleotide
hybridization platform to perform amplification-free detection of human cancer DNA. The
design is based on the selective binding of mutant versus wild type (unbound) DNA. Therefore,
oligonucleotide capture and detection probes were utilized. The oligonucleotide capturing
probe (ON4) is complimentary to the downstream region and the oligonucleotide detection
probe (ON5) is complimentary to the upstream region of the selected cancer DNA. Moreover,
ON4 was attached to 8x PEG and ON5 was attached to a hydrogel forming peptide (P1). The
idea is that PEG-capture can form large size products with cancer DNA and the resulting
separation task can conveniently be solved via size exclusion. The detection and capture
probes (ON4 and ON5) were enriched by the incorporation of locked nucleic acids (LNPs) to
enhance the affinity and specificity.’> A schematic overview of the synthetic approach and

the purposed detection strategy is shown in Figure 15.
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( )

Cy3.5 dye

/\_/\

alkyne-labeled capture probe
segeunce: GC+C TT+C ATG TAT GCT ATA +TTA +GCA

/\/\ 8 arm PEG azide

alkyne-labeled detection probe
segence: TGA TGT +C+C+G GAC CTA VANY/AN

Cancer DNA target

azide-labeled hydrogel forming peptide

Figure 15: Schematic overview of the synthetic approach and the purposed detection strategy of hydrogel
forming conjugates.

2.2.3 Therapeutic conjugates

Peptide sequences of interest were selected based on the requirements for binding the
transferrin receptor. Overall, transferrin peptides should serve as a modification tool to
decorate the surface of LNPs with the purpose of receptor-mediated transcytosis across the
blood brain barrier.*! The transferrin receptor is an attractive target due to its exclusive

expression on endothelial cells of the brain capillaries without being expressed on endothelia
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cells lining the vessels in other tissues.'> Transferrin receptor binding peptides as well as cell-
penetrating peptides are widely used to enhance the therapeutic sensitivity of LNPs, 141,156
Both sorts of peptides are included for biological evaluation, but the work in this thesis is
focused on the establishment of peptides that serve as transferrin ligands and are modified

for liposome attachment.

The peptide selection process was inspired by the literature.'>”*® The selection is shown in
Table 2. According to the literature the selected peptides were identified as transferrin
receptor ligands via phage display.’>®!%° The target sequences consist of linear and cyclic

peptides. An overview of the design for the modified target peptides is given in Figure 16.

Table 2: Target peptide selection: Codes and their corresponding sequences of selected peptides.

Code Sequence (N->C) Modification
P6 HAIYPRH
P7 THRPPMWSPVWP
P8 IGPSVKCRT N -> C cyclization
P9 KGPSVCCRT N -> C cyclization
P10 CRTIGPSVC C -> Cdisulfide bridge
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Figure 16: Schematic overview of the general design of target compounds.

The peptide sequences were modified via N-terminal lipidation to make each transferrin
receptor targeting peptide ready for later LNP attachment. The design of the lipid anchor and
the way of attachment varies from linear to cyclic constructs. This is due to the different
synthetic strategy necessary for the installation of the lipid anchor in both types of peptide
targets. The basic scaffold of the lipid anchor consists of Dap (diaminopropionic acid) and a
palmitic acid (Ci6) residue attached to each of the free amines introduced to the sequence by
Dap. Palmitic acid was selected due to convenient installation via solid phase peptide synthesis
and for economic reasons. The installation of the lipid anchor for the two linear peptides P6
and P7 was achieved via stepwise coupling of Dap and palmitic acid on resin. Differently, the
installation strategy of the lipid anchor for cyclic peptides was attempted via a single coupling
in solution. To achieve this, the synthesis of the lipid anchor LA was carried out separately on
resin. Since the cyclization of the peptide was performed prior to the attachment of the lipid
anchor, it seemed attractive to avoid two coupling steps in solution with subsequent
purifications. The difference in the design of the lipid anchor LA used in the cyclic attempt is

the addition of an extra glycine (2x palmitic acid-Dap-Gly-OH).

The design of the cyclic transferrin peptides P8 and P9 included the replacement of an amino
acid from the original sequence by a lysine (Figure 17). In a pilot study a hydrophobic

(isoleucine) and a hydrophilic (cysteine) amino acid were selected. In the following, the
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resulting biological data from the pilot study can be used to make further adjustments

regarding peptide design.

The free primary amine (e-position) at the side chain of the lysine serves as an anchor point
to facilitate installation of the lipid anchor LA. The spacing Cs alkane chain allows the
performance of a less sterically hindered coupling due to higher accessibility and flexibility of
the free amine without peptide structure denaturation. Double lipidation was performed to

achieve a stronger attachment of the modified peptides to the liposome.
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Figure 17: Replacement of a hydrophobic (Isoleucine - marked in orange) and a hydrophilic (cysteine - marked in
red) amino acid by a lysine (marked in blue) to facilitate a lipid anchoring point. a) Linear template
sequence/peptide; b) cyclic template peptide; c) cyclic target peptides cP8 and cP9.

Similar approaches to install a lipid anchor reported in the literature include the incorporation
of lipid modified amino acids into the peptide sequence as well as the installation of terminal
cysteines that serve as cyclization points via cysteine bridging. Cyclic peptides, in particular
end-to-end cyclized peptides, are appealing due to reported high affinity receptor binding and

higher metabolic stability by enhanced enzymatic degradation resistance.6%162
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2.3 Synthesis and characterization

2.3.1 Cell sorting

2.3.1.1 Oligonucleotide synthesis and characterization

2.3.1.1.1 ON1and ON2

Both modified oligonucleotides ON1 and ON2 (Table 3) were purchased from Integrated DNA
Technologies (IDT) and were used without further analysis or purification in the following

synthetic step (ON1 in SC1 and ON2 SC5).

Table 3: Sequence and modification of oligonucleotides ON1 and ON2.

Code Sequence Modification
ON1 5'-TCC ACG TCT TC - 3' 3'- AmMO
5'- Hexynyl-iSp18
3'- AmMO
ON2 5'-AAG ACCTTCT-3'
5'- Hexynyl
2.3.1.1.2 ON3

Oligonucleotide ON3 was synthesized on an automated DNA synthesizer PerSpective Bio-
systems Expedite 8909 following a standard protocol in 1.0 uM scale. Modification of the
sequence was performed using a 3'-alkyne-modifier CPG (Figure 10). The received product
was characterized via IE-HPLC and MALDI-TOF. The resulting IE-HPLC chromatogram showed
one major peak with a retention time (RT) of 19.12 min (Figure 29). IE-HPLC additionally
showed that the product was received in sufficient purity. To verify the identity of the received
product, the corresponding eluent of the major peak was isolated and analyzed by MALDI-TOF
mass spectrometry (Figure 30). The received mass spectra showed a broad peak that verified

the identity of ON3. No further purification was conducted and the product was used directly
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in the following synthetic step (SC5). The summarized analytical data are illustrated in Table

4.

Table 4: Analytical data of ON3: Sequence, modification, calculated and found mass (MALDI-TOF/MS), retention

time (IE-HPLC) and purity.

Code Sequence Modification
5'-CACCCCACCTCGCTCCCG TGACACTAATGCTA-TTTT-3' 3'- alkyne
ON3 Calcd. mass [M+H]* Found mass [M+2H]**  RT [min] Purity [%]
11159 5579 19.12 89

2.3.1.2 Bioconjugate synthesis and characterization

2.3.1.2.1 SC1

A short PEG-spacer and a dual functionalized linker were introduced as an adaptor at the

oligonucleotide precursor ON1 via NHS ester labeling.'®® Therefore, maleimide-PEG2-

succinimidyl ester (Figure 11) was used to modify oligonucleotide ON1. The second terminus

of the spacer provided the opportunity to perform the follow-up maleimide coupling (SC2) to

establish a linkage between the oligonucleotide and the protein. The identity of the received

product was characterized via MALDI-TOF mass spectrometry (Figure 31). The spectrum

received shows a peak in high intensity that verifies the desired product SC1. The product was

used without any further purification in the next reaction step (SC2). The summarized

analytical data are illustrated in Table 5.
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Table 5: Analytical data of SC1: Sequence, modification, calculated and found mass (MALDI-TOF/MS).

Code Sequence Modification

5'-alkyne
scl Calcd. [M+H"] Found mass [M+H"]
3683 3683
2.3.1.2.2 SC2

To establish an oligonucleotide-protein linkage, maleimide coupling between modified
oligonucleotide SC1 and BSA was performed. Therefore, the following work was performed
according to the protocol from Lumiprobe!®*. The received reaction product was analyzed via
SDS-PAGE (Figure 18). Notably, the gel received showed some tailing especially for BSA.
Furthermore, it clearly shows that the BSA used for the reaction contains impurities. The
running time of the gel potentially could have been extended to receive a gel with higher
resolution. However, the received gel confirmed the conversion of the starting material BSA
(Figure 18, lane 2) by a clear shift of the reaction product SC2 (Figure 18, lane 3) towards a
higher molecular mass. The product was used in the next reaction step (SC3) without any

further purification.
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Figure 18: Denaturing (8 M urea) PAGE of ladder (lane 1), BSA (lane 2), SC2 (lane 3) and amicon 30K wash of SC2
(lane 4); stained with GelRed.

2.3.1.2.3 SC3 (a-e)

Protein-protein crosslinking reaction between SC2 and CD63 was performed utilizing sulfo-
SMCC (4-(N-maleimidomethyl)cyclohexane-1-carboxylic acid 3-sulfo-N-hydroxysuccinimide
ester sodium salt) (Figure 11) as a crosslinking reagent.'®® This heterobifunctional crosslinker
consists of an amine reactive sulfo-NHS-ester group and a sulfhydryl reactive maleimide that
allows for two sequential conjugations steps. The reagent consists of a cyclohexane spacer

with a length of 8.3 A between the two reactive functionalities.

Five different reaction conditions were screened to perform the protein-protein crosslink
reaction. In all reactions a mixture of 1x bicarbonate buffer (pH 8.3), SC2 (dissolved in MQ-
water), CD63 (dissolved in MW-water) sulfo-SMCC (dissolved in MQ-water) and MQ-water
was used. Each reaction was performed at an equal reaction volume (40 pL). To achieve that,
the amount of water used in the reaction mixture was adjusted. The amount of 1x bicarbonate

buffer always corresponded to 10% of the reaction volume.

For SC3a an initial one-hour incubation step at 37 °C was applied to a mixture of SC2 (0.014
nmol), CD63 (0.007 nmol) and MQ-water. After the incubation step, the crosslinking reagent
sulfo-SMCC (0.003 nmol) and the 1x bicarbonate buffer were added to the reaction mixture,
mixing was applied and the mixture was kept for additional 35 min at 37 °C. Afterwards the
reaction mixture was filtered using amicon 30K columns. For SC3b all starting materials were

mixed together (same amounts as for SC3a), the resulting reaction mixture was kept at room
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temperature for 40 min and an amicon 30K work-up was applied. Next, SC3a and SC3b were
analyzed via SDS-PAGE and after visualization of the gel, no bands were received for all
reaction mixtures. Afterwards, two more reactions (SC3c and SC3d) were performed where
the amount of the sulfo-SMCC crosslinker was reduced by 50%. To SC3c the same conditions
as for SC3a and to SC3d the same conditions as for SC3b were applied. SDS-PAGE analysis was
applied to both reaction mixtures and again no bands were received. Finally, the fifth attempt
SC3e was following the same conditions as were used in SC3d, but without the amicon 30K
work-up. SDS-PAGE analysis of SC3e showed that both starting materials (SC2 and CD63) were
still in the mixture and no conversion occurred. The amicon work-up seems not to be an
appropriate work-up for these reaction conditions, most likely because of the low protein
concentration used in this reaction. One possible explanation for the missing conversion of
the starting materials can be an increased hydrolysis rate of the NHS ester due to an elevated
pH value in the reaction mixture.®® That results in inefficient crosslinking conditions because
of the reduced half-life of the NHS ester. One attempt to counteract this problem would be
the use of a non-amine containing conjugation buffer system (e.g. sodium phosphate, sodium
chloride) adjusted to pH 7-7.5. Certainly, a possible side reaction can be a polymerization of
the protein mixture leading to a distribution of various forms of heterogenic and homogenic
polymerization products in a linear or a clustered form. However, as the SDS-PAGE analysis of
SC3e (Figure 32) did not show any conversion of the starting materials this problem does not
need to be considered further at this point. Another approach for making the crosslinking
successful could be a sequential two step conjugation.®” Alternatively, exchanging BSA as a
model protein with glycoprotein TIMP1 could potentially ease up the protein-protein

crosslinking due to the naturally occurring affinity of TIMP1 towards CD63.168

2.3.1.2.4 SC4 and SC5

To establish System B, the initial reaction step included STP-azide (Figure 11) labeling of BSA
to prepare BSA for the follow-up simultaneous “click” reaction. Therefore, the protocol “NHS
ester labeling of amino biomolecules”, from Lumiprobe®® was followed. Afterwards the
received reaction mixture was filtered via an amicon 30K column. The received product was

not further characterized or purified and directly used in the following reaction step (SC5).

58


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

iOthEk)

3ibl

LVARA') Your knowledge hub

TU

Bernhard Jandl
Results and discussion

The STP-labeled precursor SC4 was used for simultaneous “click” reaction with ON2 and ON3.
The reaction was performed under standard CuAAC “click” conditions.'®® After the reaction
was stopped, the reaction mixture was filtered via an amicon 30K column. The received
reaction product was subsequently characterized via SDS-PAGE (Figure 19). The received gel
notably showed significant tailing especially for sample SC5 and the precursor SC4.
Furthermore, the running time of the gel could have potentially been extended to receive a
gel with higher resolution. However, the received gel confirmed the conversion of the starting
material SC4 (Figure 19, lane 2) due to a clear shift of the reaction product SC5 (Figure 19, lane
3) towards a higher molecular. Furthermore, no reaction product can be identified in the

amicon 30K wash.

250 kDa

10 kDa

1 2 3 4

Figure 19: Denaturing (8 M urea) PAGE of ladder (lane 1), SC4 (lane 2), SC5 (lane 3), amicon wash SC5 (lane 4);
stained with GelRed.

2.3.2 Actin and gelsolin

After the protein-protein crosslink attempts (SC3a-e) had not shown an immediate success, it
was decided to rearrange the model system for a pilot study. The reason for that decision was
predominantly the use of CD63, which is an expensive and precious resource to spend on early
studies. It was decided to utilize actin and gelsolin as new backbones. A switch to a system
based on actin and gelsolin is less expensive and would additionally overcome the necessity

for establishing a protein-protein linkage.
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Actin and gelsolin will be considered as new backbones to be modified with oligonucleotide
adaptors as detection tools for future investigations. Therefore, actin and gelsolin will
respectively exchange BSA from each System A and System B and due to the specific
interaction between these proteins, no additional installation of a protein-aptamer
interaction in the system will be needed.’ It is believed, that this exchange would lead to a

simplified and a less expensive system to perform pilot studies on.
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2.3.3 Mutation detection

2.3.3.1 Peptide candidate screening

Initially, a screening of hydrogel forming peptide candidates was performed. The peptide
should be able to form a hydrogel in aqueous media. According to the literature short peptides
with aromatic groups!’! as well as short charged peptides!’? have a high tendency of self-
assembly hydrogel formation. Furthermore, the fluorophores should be embedded into the
hydrogel without getting quenched and the fluorescent signal should have a linear
dependence according to the amount of peptides added. A pool of five different peptides
(Table 6) combined with three different fluorophores (Figure 20) was analyzed.
Simultaneously control experiments were conducted for each peptide and fluorophore. For
the control experiments MQ-water was used instead of the fluorophore addition, leading to a
final number of 23 samples. The hydrogel samples were prepared by mixing an aqueous
solution of peptide with a solution of fluorophore in dimethylsulfoxide (DMSQO). The resulting
solutions were kept at room temperature for 1 —48 h. The quality of each gel transition, if gel-
formation occurred, was rated and each sample was categorized with one of three statuses.
The categories were assigned based on the viscosity of the liquid/gel and the visible behavior
of the sample when mechanical forces such as, spinning, tending and slight shaking were
applied. If the sample kept liquid behavior, it was rated as “no gel”. If the gel could be
categorized as highly viscous, but still showed liquid behavior when mechanical forces were
applied, it was rated as “gelish”. If a gel showed no liquid behavior at all, including the

III

application of mechanical forces, it was rated as a “gel”. The gel formation was monitored
after 1, 2, 4,12, 24 and 48 h. The results of the peptide/fluorophore gel formation screen and

their resulting ratings are given in Table 7.
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Peptide Sequence Modification

P1 H-GGKKRRQKGR-OH

P2 H-KKKYGGFM-OH

P1 - P5:

P3 H-RKKRRRRR-OH N-terminus: N3(CH;)4CO-
P4 H-GGAAGGAY-NH;

P5 H-YGGAAGGK-NH;

e p

Cy3.5 ; AlexaFluor 547 (AF547)

Figure 20: Structure of fluorescent dyes used.
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Table 7: Results of the peptide/fluorophore gel formation screening at 2 h time point.*

Samole P1 P2 P3 P4 P5
P (Tat2a) (CSM 94A) (CSM 82A) (Neutral B) (Lyspep 4)
Peptide without dye
X 1
(control)
Dye without peptide
. B AF547
(control) x (Cy3.5) x (CB) x (AF547)
AC X X
Alexa 547 X X

*Key/color: x/grey = no gel; 1/blue = gelish; 2/red = gel.

Except P2, all peptides formed a hydrogel in MQ-water. When fluorophores where added, P3
and P5 showed the best results. Notably, P1 formed a hydrogel only with the fluorophore
Cy3.5. Furthermore, peptide P4 showed in all possible fluorophore combinations no hydrogel
formation, most likely due to its hydrophobic properties. The gelation process of P1, P3 and
P5 was slightly slowed by addition of fluorophores. Figure 21 shows hydrogel formation by

best performing candidates.
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>

P3+Cy3.5 P4+Cy3.5 P5+Cy3.5

Figure 21: Hydrogel formation of five peptide/fluorophore combinations. Peptide sequences were as follows:
Written in C to N direction: P1: GGKKRRQKGR; P3: RKKRRRRR; P4: GGAAGGAY; P5: YGGAAGGK.

A key feature to perform successfully point-of-care diagnostics is the velocity of peptide
hydrogel formation. Therefore, a selection of peptide/fluorophore combinations were made
(Table 8) to further investigate the kinetics of hydrogel formation and optimize the conditions
to secure a complete gel formation in 1.5 h. Furthermore, fluorescence studies to evaluate
the effects of the hydrogel on the fluorophores as well as the dependency of the fluorescent
signal on the amount of peptide added, were performed. The results were used as a criteria

for the final selection of candidates for the biological assay.
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Table 8: Final selection of peptide/fluorophore combinations used of the hybridization assay.

Selected peptide/fluorophore combinations

P1+Cy3.5
P3 +AC

P5 + AC

2.3.3.2 Oligonucleotide synthesis and characterization

2.3.3.2.1 ON4

The DNA oligonucleotide ON4 was synthesized on a PerSpective Bio-systems Expedite 8909
system using a standard protocol on 1.0 uM scale. Modification of the sequence was
performed using a 3'-alkyne-modifier CPG (Figure 10). The received oligonucleotide was
analyzed via IE-HPLC and the resulting chromatogram represented one major peak eluted in
the center of the run with a retention time of 16.86 min (Figure 33). To verify the identity of
the received product, the corresponding eluent of the major peak was isolated and analyzed
by MALDI-TOF mass spectrometry (Figure 34). The spectra received showed a clear but broad
peak that verified the identity of ON4. The summarized analytical data are illustrated in Table

9.

Table 9: Analytical data of ON4*: Sequence, modification, exact and found mass (MALDI-TOF), retention time
(IE-HPLC) and purity.

Code Sequence Modification
5'- TGA TGT +C+C+G GACCTA - 3' 3'- alkyne
ON4 Calcd. mass [M+H]* Found mass RT [min] Purity [%]
5012 5011 16.86 89

*LNA is indicated with a plus (+) in front of the corresponding nucleotide letter.
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2.3.3.2.2 ON5

The oligonucleotide precursor (Table 10) was purchased from Integrated DNA Technologies
(IDT) as a 5'-amino modified (Figure 10) oligonucleotide precursor. ON5 was used without

further analysis or purification in the following synthetic step ON5'.

Table 10: Sequence and modification of oligonucleotide ON5*.

Code Sequence Modification

ON5 5'- GC+C TT+C ATG TAT GCT ATA +TTA +GCA - 3' 5'-amino, C12

*LNA is indicated as a plus (+) in front of the corresponding nucleotide letter.

2.3.3.2.3 ONS5'

To make oligonucleotide ON5 ready for CUAAC “click” reaction, STP-alkyne (Figure 11) labeling
was performed. Therefore, labeling procedure “NHS ester labeling of amino biomolecules”
from Lumiprobe?®® was followed. The reaction mixture was worked up using lllustra NAP-5
columns. After work-up, the received product was analyzed via IE-HPLC (Figure 35) and
MALDI-TOF mass spectrometry (Figure 36). The mass spectra received showed a broad peak
in the range of 7700 — 8300 m/z. The found mass for ON5' given in Table 11 illustrates the
most intense point of the peak, which was automatically picked from the analysis software.
That said, the deviation between the found and the calculated masses can be explained. Mass
analysis verified the identity of the desired product and IE-HPLC confirmed that the product
was received in high purity. Both spectra were received in low intensities. The summarized

analytical data are illustrated in Table 11.
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Table 11: Analytical data of ON5'*: Sequence, modification, calculated and found mass (MALDI-TOF/MS),
retention time (RP-HPLC) and purity.

Code Oligonucleotide sequence Modification
5'- GC+C TT+C ATG TAT GCT ATA +TTA +GCA - 3' 5'- alkyne, STP
ON5' Calcd. mass [M+H]* Found mass RT [min] Purity [%]
7787 7806 5.34 99

*LNA is indicated with a plus (+) in front of the corresponding nucleotide letter.

2.3.3.3 Bioconjugate synthesis and characterization

2.3.3.3.1 PEG

The “click” reaction between the alkyne modified oligonucleotide ON5' and 8x PEG azide was
performed using standard CuAAC “click” conditions.'®® The structure of the 8x PEG azide, is

shown in Figure 22.

R
Ngwowoé)yowo)jnv Ng

Figure 22: Structure of 8x PEG azide.

The molecular equivalents of oligonucleotide used in the reaction were selected in a manner
to allow the formation of the eight-time “clicked” product. More specific, reaction PEG was
set-up with a 25-fold excess (25 equiv.) of oligonucleotide ON5' relative to the 8x PEG azide
(1 equiv). The reaction was performed overnight and the received crude reaction mixture was
passed through an Illustra NAP-5 columns. Next, the received product was analyzed with RP-

HPLC and compared to each of starting materials (8x PEG azide and ON5'). Additionally, a co-
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injection, composed of both starting materials (8x PEG azide and ON5') plus the product, was

analyzed. Detection of the UV signal was performed at 260 nm and 214 nm.

The recorded spectra (Figure 37-44) showed that a single product and not a distribution of
diverse reaction products, due to a varying amount of attachments, were formed. Notably,
the spectra of the reaction mixture showed that no starting oligonucleotide ON5' was left,
concluding that all excess ON5' was removed by NAP-5 work-up. Furthermore, the product
was received in sufficient purity. Next, the received reaction product was analyzed on MALDI-
TOF mass spectrometry, but only signals coming from the matrix were recorded. To obtain
information about the number of attachments to 8x PEG azide, denaturing PAGE analysis was
performed utilizing SybrGreen as a staining solution (Figure 23). PAGE analysis confirmed that
six 2dmer DNA strands have been attached to 8x PEG azide. The summarized analytical data

are illustrated are Table 12.

150 nt SN

30nt L.

Figure 23: Denaturing (8 M urea) PAGE of ladder (lane 1), conjugate ON3 5 ug/lane 2, 1 ug/lane 3 and starting
ONS5’ (lane 4); stained with SybrGreen.
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Table 12: Analytical data of PEG: Sequence, modification, calculated and found mass (MALDI-TOF/MS),
retention time (RP-HPLC) and purity.

Code Oligonucleotide sequence Modification
5'- GC+C TT+C ATG TAT GCT ATA +TTA +GCA - 3' 8x PEG azide
PEG Calcd. mass [M+H]* Found mass RT [min] Purity [%]
56837 nd* 0.99 92

*nd = no data

2.3.3.3.2 POC

Peptide oligonucleotide conjugation between modified oligonucleotide precursor ON4 and
azido modified peptide P1 (Table 5) was performed under standard CuAAC “click”
conditions.?”3 The reaction POC was performed with the molecular equivalent ratio 7.5/1 of
peptide/oligonucleotide and the reaction mixture was worked up via Illustra NAP-5 columns.
Analysis of the products was performed utilizing RP-HPLC (Figure 45-52) and MALDI TOF. RP-
HPLC analytical runs of each starting material (P1 and ON4) and the received reaction mixture
were performed. Additionally, a co-injection, composed of both starting materials (P1 and
ON4) plus the received product, was analyzed. All four samples were analyzed by the same
analytical method. Detection of the UV signal was performed at two different wavelengths,
214 nm and 260 nm. Furthermore, the reaction product was characterized via MALDI-TOF

mass spectrometry.

The HPCL analysis of POC (Figure 48) showed one major peak with a retention time (RT) of
3.93 min. Notably, no peak with a retention time of the starting oligonucleotide ON4 can be
identified, concluding that the starting material fully converted. Spectra recorded at 214 nm
wavelength were used to identify peptide bonds and therefore peptide P1. P1 elutes at a
retention time of 0.77 min and can clearly be distinguished from the injection peak in both,
retention time and intensity (Figure 51). The 214 nm spectra recorded from the reaction

mixture (Figure 47) did not show a peak of unconjugated P1, concluding that all excess peptide
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was removed by NAP-5 work-up. Furthermore, the product was received in high purity. The

summarized analytical data are illustrated in Table 13.

Table 13: Analytical data of POC: Sequence, modification, calculated and found mass (MALDI-TOF/MS), retention
time (RP-HPLC) and purity.

Code Oligonucleotide sequence Modification
5'-TGA TGT +C+C+G GACCTA - 3' 3'- conjugate with P1

POC Calcd. mass [M+Na]* Found mass [M+Na]* RT [min] Purity [%]
6332 6332 3.92 95

2.3.3.3.3 Synthesis of control probe CP

Bioconjugations of modified oligonucleotide ON4 with Cy3.5 azide modified dye was
performed using CuAAC “click” conditions to establish control probe CP.}’# The reaction
mixture was worked up using Illustra NAP-5 columns and afterwards characterized by MALDI-
TOF mass spectrometry (Figure 53) and RP-HPLC (Figure 54). The MALDI-TOF spectra was
received in good intensity and verified the identity of the desired product. The RP-HPLC
analysis showed that the product was received with sufficient purity. The summarized

analytical data are illustrated in Table 14.
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Table 14: Analytical data of CP: Sequence, modification, calculated and found mass (MALDI-TOF/MS), retention
time (RP-HPLC) and purity.

Code Oligonucleotide sequence Modification
5'- TGA TGT +C+C+G GAC CTA - 3' 3' - conjugate with Cy3.5
cp Calcd. mass [M+K]* Found mass [M+K]* RT [min] Purity [%]
5694 5694 7.61 83
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2.3.4 Therapeutic conjugates

2.3.4.1 Linear peptides

2.3.4.1.1 Synthesis of mP6 and mP7

Solid phase peptide synthesis (SPPS) was carried out to make target compounds mP6 and mP7

accessible. The structure of both linear target compounds is shown in Figure 24.

o HN, NH,
/\/\/\/\/\A/\)J\ Y
NH OH NH
WTHNJYO £ HH i i H i
N 3 o o o ~ N,
. A
N N
H A | Y P R H
mP6
HNYNHQ
m 2
o
/\W o <M <M
NH o o o] o o [o} o
H H H H
W\/\/\/\/\/YNH H o Y\N o 3 o \ o :\OH o AL o s
o HN. / S\

T H R P P M w s P \ W P

mP7

Figure 24: Linear target compounds: Modified linear transferrin receptor targeting peptides mP6 and mP7.

Initially, all reaction steps were performed at standard conditions on solid support. Due to the
unsuccessful coupling of proline to proline (NH2-PPMWSPVWP-H), when standard conditions
are applied, harsher reaction conditions were attempted. Therefore, a microwave reactor was
utilized and heating at 80 °C for 15 min was applied. Under these reaction conditions the
coupling succeeded. Most likely the coupling of proline to proline was challenging due to
hindered accessibility of the nucleophilic amine of the proline (NH,-PMWSPVWP-H). Hence, it
seems that microwave treatment allowed the existing sequence on solid support a higher
freedom of movement, resulting in a higher accessibility of the nucleophilic amine. That
allowed the amide bond to be formed. After the synthesis of P6 was completed, 30 mg of the
resin were cleaved using 95% TFA cleaving solution. Then the received peptide was purified
via reverse phase preparative chromatography and characterized by MALDI-TOF mass

spectrometry (Figure 55). The mass spectrum was received in good quality and verified the
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mass of desired sequences in high intensity. Next, four NMR spectra (1H, 13C, COSY and HSQC)
of the peptide sequence P6 were recorded (Figure 56a-g). The quality of the spectra received
suffered from low intensity, most likely from a too low concentrated sample. That makes the
received spectra diagnostically less conclusive. However, the presence of six crosspeaks
(Figure 56f) in the fingerprint area of the COSY spectra, confirmed the presence of all expected
alpha proton couplings with backbone amides and N-terminal protons. Concluding that the
peak at 3.95 ppm, which has no crosspeak in the fingerprint area, corresponds to alpha proton

of proline.

The lipid modification of each sequence was performed on solid support and the coupling of
Dap and palmitic acid was archived via standard coupling procedure. After the final coupling
on solid support, the target sequences were cleaved from the resin using a 95% TFA solution
to perform simultaneous global deprotection of all side chains. After cleavage of mP6 and mP7
from solid support, both compounds were purified via chromatography. Normal phase
chromatography was applied for purification of mP6 and the received colorless reaction
product yielded 6%. The crude modified peptide mP7 was purified by reverse phase
preparative chromatography and after lyophilization the received reaction product yielded
7%. The received products were subsequently characterized via MALDI-TOF mass
spectrometry (Figure 57 and Figure 58). The spectra were received in low intensity but verified
the formation of the desired products. The yield of the received peptides is two to three times
lower compared to experiments without lipidation.1”> This can be explained by less efficient
coupling of the lipid anchor due to sterically hindrance. Notably, the coupling of the terminal
fatty acid is less efficient due to the sterically hinderance of the carboxylic acid coming from
the Cisalkyne chain. Moreover, the solubility of the received lipidated peptides strongly varied
and were overall weak in most organic solvents. Most likely because of the combination of a
hydrophobic fatty acid attached to a hydrophilic peptide sequence. That said, purification of
the modified peptides by chromatographic techniques appeared to be challenging tasks. It is
believed that the reduced coupling efficacy of the fatty acids as well as the challenging
purification are the reasons for reduced yields. The summarized analytical data are of mP6

and mP7 illustrated in Table 15.
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Table 15: Analytical data of mP6 and mP7: Sequence, modification, calculated and found mass (MALDI-
TOF/MS).

Code Peptide sequence N->C Modification
N-terminal: palmitic acid
HAIYPRH (2x) - DAP
mP6
Calcd. mass [M+H]* Found mass [M+H]*
1455.9 1455.5
Code Peptide sequence N->C Modification
N-terminal: palmitic acid
THRPPMWSPVWP
> (2x) - DAP
mP7
Calcd. mass [M+H]* Found mass [M+H]*
2053.2 2053.7

2.3.4.1.2 Lipid anchor

The synthesis of the lipid anchor LA (Figure 25) was performed on solid support following a
standard procedure for solid phase peptide synthesis (SPPS) on 2-chlorotrityl resin.

(0]

/\/\/\/\/\/\/\)J\NH
W\MHNJYOO
(e} HN\)LOH

G
LA

Figure 25: Molecular structure of the lipid anchor LA.

As mentioned before, in contrast to the lipidation performed in the linear attempt, the lipid
anchor LA for the cyclic peptides includes a glycine at the C-terminal. This glycine serves as a
spacer between the 2-chlorotrityl resin to improve the coupling efficiency when Dap is
coupled. The decision was made based on previous experiments showing that the initial

coupling of Fmoc-Dap(Fmoc)-OH to the resin suffers in coupling efficiency and leads to
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reduced vyields. It is believed that the reason for that is related to the two Fmoc groups
attached to each N-terminals of Dap. These relative large groups cause the C-terminal of the
Fmoc-Dap(Fmoc)-OH to be less accessible. Furthermore, sterically hindrance from the alkyne
chains and the palmitic acids can negatively influence the coupling efficiency of the lipid
anchor to the cyclic peptides. Both problems are minimized by improving accessibility of the
electrophilic site. This is key to enhance the coupling efficiency and was realized by the

addition of glycine.

After the synthesis was completed, the lipid anchor LA was cleaved from the resin, the
received product was verified on MALDI-TOF mass spectrometry (Figure 59) and used without
any further purification for following reactions. The summarized analytical data of the lipid

anchor LA are illustrated in Table 16.

Table 16: Analytical data of lipid anchor LA: Sequence, modification, calculated and found mass (MALDI-
TOF/MS).

Code Peptide sequence N->C Modification

Dap-G N-terminal: 2x palmitic

acid
LA Calcd. mass [M+Na]* Found mass [M+Na]*
660.6 660.7
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2.3.4.2 Cyclic peptides

2.3.4.2.1 Synthesis of mcP8 and mcP9

The structures of the two end-to-end cyclized target compounds mcP8 and mcP9 as well as
the cyclic precursors (prior to lipidation) are given in Figure 26. Moreover, an overview of the
synthetic strategy followed to make the two modified cyclic transferrin peptides mcP8 and

mcP9 accessible is shown in Figure 27.

NH
HN HN
° /\/\/\/\/\AA)?\ °
o N o o
NH NH
HN HN
HoN SH NH HN SH
o VWW o
AN NH O o AN NH O
OH N’(& OH Nﬂ
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=
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Figure 26: Modified and end-to end cyclized transferrin receptor targeting peptides (mcP8 and mcP9) and their
precursors (cP8' and cP9').
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Figure 27: Synthetic strategy used to make cyclic transferrin peptides accessible.

All synthetic steps for making target sequences P8 and P9 accessible, were carried out via solid
phase peptide synthesis (SPPS) utilizing standard Fmoc-strategy on a 2-chlorotrityl resin. After
all couplings were performed, N-terminal Fmoc protecting groups were removed on both
peptides, followed by the cleavage from the solid support using 20% HFIP. HFIP treatment was

performed to keep side chain protecting groups. Furthermore, a small amount of each peptide
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P8 and P9 was cleaved using 95% TFA to confirm the identity of the peptide sequence. The
cleavage of all side chain protecting groups was performed for analytical purpose to simplify
the identification process via MALDI-TOF analysis. During the ionization process with the high
voltage laser some side chain protecting groups tend to fall off from peptides, which
complicates the identification process. After TFA treatment the peptides were globally
deprotected, except the Alloc (N-allyloxycarbonyl) protecting group on the side chain of the
lysine. The remaining Alloc protecting group did not show any tendency to fall off during the
ionization process and the mass of the peptide was found as expected by MALDI-TOF mass
spectrometry (Figure 60 and Figure 61). The summarized analytical data of P8 and P9 are

illustrated in Table 17.

Table 17: Analytical data of P8 and P9: Sequence, modification, calculated and found mass (MALDI-TOF/MS).

Code Peptide sequence N->C Modification
IGPSVKCRT -
P8 Calcd. mass [M+H]* Found mass [M+H]*
1034.5 1034.6
Code Peptide sequence N->C Modification
KGPSVCCRT -
P9 Calcd. mass [M+H]* Found mass [M+H]*
1044.6 1044.7

The globally protected peptides after HFIP cleavage were purified via reverse phase
preparative chromatography and the received reaction products yielded 24% for P8 and 21%
for P9. Next, the peptides were used for follow-up end-to-end cyclization, performed in
solution. To do this, the dissolved peptides were added dropwise to a solution containing a
large excess of coupling reagents. This dropwise set-up was performed to favor the formation
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of the cyclic product over intermolecular coupling/polymerization. Next, the reaction mixtures
were purified by reverse phase preparative chromatography and analyzed by MALDI-TOF
mass spectrometry to confirm the formation of the cyclized product. The received reaction
products cP8 yielded 41% and cP9 yielded 42%. Successful formation of the cyclic product was
observed without any evidence for the formation of dimers. The received mass spectra of the
intramolecular end-to end-cyclized peptides cP8 and cP9 are shown in Figure 62 and Figure

63. The summarized analytical data of cP8 and cP9 are illustrated in Table 18.

Table 18: Analytical data of cP8 and cP9: Sequence, modification, calculated and found mass (MALDI-TOF/MS).

Code Peptide sequence N->C Modification
IGPSVKCRT N -> C cyclized
cP8 Calcd. mass [M+K]* Found mass [M+K]*
1846.9 1847.2
Code Peptide sequence N->C Modification
KGPSVCCRT N -> C cyclized
Calcd. mass (with one tBu group fallen Found mass (with one tBu
cP9 off) [M+K]* group fallen off) [M+K]*
1614.9 1615.1

After the isolation and characterization of the cyclic peptides, the orthogonal Alloc side chain
protection group of the lysine was removed to make the amine accessible for follow-up

coupling of the lipid anchor LA.
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2.3.4.2.2 Orthogonal CBZ deprotection

Initially, a different synthetic approach had been attempted regarding the orthogonal
deprotection of the side chain protecting group of the lysine. That attempt included the
evaluation of an orthogonal CBZ (benzyloxycarbonyl) deprotection on resin. Therefore, a (H-
Lys(Z)-OH) was installed during the synthesis of the peptide sequences P8 and P9. Beforehand,
a short test sequence was synthesized on solid support containing a lysine (H-Lys(Z)-OH) to
perform a test run of the CBZ deprotection with the peptide still on resin. Several different
conditions were screened, but no conversion occurred. Next, an orthogonal CBZ deprotection
conditions in solution were screened on the actual target sequences cP8 and cP9. Variations
of the conditions included changes to the solvent system as well as the catalyst system used

(Scheme 1). However, none of the attempts showed sufficient conversion.
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Scheme 1: Attempts to perform a CBZ deprotection of cP8 and cP9 under reductive conditions, utilizing different
catalyst systems and solvent systems.

2.3.4.2.3 Orthogonal Alloc-deprotection

After the initial attempt of an orthogonal CBZ-deprotection did not show success, the lysine

side chain protecting group was changed to Alloc. Therefore, Fmoc-Lys(Alloc)-OH were utilized

during the synthesis of cP8 and cP9 and implemented in the sequence. To perform the

orthogonal Alloc deprotection, tetrakis(triphenylphosphine)-palladium(0) was used as an

catalyst, triisopropylsilane (TIPS) as a scavenger and dichloromethane as a solvent. Reaction

time was 30 min at room temperature
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Afterwards, the same conditions were applied to perform orthogonal Alloc-deprotection on
cP8 and cP9 in solution (Scheme 2). Next, the cyclic peptides cP8' and cP9' were purified via
reverse phase chromatography and after lyophilization cP8' yielded 30% and cP9' and 33%.
Compared to similar reaction conditions but the utilization of an aqueous work-up reported
in the literature, the obtained yields of cP8' and cP9' are three times lower. This is most likely
due to compound loss during the reverse phase purification step due to sample sizes around
the lower limit of the preparative column used. Furthermore, the received reaction products
were analyzed by MALDI-TOF mass spectrometry (Figure 64 and Figure 65). The crude
peptides were directly used for the following synthetic step. The summarized analytical data

are illustrated in Table 19.
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Scheme 2: Alloc deprotection in solution to form cP8' and cP9'.
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Table 19: Analytical data of cP8' and cP9': Sequence, modification, calculated and found mass (MALDI-TOF/MS)

Code Peptide sequence N->C Modification
IGPSVKCRT N -> C cyclized, Alloc deprotected
cP8' Calcd. mass [M+H]* Found mass [M+H]*
1762.9 1762.8
Code Peptide sequence N->C Modification
KGPSVCCRT N -> C cyclized, Alloc deprotected
Calcd. mass (with one tBu group fallen Found mass (with one tBu
cP9 off) [M+K]* group fallen off) [M+K]*
1530.8 1531.1

2.3.4.2.4 Installation of the lipid anchor

The installation of the lipid anchor LA was performed for both orthogonally deprotected
peptides cP8' and cP9' in solution, utilizing HATU as a coupling reagent and DIPEA as a non
nucleophilic base. The reactions were performed on a small scale to screen for the formation
of the desired product. After 2 h of reaction time, both reaction mixtures were analyzed by
MALDI-TOF mass spectrometry. Regarding the lipidation of cP9', the received spectra did not
show the mass of the starting material, indicating that full conversion occurred. Furthermore,
the desired reaction product mcP9 as well as the mass of the guanidylated starting material
were identified in the reaction mixture (Figure 66). Similarly, the reaction mixture of cP8'
showed full conversion of the starting material plus the guanidylation of the starting material,
but no peak that corresponds to the mass of the desired reaction product mP8 occurred. The

summarized analytical data of mcP9 are illustrated in Table 20.
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Table 20: Analytical data of mcP9: Sequence, modification, calculated and found mass (MALDI-TOF/MS)

Code Peptide sequence N->C Modification
N -> C cyclized,
IGPSVKCRT lysine side chain: modified
with lipid anchor
mcP9

Calcd. mass [M+Na]*

Found mass [M+Na]*

2150.3

2150.6

The guadinylation is a known side reaction that can occur during the coupling process (Scheme

3). Away to diminish this side reaction would be the addition of 1-Hydroxybenzotriazol (HOBt)

to the reaction. Overall, the identification of the desired product mcP9 in the reaction mixture

showed that the selected synthetic strategy is successful. Furthermore, it needs to be tested

if the undesired guanidylation of the starting material mP8 and mP9 could be suppressed by

the utilization of 1-hydroxybenzotriazole hydrate (HOBt). A suppression could potentially

enhance the yield of the lipidation.

, © N
uroniumsalt N7 N \N®\ PFe  RNH, | P N + RN N—
(O-form) O\</ N N\ i(
- OH N—
/ guanidine
/
_ /
N>;N®
N\
guanidinium N o
(Nform) ||| N Spgg
N~ N®
0]
©

Scheme 3: Equilibrium of uronium species (O-form) and guanidinium species (N-form) of HATU in solution and

guanidylation as a side reaction during coupling reactions.
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Synthesis of mcP10
All synthetic steps for making target sequence mcP10 accessible were carried out via solid

phase peptide synthesis (SPPS) utilizing standard Fmoc-strategy on a Rink resin.}’® An

overview of the synthetic strategy followed is shown in Figure 28.
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Figure 28: Overview of synthetic strategy used for making mcP10 accessible.

After the synthesis of P10 was completed with the peptide still on resin, a few beads were
treated with 95% TFA to receive the globally unprotected peptide sequence to confirm the
identity of the received product via reverse phase LC/MS (Figure 67). After the analysis had
confirmed the identity of P10, the remaining peptide (still on solid support) was modified via
stepwise installation of the lipid anchor (coupling of Dap followed by the coupling of palmitic
acid residues to both N-terminals of the coupled Dap). The lipidation was also performed via
standard SPPS conditions. Next, the modified linear sequence was cleaved form the resin using
95% TFA to receive the globally deprotected modified peptide mP10. The coupling product
was verified via MALDI-TOF mass spectrometry (Figure 68) and used without further

purification to undergo the cysteine bridging cyclization step in solution.

Therefore, mild oxidative conditions at room temperature were applied to mP10 to let side
chain sulfhydryl groups of the two terminal cysteines form a disulfide bond (Scheme 4). After
96 h reaction time, a work-up of the reaction mixture utilizing normal phase chromatography
was applied. The cyclization reaction yielded 33% and the reaction product mcP10 was verified

via MALDI-TOF mass spectrometry (Figure 69a and Figure 69b). The peak corresponding to
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the mass of the desired product was received in low intensity. The synthesis of mcP10 gave
an overall yield of 9% based on the resin loading. This overall yield can be stated as reasonable
based on the comparison to similar experiments reported in the literature.’® The summarized

analytical data of mP10 and mcP10 are illustrated in Table 21.
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Scheme 4: Reaction equitation of cysteine bridge formation step under mild oxidation conditions to make
c¢mP10 accessible.

Table 21: Analytical data of mP10 and mcP10: Sequence, modification, calculated and found mass (MALDI-
TOF/MS).

Code Peptide sequence N->C Modification
CRTIGPSVC -
mP10 Calcd. mass [M+H]* Found mass [M+H]*
1497.0 1497.3
Code Peptide sequence N->C Modification
CRTIGPSVC Cyclic: C-> C disulfide bond
mcP10 Calcd. mass [M+H]* Found mass [M+H]*
1495.0 1495.1
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3 Conclusion and perspective

To conclude, a model system was rationally designed to investigate if oligonucleotide adaptors
can reach cellular proximity and function as a recognition tool for fluorescent based cell
sorting. The designed model system consists of two parts, System A and System B. The
principle of the interaction studies is based on fluorescent readouts enabled by a FRET system
installed on each system to monitor the interaction. The synthesis of System B was
successfully carried out and is ready to be labeled with an appropriate fluorophore in order to
perform interaction studies. Regarding System A, a way to realize protein-protein cross linking
needs to be established prior to completing the system via appropriate fluorescent labeling.
However, no further screening for protein-protein crosslinking conditions was carried out.
This decision was based on economically reasons due to the use of the expensive and precious
resource CD63. Consequently, the proteins used in the model system were changed to actin
and gelsolin. The use of actin in one part of the system and gelsolin in another, brings along

the advantage of a naturally occurring protein-protein interaction.

Furthermore, a model system to serve as an amplification-free method for detection of human
cancer DNA was successfully designed and synthesized. An integral part of the system allows
size exclusion of mutant DNA bound to an eight-arm-PEG-capture probe. Subsequent
detection can be performed via formation of a fluorophore-peptide gel. After the peptide
screening and the synthesis of the model system was finished, further investigations were
performed and the establishment of a rapid and inexpensive method for human DNA
detection with a promising method for future perspective for point-of-care applications was

achieved.””

Besides that, it was possible to isolate and characterize both linear target peptides mP6 and
mP7 and the cyclic peptide mcP10. All three products were purified and are ready to be
attached to LNPs to test their capability for enhancing the efficiency of BBB crossing. Modified
peptides were received with sufficient overall yields (6-9 %).17°> After the initial attempt of
orthogonal CBZ deprotection has not been successful, the orthogonal side chain protecting

group was changed to Alloc. Ultimately, it was possible to show that the synthetic strategy
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selected for the two end-to-end cyclic target peptides mcP8 and mcP9 is capable of making
the cyclic target peptides accessible. The successful performance of orthogonal Alloc
deprotection showed that the primary amine of lysine could be made selectively accessible to
perform coupling of the lipid anchor. Finally, it was demonstrated that the synthetic strategy
followed for the lipid anchor installation at the cyclic peptides is successful. Overall, it was
possible to demonstrate that specific conjugation of rationally designed peptides,
oligonucleotides and their conjugated products is a convenient and promising approach for

developing potent diagnostic probes and therapeutics.
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4 Experimental part

4.1 General

Reagents and solvents were obtained from Sigma-Aldrich, Merck, IDT and Lumiprobe LLC
GlenResearch. Unmodified peptides (P1-P5) were purchased from Caslo Lab, Denmark. Azido-
modified peptide reagents were provided by Prof. Knud Jensen, University of Copenhagen,
Denmark. Cy3.5 azide was provided by Lumiprobe GmbH; AC was synthesized in house.
AlexaFluor 547 was purchased from ThermoFisher Scientific. CUAAC and STP reagents were
provided by Lumiprobe GmbH. 8x PEG azide was purchased from Creative PEG works, cat. no.

PSB-881; MW 10 kDa.

TLC analysis was performed utilizing Merck Silica gel 60 F254 precoated plates and afterwards
visualized by UV irradiation, development in 5% H,SO4 in methanol (v/v) or KMnOjs solution
charred with a heat gun. NMR spectrometry was performed on a Bruker AVANCE 400 MHz
system 5mm CryoProbe Prodigy, utilizing DMSO-ds as solvent and internal reference. Manual
normal phase chromatography was preformed using Merck Silica gel (40-63 um) with an
appropriate solvent system. SDS-PAGE analysis was performed using 1x Tris-Glycine-SDS (25
mM Tris, 192 mM Glycine, 0.1% SDS (sodium-dodecyl-sulfate), pH 8.3) and GelRed as a
staining solution for visualization. LC-MS analysis was performed using a Waters AQUITY UPLC
equipped with an electron spray (ESI) as ionization source. HPLC analysis was performed on
a Dionex UltiMate 3000 system equipped with a Thermo Scientific, Hypersil GOLD C18 column
(5 uM, 175 A, 150 x 4.6 mm) for reverse phase and with Thermo Scientific, DNAPac Pa-100
column (250 x 4 mm) for ion exchange analysis. Signal detection was performed by an
UltiMate 3000 VWD, measuring the absorbance of UV-light at 214 nm and 260 nm. For each
HPLC set-up (reverse phase and ion exchange) a separate solvent system was used to perform
gradient elution. MALDI-TOF mass spectrometry analysis was performed using a Bruker
AutoFlex 3000 instrument from Bruker using a matrix of 2-(4-hydroxyphenylazo)benzoic acid

or 3-Hydroxypicolinic acid with di-ammoniumhydrogen citrate in MQ-water.

89


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thelo

[ ]
lio
nowledge

b

L]
|
rk

Bernhard Jandl
Experimental part

4.1.1 General procedure of oligonucleotide Synthesis (GP1)

4.1.1.1 Automated synthesis and Hand coupling procedure

Oligonucleotides with a 3'-alkyne modification were synthesized on an automated DNA
synthesizer PerSpective Bio-systems Expedite 8909 using a standard protocol in 1.0 uM scale.
Modification was achieved by the use of a 3'-alkyne-modifier CPG. If LNA monomers were
incorporated, a hand-coupling procedure was carried out. Hand-coupling was performed, by
dissolving LNA phosphoramidite in DNA grade acetonitrile and coupling for 18 min with the

use of 1H-tetrazole as an activator at room temperature.

4.1.1.2 Cleavage, washing and solvent removal

To cleave the synthesized sequence from the solid support, the column was dried and put into
a PCR-vial together with filters and incubated with 1 mL methylamine (33% in ethanol) at 65°C
for 2 hours. Next, the mixture was allowed to cool to rt and placed 30 min in a fridge. Then
the mixture was filtered off and the filtrate was collected in a 2 mL Eppendorf Tube. The solid
support and filters were washed with 1 mL of 50:50 (v:v) 96% ethanol and MQ-water, the

wash was combined with the initial filtrate and the solvent was removed in vacuo.

4.1.1.3 DMT deprotection

DMT deprotection was achieved by adding 100 pL 80% acetic acid at room temperature. After
30 min 200 pL MQ water, 15 uL 5 M NaClOs and 1.5 mL cold acetone were added to the
mixture to precipitate the deprotected DNA/LNA oligonucleotide sequence. Then the mixture
was kept for 48 h at -78 °C. The suspension was centrifuged for 2 min and the supernatant
solution was removed via decantation. Then 1.5 mL cold acetone were added to the pellet
and the resulting suspension was kept for additional 24 h at -78 °C. Again, the suspension was
centrifuged and the supernatant solution was removed via decantation. Afterwards the
remaining solvent in the pellet was removed in vacuo and HPLC and MALDI-TOF mass

spectrometry was applied.
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4.1.2 General procedure of peptide synthesis

4.1.2.1 General procedure of SPPS on 2-chlorotrityl resin (GP2)

4.1.2.1.1 Coupling of the first amino acid

The couplings of the first amino acid were performed in standard SPE filtration columns.
Esterification of the 2-chlorotrityl linker with Fmoc amino acids was carried out with
preactivation (5 min) of Fmoc amino acids (4 equiv.) using N,N-diisopropylethylamine (DIPEA)
(6 equiv.) in DCM. The pre-activated reagents were added to the resin swollen in DCM and the
coupling reaction time was 2 h. Manual stirring was applied approximately every 15 min. The
coupling of the first amino acid was carried out twice to ensure coupling to the linker. Three
times washing of the resin with each solvent in the given order DMF, DCM and DMF, was

applied after every reaction step.

4.1.2.1.2 Elongations of the peptide sequence

Prolongation of peptide sequence was performed in standard SPE filtration columns. All
peptide couplings on 2-chlorotrityl resin were carried out by preactivation (5 min) of Fmoc
amino acid (4 equiv.) with 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-
b]pyridinium 3-oxid hexafluorophosphate (HATU) (4 equiv.) and N,N-diisopropylethylamine
(DIPEA) (6 equiv.) in DMF. The preactivated reagents were added to the resin swollen in DMF
and coupling reaction time was 2 h. Manual stirring was applied approximately every 15 min.
Fmoc cleavage to prepare the resin for the next coupling step was achieved by using 20%
piperidine in DMF (1 x 2 min and 1 x 18 min). Three times washing of the resin with each

solvent in the given order DMF, DCM and DMF, was applied after every reaction step.

4.1.2.1.3 Cleavage of the peptide from the resin

Cleavage of the synthesized amino acid sequence from the 2-chlorotrityl linker was performed

using either hexafluoroisopropanol (HFIP) (20% in DCM, 3 x 20 min), to maintain sidechain
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protection groups, or TFA cleavage mixture (TFA:phenol:H,O:TIPS = 88:5:5:2, 3 x 60 min), to
archive global deprotection. After the cleavage mixture was applied, extraction of remaining
product in the resin with DCM (2 x 10 min) was performed. Finally, all DCM extracts received
were combined with all TFA cleavage mixtures received and the resulting mixture was reduced
under nitrogen flow. The solid product received was redissolved in DCM and reduced under
nitrogen flow. Then the cycle of redissolving and reducing was applied for additional two

times, followed by lyophilization to receive the crude peptide products.

4.1.2.1.4 Global deprotection in solution

Global deprotection in solution was performed using TFA cleavage mixture
(TFA:phenol:H,O:TIPS = 88:5:5:2). TFA cleavage reaction mixture was applied for 90 min to the
protected peptide and after that period the reaction mixture was reduced under nitrogen
flow. The solid product received was redissolved in DCM and reduced under nitrogen flow.
This cycle of redissolving and reducing was applied for additional two times, followed by

lyophilization to receive crude peptide product.

4.1.2.2 General procedure of SPPS on Rink resin (GP3)

4.1.2.2.1 Coupling of the first amino acid

Reactions were performed in standard SPE filtration columns. Prior first amino acid coupling,
Fmoc group removal from the Rink linker was achieved by applying 20% piperidine in DMF (2
x 30 min). Preactivation of the Fmoc amino acid (4 equiv.) before first coupling was carried
out with 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium  3-oxid
hexafluoro-phosphate (HATU) (4 equiv.) and N,N-diisopropylethylamine (DIPEA) (6 equiv.) in
DMF. Then the reactivated mixture was added to the resin swollen in DMF and the coupling
reaction time was 2 h. Manual stirring was applied approximately every 15 min. The coupling
of the first amino acid was carried out twice to ensure coupling to the linker. Three times
washing of the resin with each solvent in the given order DMF, DCM and DMF, was applied

after every reaction step.
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4.1.2.2.2 Elongations of the peptide sequence

All elongation steps were performed in standard SPE filtration columns. Preactivation of the
Fmoc amino acid (4 equiv.) was achieved with 1-[bis(dimethylamino)methylene]-1H-1,2,3-
triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate (HATU) (4 equiv.) and N,N-
diisopropylethylamine (DIPEA) (6 equiv.) in DMF. The activated reagent mix was added to the
resin swollen in DMF and the coupling reaction time was 2 h. Manual stirring was applied
approximately every 15 min. Fmoc cleavage to prepare the resin for the next coupling step
was achieved by using 20% piperidine in DMF (1 x 2 min and 1 x 18 min). Three times washing
of the resin with each solvent in the given order DMF, DCM and DMF, was applied after every

reaction step.

4.1.2.2.3 Cleavage of the peptide from the resin

Cleavage of the peptide sequence from the Rink resin was achieved by using TFA cleavage
mixture (TFA:phenol:H,O:TIPS = 88:5:5:2, 3 x 60 min) to obtain deprotected peptides. After
the cleavage mixture was applied, extraction of the remaining resin with DCM (2 x 10 min)
was performed. Finally, all DCM extracts received were combined with all TFA cleavage
mixtures received and the resulting mixture was reduced under nitrogen flow. The solid
product received was redissolved in DCM and reduced under nitrogen flow. Then the cycle of
redissolving and reducing was applied for additional two times, followed by lyophilization to

receive the crude peptide products.
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4.2 Cell sorting

4.2.1 Oligonucleotide synthesis

4.2.1.1 ON1 and ON2

The oligonucleotide precursor ON1 (5'-5hexynyl/AAGACCTTCT/3AmMO-3') and ON2 (5'-
hexynyl/iSP18/TCCACGTCTTC/3AmMO-3') were purchased at Integrated DNA Technologies

(IDT) and were used without further purification for the following reaction steps.

4.2.1.2 Synthesis of oligonucleotide ON3

The DNA oligonucleotide ON3 with a 3'-alkyne modification was synthesized on an automated
DNA synthesizer PerSpective Bio-systems Expedite 8909 following a standard protocol on 1.0
UM scale. Synthesis was performed in the DMT-ON mode and modification was achieved by
the use of a 3'-alkyne-modifier CPG. For cleaving ON3 from the solid support, an ammonia
solution (28-30%) at 55 °C was applied overnight. After cleavage from the solid support DMT-
deprotection was performed according to the general procedure (GP1). To characterize ON3,
IE-HPLC and MALDI-TOF mass spectrometry were used. No further purification was

conducted, the product was used directly in the following synthetic step.

MALDI-TOF-MS: Calculated [M+H]*: 11159
Found [M+2H]?*: 5579
IE-HPLC: RT [min]: 19.12
Purity [%]: 89

Appearance: Colorless solid
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4.2.1.3 SC1

The alkyne amino modified oligonucleotide ON2 (20 pL, 20 nm) were mixed together with
bicarbonate buffer (5 puL, 1 M), maleimide-PEG2-succinimidyl ester (8.5 uL, 200 nmol) and MQ-
water (16.5 pL) in a 1.5 mL Eppendorf Tube. The reaction mixture with a total volume of 50
pL was kept for 12 h in darkness at room temperature. Then the reaction mixture was filtered
using lllustra NAP-5 columns and the solvent was evaporated in vacuo. The product SC1 was

identified via MALDI- TOF mass spectrometry.

MALDI-TOF-MS: Calculated [M+H] *: 3683
Found [M+H]*: 3683

Appearance: Colorless solid

4.2.1.4 SC2

Ina 1.5 mL Eppendorf Tube BSA (3 pL, 1 nmol), 10x PBS (7 pL), DTT (3.85 uL, 100 nmol), DMSO
(15 pL) and MQ-water (1.15 plL) were mixed together and degassed by bubbling argon through
the reaction mixture. To this reaction mixture the maleimide STP labeled oligonucleotide SC1
(20 pL, 20 nmol, in MQ-water) and additional degassing step utilizing argon. Then the reaction
mixture with a total volume of 50 uL was kept for 12 h in darkness at room temperature and
occasionally gentile shaking was applied. Next, the reaction mixture was filtered using lllustra
NAP-5 columns and the solvent was evaporated in vacuo. The product SC2 was analyzed by

SDS-PAGE.
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4.2.2 Bioconjugations

The calculation of the oligonucleotide concentration used for labeling, coupling and “click”

reactions was based on the measured absorbance at 260 nm.

4.2.2.1 SC4

In a 1 mL Eppendorf Tube BSA (91 pL, 30 nmol), 10x bicarbonate buffer (50 pL, 1 M), DMSO
(38 ulL), MQ-water (299 uL) and STP-azide (sodium 4-(5-aminopentanoyl)-2,3,5,6-
tetrafluorobenzenesulfonate) (12 uL, 178 nmol) were mixed together and occasionally gentle
shaking was applied. The reaction mixture with a total volume of 490 uL was kept for 12 h in
darkness at room temperature. Then the reaction mixture was filtered using Illustra NAP-5
columns and the collected filtrate was evaporated in vacuo. The received product SC4 was

used for the next reaction step without any further purification and characterization.

4.2.2.2 SC5

SC4 (263 uL, 7.6 nmol), 4x PBS buffer (100 pL), AGH (amminoguanidinumhydrochloride) (6 pL,
10 mg/mL) oligo ON3 (11 pL, 18 nmol), oligo ON2 (19 pL, 18 nmol) and MQ-water (35.25 L)
was mixed together in a 2 mL Eppendorf Tube. The reaction mixture was degassed with argon.
Then CuTHPTA (11.25 pL, 10 nM) and ascorbic acid (4.5 pL, 50 nM) were added to the mixture,
followed by an additional degassing step utilizing argon. Next, the reaction mixture with a
total volume of 450 uL was kept for 12 h in darkness at room temperature. Then the reaction
mixture was filtered using lllustra NAP-5 columns and the collected filtrate was evaporated in

vacuo. The product SC5 was analyzed by SDS-PAGE.
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4.3 Mutation detection

4.3.1 Oligonucleotide precursors

4.3.1.1 ON4

The DNA oligonucleotide ON4 with a 3'-alkyne modification was synthesized on an automated
DNA synthesizer PerSpective Bio-systems Expedite 8909 using a standard protocol in 1.0 uM
scale. Synthesis was performed in the DMT-OFF mode and modification was achieved by the
use of a 3'-alkyne-modifier CPG. For incorporation of LNA monomers, a hand-coupling
procedure was carried out. Hand-coupling was performed, by dissolving LNA phosphoramidite
in DNA grade acetonitrile and coupling for 18 min with the use of 1H-tetrazole as an activator.
For cleaving ON4 from the solid support, an ammonia solution (28-30%) at 55 °C was applied
overnight. To characterize of the received product ON4, IE-HPLC and MALDI-TOF mass
spectrometry were used. The received reaction product was used for the following synthetic

step without purification.

MALDI-TOF-MS: Calculated [M+H]*: 5012
Found: 5011

IE-HPLC: RT [min]: 16.86
Purity [%]: 89

Appearance: Colorless solid
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4.3.1.2 ON5'

The oligonucleotide precursor ON5 was purchased from Integrated DNA Technologies (IDT)

and was used without any further purifications for the following synthetic step.

STP-alkyne labeling — ON5'

To make the 5'-AmMC12 modified ON5 oligonucleotide ready for CUAAC “click” reaction, STP-
alkyne labeling was applied. To perform this labeling procedure the protocol “NHS ester
labeling of amino biomolecules” from Lumiprobe was followed.'®® The ON5 oligonucleotide
(70 uL, 7 nmol), sodium bicarbonate solution (10 uL, 1 M), MQ-water (15 puL) and STP alkyne
(5 uL, 100 mg/mL) were mixed together in a 2 mL Eppendorf Tube. Afterwards the resulting
reaction solution was vortexed and spun down before being kept for 12 h in darkness at rt
with occasionally gentle shaking. Then the reaction mixture was filtered using Illustra NAP-5
columns. The resulting solution after gel filtration was evaporated in vacuo. The received

reaction product ON5' was analyzed by IE-HPLC and MALDI-TOF mass spectrometry.

MALDI-TOF-MS: Calculated [M+H]*: 7787

Found: 7806 [deviation to calculated mass explained in 2.3.3.2.3]
IE-HPLC: RT [min]: 5.34

Purity [%]: 99

Appearance: Colorless solid
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4.3.2 Bioconjugations

The calculation of the oligonucleotide concentration used for the “click” reaction was based

on the measured absorbance at 260 nm.

4.3.2.1 PEG

The alkyne labeled precursor ON5' (34.3 pL, 5.25 nmol, dissolved in MQ-water) was mixed
with triethylammonium acetate buffer (TEAA) (7 uL, 1 M), formamide (20.55 pL), 8x PEG azide
(4.2 pL, 0.21 nmol, dissolved in MQ-water) Cu (II) THBTA (5 uL, 10 mM in MQ-water:DMSO =
1:1) and ascorbic acid solution (2 pL, 50 mM in MQ-water), resulting in a final volume of 72
pL. The reaction was performed in a 5 mL round bottom flask using magnetic stirring. After
mixing the staring materials together, the reaction mixture was degassed with argon and kept
at room temperature overnight while stirring was applied. Then 428 uL MQ-water were added
to the mixture and it was run through an Illustra NAP-5 column. The solvent from the received
solution was evaporated in vacuo and the obtained product was analyzed using RP-HPLC and

by denaturing PAGE.

MALDI-TOF-MS: Calculated [M+H]*: 56837
Found: nd

IE-HPLC: RT [min]: 0.99
Purity [%]: 92

Appearance: Colorless solid
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4.3.2.2 POC

The reaction was performed in a 1.5 mL Eppendorf Tube. For CuAAC “click” reaction,
oligonucleotide ON4 (20 pL, 20 nmol, dissolved in MQ-water) was mixed with
triethylammonium acetate buffer (TEAA) (2 pL, 1 M), aminoguanidine hydrochloride (0.4 pL,
50 mM), azido-modified peptide reagent P1 (19.4 uL, 150 nmol), Cu (ll) THPTA (5 pL, 10 mM
in MQ-water:DMSO = 1:1), ascorbic acid solution (2 uL, 50 mM in MQ-water) and MQ-water
(16.2 pL) resulting in a final volume of 65 uL. After mixing the staring materials together the
reaction mixture was degassed with argon, the tube was covered with tin foil and afterwards
the reaction mixture was kept at 70 °C for 45 min. Next, the reaction mixture was allowed to
reach room temperature and kept overnight at room temperature. The work-up was done
using lllustra NAP-5 column, followed by the evaporation of the solvent in vacuo. The received

reaction product and characterized using RP-HPLC and MALDI/TOF.

MALDI-TOF-MS: Calculated [M+H]*: 6310
Found [M+Na]*: 6332
IE-HPLC: RT [min]: 3.82
Purity [%]: 95

Appearance: Colorless solid
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4.3.2.3 Control probe CP

The reaction was performed in a 1.5 mL Eppendorf Tube. For the CuAAC “click” reaction, the
oligonucleotide ON4 (20 pL, 20 nmol, dissolved in MQ-water) was mixed with
triethylammonium acetate buffer (TEAA) (2 pL, 1 M), Cy3.5 azide (5 pL, 10 mM stock in DMSO),
Cu (1) TBTA complex (5 pL, 10 mM in MQ-water:DMSO = 1:1), ascorbic acid solution (2 pL, 50
mM in MQ-water) and MQ-water (16.2 puL). After mixing the staring materials together the
reaction mixture was degassed with argon, the tube was covered with tin foil and afterwards
the reaction mixture was kept at 70 °C for 20 min. Afterwards the reaction mixture was
allowed to reach room temperature and was kept overnight at room temperature. The work-
up was conducted using NAP-5 column, followed by the evaporation of the solvent in vacuo.

The received reaction product was characterized using MALDI-TOF and RP-HPLC.

MALDI-TOF-MS: Calculated [M+H]*: 5655
Found [M+K]*: 5694
IE-HPLC: RT [min]: 7.61
Purity [%]: 83

Appearance: Colorless solid
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4.4 Peptide synthesis

4.4.1 Synthesis of linear peptides
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Modified peptide mP6 with the sequence (2x palmitic acid)-Dap-His-Ala-ILe-Tyr-Pro-Arg-His-
NH, was synthesized according to general procedure (GP3) on Rink-resin (133 mg, 0.75

mmol/g) using:

1 Fmoc-His(Trt) 248 mg 0.4 mmol 4 equiv.
2 Fmoc-Agr(Pbf) 260 mg 0.4 mmol 4 equiv.
3 Fmoc-Pro 135 mg 0.4 mmol 4 equiv.
4 Fmoc-Tyr(tBu) 184 mg 0.4 mmol 4 equiv.
5 Fmoc-lle 141 mg 0.4 mmol 4 equiv.
6 Fmoc-Ala 125 mg 0.4 mmol 4 equiv.
7 Fmoc-His(Trt) 248 mg 0.4 mmol 4 equiv.
8 Fmoc-Dap(Fmoc)-OH 219 mg 0.4 mmol 4 equiv.
9 palmitic acid 205 mg 0.8 mmol 8 equiv.

Cleavage of mP6 was carried out using TFA cleavage mixture. The compound received was
purified by manual normal phase column utilizing gradient elution (2-50% MeOH in DCM) and

was the desired peptide mP6 (9 mg, 6 umol, 6%) was isolated.

MALDI-TOF-MS: Calculated [M+H]*: 1455.9
Found [M+H]*: 1455.5

Appearance: Colorless solid
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Modified peptide mP7 with the sequence H-Thr-His-Arg-Pro-Pro-Met-Trp-Ser-Pro-Val-Trp-

Pro-NH, was synthesized according to general procedure (GP3) on Rink-resin (133 mg, 0.75

mmol/g) using:

Fmoc-Pro

Fmoc-Trp(Boc)

Fmoc-Val

Fmoc-Pro

Fmoc-Trp(Boc)

Fmoc-Met

Fmoc-Pro

1
2
3
4
5 Fmoc-Ser(tBu)
6
7
8
9

Fmoc-Pro

10 Fmoc-Agr(Pbf)
11 Fmoc-His(Trt)
12 Fmoc-Thr(tBU)
13 Fmoc-Dap(Fmoc)-OH

14 palmitic acid

135 mg
211 mg
136 mg
135 mg
153 mg
211 mg
149 mg
135 mg
135 mg
260 mg
248 mg
159 mg
219 mg
205 mg

0.4 mmol
0.4 mmol
0.4 mmol
0.4 mmol
0.4 mmol
0.4 mmol
0.4 mmol
0.4 mmol
0.4 mmol
0.4 mmol
0.4 mmol
0.4 mmol
0.4 mmol

0.8 mmol

4 equiv.

4 equiv.

4 equiv.

4 equiv.

4 equiv.

4 equiv.

4 equiv.

4 equiv.

4 equiv.

4 equiv.

4 equiv.

4 equiv.

4 equiv.

8 equiv.

Cleavage of mP7 was carried out using TFA cleavage mixture. The compound received was

dissolved in a mixture of 85% ACN in MQ-water with 0.1% FA and purified via reverse phase

chromatography and the desired peptide mP7 (14 mg, 7 umol, 7%) was isolated.

MALDI-TOF-MS:

Appearance:

Calculated [M+H]*: 2053.2
Found [M+H]*: 2053.7

Colorless solid
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4.4.1.3 Lipid anchor LA
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The lipid anchor LA with the sequence (2x palmitic acid)-DAP-Gly-OH was synthesized

according to general procedure (GP2) on 2-chlorotrytyl resin (300 mg, 1.0 mmol/g) using:

1 Fmoc-Gly 357 mg 1.2 mmol 4 equiv.
2 Fmoc-Dap(Fmoc)-OH 657 mg 1.2 mmol 4 equiv.
3 palmitic acid 615 mg 2.4 mmol 8 equiv.

Cleavage of the lipid anchor LA form the resin was carried out via standard cleavage procedure
using TFA cleavage mixture to receive the crude reaction product LA (62 mg, 97 mmol, 32%

(crude)) as a brownish solid.

MALDI-TOF-MS: Calculated [M+Na]*: 660.6
Found [M+Na]*: 660.7

Appearance: Brownish solid
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4.4.2 Synthesis of cyclic peptides
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P8

The synthesis of peptide P8 with the sequence H-Lys-Gly-Pro-Ser-Val-Cys-Cys-Arg-Thr-OH was

carried out according to general procedure (GP2) on 2-chlorotrytyl resin (300 mg, 1.0 mmol/g)

using:
1 Fmoc-Thr(tBu) 477 mg 1.2 mmol 4 equiv.
2 Fmoc-Agr(Pbf) 780 mg 1.2 mmol 4 equiv.
3 Fmoc-Cys(Trt) 702 mg 1.2 mmol 4 equiv.
4 Fmoc-Cys(Trt) 702 mg 1.2 mmol 4 equiv.
5 Fmoc-Val 408 mg 1.2 mmol 4 equiv.
6 Fmoc-Ser(tBu) 459 mg 1.2 mmol 4 equiv.
7 Fmoc-Pro 405 mg 1.2 mmol 4 equiv.
8 Fmoc-Gly 357 mg 1.2 mmol 4 equiv.
9 Fmoc-Lys(Alloc) 543 mg 1.2 mmol 4 equiv.

The N-terminal Fmoc group was removed followed by cleavage of the sequence from the 2-
chlorotrityl linker using hexafluoroisopropanol (HFIP) (20% in DCM, 3 x 20 min). The received
crude solid was dissolved in 75% ACN in MQ-water with 0.1% FA and purification via reverse
phase chromatography was applied. The received reaction product was lyophilized and the
desired product P8 was received as a colorless solid (93 mg, 49 umol, 24%). For analytical
purpose a small number of beads were treated with TFA cleavage mixture to receive the
globally deprotected (except Lys(Alloc)) sequence and the identity of the received sequence

was analyzed via MALDI-TOF mass spectrometry.
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Calculated [M+H]*: 1034.5

MALDI-TOF-MS:

Found [M+H]*: 1034.6

Colorless solid

Appearance:
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4.4.2.2 cP8

cP8

P8 (93 mg, 49 umol) was dissolve in DMF (3 mL) and added dropwise via a syringe to a mixture
of 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluoro-
phosphate (HATU) (149 mg, 392 umol, 8 equiv.) and diisopropylethylamine (DIPEA) (76 mg,
588 umol, 12 equiv.) in DMF (5 mL). The reaction was carried out at rt and magnetic stirring
was applied. After 40 min the addition of the dissolved P8 was completed and the reaction
mixture was stirred for additional 90 min at rt. Then the solvent was evaporated in vacuo, the
received crude solid was dissolved in a mixture of 80% ACN in MQ-water with 0.1% FA (2 mL)
and purified via reverse phase preparative chromatography. The received reaction product

was lyophilized and cP8 was received as a colorless solid (38 mg 21 umol, 42%).

MALDI-TOF-MS: Calculated [M+K]*: 1846.9
Found [M+K]*: 1847.2

Appearance: Colorless solid
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4.4.2.3 cP8'
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cP8’

To a mixture of cP8 (38 mg 21 pumol) in DCM (2 mL) was added
tetrakis(triphenylphosphine)palladium(0) (5 mg, 4 umol 0.2 equiv.) dissolved in DCM (1 mL)
and triisopropylsilane (TIPS) (67 mg, 420 umol, 20 equiv.). The resulting reaction mixture was
stirred at room temperature for 30 min. Then the solvent was removed in vacuo and the crude
reaction product was received and dissolved in a mixture of 80% ACN in MQ-water with 0.1%
FA and purified via reverse phase preparative chromatography. The received reaction product

was lyophilized and cP8' was received as a colorless solid (11 mg, 6 umol, 30%).

MALDI-TOF-MS: Calculated [M+H] *: 1762.9
Found [M+H] *: 1762.8

Appearance: Colorless solid
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4.4.2.4 P9

tBu
(e}

BN

P9

The synthesis of peptide P9 with the sequence H-lle-Gly-Pro-Ser-Val-Lys-Cys-Arg-Thr-OH was

carried out according to general procedure (GP2) on 2-chlorotrytyl resin (300 mg, 1.0 mmol/g)

using:
1 Fmoc-Thr(tBu) 477 mg 1.2 mmol 4 equiv.
2 Fmoc-Agr(Pbf) 780 mg 1.2 mmol 4 equiv.
3 Fmoc-Cys(Trt) 702 mg 1.2 mmol 4 equiv.
4 Fmoc-Lys(Alloc) 543 mg 1.2 mmol 4 equiv.
5 Fmoc-Val 408 mg 1.2 mmol 4 equiv.
6 Fmoc-Ser(tBu) 459 mg 1.2 mmol 4 equiv.
7 Fmoc-Pro 405 mg 1.2 mmol 4 equiv.
8 Fmoc-Gly 357 mg 1.2 mmol 4 equiv.
9 Fmoc-lle 423 mg 1.2 mmol 4 equiv.

The N-terminal Fmoc protecting group was removed and the sequence was cleavage from the
2-chlorotrityl linker using hexafluoroisopropanol (HFIP) (20% in DCM, 3 x 20 min). The received
crude solid was dissolved in 75% ACN in MQ-water with 0.1% FA and purification via reverse
phase chromatography. The received reaction product was lyophilized and the desired
product P9 was received as a colorless solid (104 mg, 63 umol, 21%). For analytical purpose a
small number of beads were treated with TFA cleavage mixture to receive the globally
deprotected (except Lys(Alloc)) sequence and the identity of the received sequence was

analyzed via MALDI-TOF mass spectrometry.
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Calculated [M+H]*: 1044.6

MALDI-TOF-MS:

Found [M+H]*: 1044.7

Colorless solid

Appearance:
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4.4.2.5 cP9
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cP9

P9 (77 mg, 74 umol) was dissolve in DMF (3 mL) and added dropwise via syringe to a mixture
of 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluoro-
phosphate (HATU) (225 mg, 592 umol, 8 equiv.) and diisopropylethylamine (DIPEA) (115 mg,
1.2 umol ,12 equiv.) in DMF (5 mL). The reaction was carried out at rt and magnetic stirring
was applied. After 40 min the addition of the dissolved P9 was completed and the reaction
mixture was stirred for additional 90 min at rt. Then the solvent was evaporated in vacuo, the
received crude solid was dissolved in a mixture of 80% ACN in MQ-water with 0.1% FA (2 mL)
and purified via reverse phase preparative chromatography. The received reaction product

was lyophilized and cP9 was received as a colorless solid (49 mg, 30 umol, 41%).

MALDI-TOF-MS: Calculated (with one tBu group fallen off) [M+K]*: 1614.9
Found (with one tBu group fallen off) [M+K]*: 1615.1

Appearance: Colorless solid
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4.4.2.6 cP9'
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cP9’

To a mixture of cP9 (49 mg, 30 umol) in DCM (2 mL) was added tetrakis(triphenylphosphine)-
palladium(0) (7 mg, 6 umol,0.2 equiv.) dissolved in DCM (1 mL) and triisopropylsilane (TIPS)
(95 mg, 600umol ,20 equiv.). The resulting reaction mixture was stirred at rt for 30 min. Then
the solvent was removed in vacuo and the crude reaction product was received and dissolved
in a mixture of 80% ACN in MQ-water with 0.1% FA and purified via reverse phase preparative
chromatography. The received reaction product was lyophilized and cP9' was received as a

colorless solid (15 mg ,9 umol, 33%).

MALDI-TOF-MS: Calculated (one tBu group fallen off) [M+K]*: 1530.8
Found (one tBu group fallen off) [M+K] *: 1531.1

Appearance: Colorless solid
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mP10

The synthesis of peptide P10 with the sequence H-Cys-Arg-Thr-lle-Gly-Pro-Ser-Val-Cys-OH was

carried out according to general procedure (GP3) on Rink resin (133 mg, 0.75 mmol/g) using:

1 Fmoc-Cys(Trt) 234 mg 0.4 mmol 4 equiv.
2 Fmoc-Val 136 mg 0.4 mmol 4 equiv.
3 Fmoc-Ser(tBu) 153 mg 0.4 mmol 4 equiv.
4 Fmoc-Pro 135 mg 0.4 mmol 4 equiv.
5 Fmoc-Gly 119 mg 0.4 mmol 4 equiv.
6 Fmoc-lle 141 mg 0.4 mmol 4 equiv.
7 Fmoc-Thr(tBu) 159 mg 0.4 mmol 4 equiv.
8 Fmoc-Agr(Pbf) 260 mg 0.4 mmol 4 equiv.
9 Fmoc-Cys(Trt) 234 mg 0.4 mmol 4 equiv.
10 Fmoc-Dap(Fmoc)-OH 110 mg 0.4 mmol 4 equiv.
11 palmitic acid 205 mg 0.8 mmol 8 equiv.

The final Fmoc group was removed followed by cleavage from the 2-chlorotrityl linker using

hexafluoroisopropanol (HFIP) (20% in DCM, 3 x 20 min). The crude modified peptide mP10

was received as a colorless solid (39 mg, 26.1 umol, 27% (crude)).

MALDI-TOF-MS: Calculated [M+H]*: 1497.0

Appearance:

Found [M+H]*: 1497.3
Colorless solid
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Bernhard Jandl
Experimental part

mcP10

Crude modified peptide mP10 (6 mg, 4.0 umol) was mixed together with DMSO (1 mL) ina 5

mL glass vail and the resulting reaction mixture was stirred for 96 h at room temperature.

Then the solvent was reduced under nitrogen flow, received crude reaction product was

purified via manual normal phase chromatography and then lyophilized to receive the desired

product mcP10 as a colorless solid (1.9 mg, 1,4 umol, 33%).

MALDI-TOF-MS:

Appearance:

Calculated [M+H] *: 1495.0
Found [M+H]*: 1495.1

Colorless solid
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5 Appendix

5.1 Analytical data

361 . 2 Maria #190 KAS77 Bernhard_2 UV_VIS_1 WVL:260 nm
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Figure 29: IE-HPLC chromatogram from ON3.
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Figure 30: MALDI-TOF from ON3.
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Figure 31: MALDI-TOF spectra of SC1.

1 2 3 4
Figure 32: SDS-PAGE of ladder (lane 1), CD63 (lane 2), SC2 (lane 3) and SC3e (lane 4); stained with GelRed.
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Figure 33: IE-HPLC chromatogram from ON4.
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Figure 34: MALDI-TOF from ON4.
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Figure 35: RP-HPLC chromatogram of ON5'.
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Figure 36: MALDI-TOF mass spectra of ON5'.
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Figure 37: RP-HPLC chromatogram of PEG (260 nm).
1.600 3 Bernhard 1 #32 PEG sample 2.2_30 min 5-60% UV_VIS_4 WVL:214 nm
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Figure 38: RP-HPLC chromatogram of PEG (214 nm).
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PEG sample PEG_30 min 5-60%

Bernhard Jandl
Appendix
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Figure 39: RP-HPLC chromatogram of 8x PEG-azide (214 nm).
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Figure 40: RP-HPLC chromatogram of 8x PEG-azide (260 nm).
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Injection #30: PEG sample SA-capture_30 min 5-60%
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% Bernhard 1#30

PEG sample SA-capture_30 min 5-60%

Bernhard Jandl
Appendix

Chromatogram

UV_VIS_4 WVL:214 nm

mAU

J|H20 +0.1% FA: 0,0 %

Flow: 2,800000 ml/min

|4 - 5,337

25.9%Buffer A in ACN: 5,0 %

0,0 25

Chromeleon 7,
Version 7.2.7.10369, Thermo Fisher Scientific Page 1 of 1

Sequence: Bernhard 1
Injection #30: PEG sample SA-capture_30 min 5-60%
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Figure 41: RP-HPLC chromatogram of ON5' (PEG) (214 nm).

PEG sample SA-capture_30 min 5-60%

Printed by KEMI-KAS-HPLC
27-02-19 13:51

Chromatogram
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Version 7.2.7.%0369, Thermo Fisher Scientific Page 1 of 1

Figure 42: RP-HPLC chromatogram of ON5' (PEG) (260 nm).

275 300

Printed by KEMI-KAS-HPLC
27-02-19 13:50
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Figure 43: RP-HPLC chromatogram of co-injection (PEG) (214 nm).

3 Bernhard 1 #33 co-injection 2.2_30 min 5-60% UV_VIS_1 WVL:260 nm
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Figure 44: RP-HPLC chromatogram of co-injection (PEG) (260 nm).

122


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

¥ 3ibliothek,

LVARA') Your knowledge hub

100 % Bernhard 1 #27

POC sample 3.2_30 min 5-60%

Bernhard Jandl
Appendix

UV_VIS_4 WVL:214 nm

504

.50

ACIN +0.1% FA: 0,0 %

-100

-150

-200

-250

-300

-350

-400

507 | Flow: 2,800000 mi/min

-5004
T

0,0 25 50

Chromeleon 7,
Version 7.2.7.10369, Thermo Fisher Scientific

90~ 17 Bernhard 1 #27

75 10,0 125 150 175 200 225

Page 1 of 1

Figure 45: RP-HPLC chromatogram of POC (214 nm).

POC sample 3.2_30 min 5-60%

Printed by KEMI-KAS-HPLC
27-02-19 13:48

UV_VIS_1 WVL:260 nm

mAU

80 1-3,920

H20 + 0.1% FA: 0,0|%
704

IACN + 0.1% FA: 0,0/%

60

50

40

-104
T

0,0 25 50

Figure 46: RP-HPLC chromatogram of POC (260 nm).
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Sequence: Bernhard 1 Chromatogram
Injection #24: POC sample KAS80_30 min 5-60%

500+ 3 Bernhard 1 #24 POC sample KAS80_30 min 5-60% UV_VIS_4 WVL:214 nm
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Version 7.2.7.10369, Thermo Fisher Scientific Page 1 of 1 27-02-19 13:43

Figure 47: RP-HPLC chromatogram of ON4 (214 nm).
Sequence: Bernhard 1 Chromatogram
Injection #24: POC sample KAS80_30 min 5-60%
600 j Bernhard 1 #24 POC sample KAS80_30 min 5-60% UV_VIS_1 WVL:260 nm
mAU
550 -
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Version 7.2.7.10369, Thermo Fisher Scientific Page 1 of 1 27-02-19 13:44

Figure 48: RP-HPLC chromatogram of ON4 (260 nm).

124


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

¥ 3ibliothek,

LVARA') Your knowledge hub

Bernhard Jandl
Appendix

3 Bernhard 1 #18 POC sample Tat2a_5-50% UV_VIS_4 WVL:214 nm
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Figure 49: RP-HPLC chromatogram of P1 (214 nm).

Sequence: Bernhard 1 Chromatogram
Injection #18: POC sample Tat2a_5-50%

3 Bernhard 1 #18 POC sample Tat2a_5-50% UV_VIS_1 WVL:260 nm
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Figure 50: RP-HPLC chromatogram of P1 (260 nm).
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Figure 51: RP-HPLC chromatogram of POC co-injection (214 nm).
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Figure 54: RP-HPLC chromatogram of CP (260 nm).
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Figure 55: MALDI-TOF mass spectra P6.
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Figure 56a: *H-NMR spectrum of P6 (400 MHz, DMSO-6ds).
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Figure 56b: 'H-NMR spectrum of P6 (400 MHz, DMSO-6ds, 0-5 ppm).

9000
8000

7000

6000

5000

4000

3000

2000

1000
ro

NMR400_KA_JONHAN_BJ_51.10.fid

///f/ itbrrf

/

Ew
o ©
-9
L x
w o

)

2

6.3

6.5

— Wwaé [

6.7

= Frou b

6.9

Fsoif

quw
90t -

M\mwé

P(d)||B1(t)
7.98||7.81

(m)
18

- MV oL |

@[
6Ll

IN
= og'L [

1

//_/\V\\J
e L B B B B B B LN R
9.9 9.7 9.5 9.3 9.1 8.9 8.7 8.5 8.3

Y (d)
8.69

1
= ©
Wow.v L

1 (ppm)

Wﬂm_\

Figure 56¢: 'H-NMR spectrum of P6 (400 MHz, DMSO-6ds, 6.3-10 ppm).

qny a8pajmoud INoA

129


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

iOthEk)

3ibl

LVARA') Your knowledge hub

U

Bernhard Jandl
Appendix

NMR400_KA_JONHAN_BJ_51.12.fid

T T T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 O -10
1 (ppm)

Figure 56d: 1>*C-NMR spectrum of P6 (101MHz, DMSO-6ds).
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Figure 56e: COSY spectrum of P6 (DMSO-6ds).
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Figure 56f: Close up of COSY spectrum of P6 (DMSO-6ds).
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Figure 57: MALDI-TOF mass spectra mP6.
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Figure 58: MALDI-TOF mass spectra mP7.
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Figure 59: MALDI-TOF mass spectra of the lipid anchor LA.
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Figure 60: MALDI-TOF mass spectra of P8.
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Figure 61: MALDI-TOF mass spectra of P9.
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Figure 62: MALDI-TOF mass spectra of cP8.
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Figure 63: MALDI-TOF mass spectra of cP9.
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Figure 64: MALDI-TOF mass spectra of cP8'.
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Figure 65: MALDI-TOF mass spectra of cP9'.
Comment 1
Comment 2
3 x104 2150.686
= R B o HL/? ‘/<\NH HNMW\/\/\
0
o
] . SR T
15 T, "
, "
mcP9 _
) 1916.634 (globally protected) ©
1.0
1674.503
05 1400.048
2376.904
i U Jm“ l : i )
0.0+ e e it
1250 1500 1750 2000 2250 2500 2750 3000 3250 350
Figure 66: MALDI-TOF mass spectra mcP9.
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Figure 67: Received UV and mass spectra of LC-MS run of P10.
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Figure 68: MALDI-TOF mass spectra of mP10.
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Figure 69a: Close up of MALDI-TOF mass spectra of mcP10.
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Figure 69b: Close up of MALDI-TOF mass spectra of mcP10.
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