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Introduction
Every cell contains a plethora of different proteins, acting as molecular tools for the most
diverse processes and procedures. Those proteins consist of amino acids, which are
connected via peptide bonds and form long chains with certain properties, depending on
their amino acid sequence. These chains exist in different shapes and orientations
depending on their specific amino acid composition and sequence. Amino acid chains can
fold into so-called secondary structures for example α-helices, β-sheets and different turn
motifs. These individual secondary structure elements interact to form a higher ordered
tertiary structure, giving shape to a protein. If proteins form higher organized complexes,
their structure is spoken of as quaternary.1 Peptides are per definition small chains of amino
acids. Therefore, every protein can also be considered a polypeptide.2 Peptides, as well as
proteins, fulfill certain tasks in the cell, for example as signaling peptides included in
proteins, steering protein localization. This also means that peptides can be included in
bigger protein macromolecules. Like proteins, peptides are also capable of forming
secondary, tertiary and quaternary structures.3 In nature, the connection of amino acids
towards peptide chains is an enzymatic process (referred to as translation). It is also possible
to assemble peptides chemically, for instance via solid-phase peptide synthesis.4 The
opportunities of this technique exceed the simple peptide-translation, since it is possible to
incorporate unnatural building blocks. This provides a variety of opportunities for the design
and use of peptides in diverse applications.
Peptides as protein-protein interaction inhibitors
Protein-protein interactions (PPIs) play a central role in a multitude of biological processes,
such as subcellular localization and enzymatic activities. Such interactions between protein
surfaces are mediated by electrostatic attraction, hydrogen bonding and the hydrophobic
effect.5,6 The formed complexes harbor different physiological functions: e.g. permanent
complexes are involved in the formation of the cytoskeleton, while reversible and transient
interactions often play a role in signaling pathways.7,8 Macromolecular complexes are
formed by at least partially structured protein domains. One example involves Fts proteins,
which form the divisome, thereby being responsible for bacterial cell division, and will play
an important role in this thesis.9 PPIs can occur between secondary structures like helical
peptides ((e.g. coiled-coil)), but also flexible peptides or more complex tertiary and
quaternary structures like proteins. Because of their important role in the highly organized
network of cell regulation, malfunctioning is associated with numerous diseases.10–12
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Modulators of PPIs are therefore considered of great potential for the development of novel
drug candidates in particular when aiming for so far difficult targets.11,13,14 However,
targeting PPIs is a difficult endeavor, as many of these interactions involve rather flat and
large interfaces (about 800 - 2000 Å) which are very hard to address using small molecular
scaffolds.5,15,16 Until the recent years, most therapeutic entities were either large molecular
biologics or small molecules.11 Biologics, such as antibodies, harbor binding motifs suitable
to interact with interfaces involved in PPIs.10,15,17 Two major drawbacks of biologics is their
limited oral availability and cell permeability.17 The other class, classical small molecules, in
principle provides oral availability and has been successfully used to obtain drugs inhibiting
PPIs when harboring a suitable binding pocket.10,15 However, they are often too small to
effectively interact with flat protein surfaces and thereby inhibit the interactions of a
protein complex.15 Large macrocycles establish a third class of therapeutics, addressing
difficult target structures and lying between small molecules and big biologics.17–19 In
contrast, such macrocycles have a bigger structure allowing them to interact with
widespread interaction patches on protein surfaces. One source of macrocyclic inhibitors
are peptide binding epitopes. Typically, these binding epitopes are identified in the
interaction area of one of the protein complex partner and are defined by their secondary
structure (e.g. α-helix, β-sheet and turn) which they exhibit in their bound state (bioactive
conformation). After extraction of the binding epitope, these short peptides however, lose
their secondary structure and exist in an ensemble of conformational states in solution (bioinactive conformation). Linear, peptide fragments such as these maintain low cell
permeability and due to their highly flexible nature in solution, possess high protease
instability.20 However, by stabilizing such peptides into their bioactive conformation, it is
possible to derive bioavailable and stable inhibitors for PPI inhibition. 21,22 The stabilized
peptidic molecules mimicking binding epitopes of the natural precursor are generally
referred to as peptidomimetics.24–29
Above mentioned macrocyclization of the derived peptides can lead to preorganization and
stabilization of the bioactive conformation. Different strategies to pre-organize secondary
structures have been evolved.30 Starting with the most common structure of all proteinprotein interfaces of PPIs, the α-helix, the most prominent methods are side chain to side
chain crosslinks and the incorporation of N-terminal caps.30 Development of α-helical
stabilization approaches started in the early 1980s.31 In general, α-helices are stabilized by
intramolecular hydrogen bonds formed by the peptide’s backbone and salt bridges formed
by amino acid residues. Ways to stabilize a succession of turns within the helix generally
involve bridging one residue to another with a crosslink. For this purpose, amide bonds
between lysine and glutamic acid and disulfides have been used.32,33 Despite these, thioland triazole-crosslinks have also been examined (figure 1).30 Thiol-based crosslinks
circumvent the drawback of disulfides. Even though many disulfide approaches are
successful, thioether-bridged peptides bear the advantage of being stable under reducing

11

Chapter 1 – Introduction
conditions as they are found inside of most eukaryotic cells. Cysteines react selectively with
electrophiles. Different bis- and triselectrophiles and different configured cysteine
(-derivatives) have been applied to create mono- and bicyclic peptides with increased
cellular uptake.34–39 Another well characterized and common way to stabilize α-helices is
the hydrocarbon peptide stapling technique.40 The incorporation of α-methyl-α-alkenyl
amino acids during solid-phase peptide synthesis and their side chain to side chain
crosslinking by ring closing metathesis can lead to increased α-helicity, improved protease
resistance and increased cellular uptake compared with their natural precursors.31,41–43
Further developments of this well-described method are the use of two isolated
hydrocarbon crosslinks or the synthesis of stitched peptides harboring a spiro ring
junction.44,45 All described methods for α-helical stabilization have also been used in context
of designing PPI inhibitors.
Stabilization of β-strands and β-sheets is also of great interest, as they are highly involved
in the proteins’ tertiary and quaternary structure, as well as in protein aggregation and PPIs.
Several methods, such as turn-mimetics that nucleate β-sheet formation, covalent and noncovalent macrocyclization and β-strand enforcing residues, have been used and also
combined to stabilize modified β-strands, β-hairpins and β-sheets.46–48 Only few approaches
of PPI inhibitors based on β-sheets are described.30 Also the stabilization of turn structures
has been addressed already, showing the same effects: cyclization leads to increased
protease stability and in most cases, increased cellular uptake.21,30,49 All these
macrocyclization approaches described above, are aiming for pre-organized high affinity
peptide-based inhibitors.

Figure 1. Exemplary depiction of different possibilities to pre-organize and stabilize
secondary structures, such as helices, beta-sheets and turns with differently modified
crosslinks.
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In summary, the stabilization of the epitope-based peptides’ bioactive conformation prior
to the binding event often leads to increased protease stability, higher cell permeability and
to reduced entropic penalty upon binding and thus increased affinity.23 Thus, chemical
modifications of naturally-derived peptides can improve the development of relevant drugs
targeting PPIs.
Peptides as probes
As described before, PPIs rank among the most promising targets in current drug discovery
efforts.50 Since the human interactome contains about 650 000 interactions, it is of the
utmost importance to provide researchers with tools to identify interaction partners,
biophysically characterize the interactions and detect the potency of potential inhibitors.
Accordingly, peptides can be deployed not only as inhibiting molecules themselves, but also
as molecular probes.51,52 Since direct tagging of interaction partners is challenging, those
additionally added probes can provide specificity and fluorescent functions that are needed.
Advantages of peptides compared to other classes of molecules lie in their ability to be
designed as highly specific and affine molecules, but also to be equipped with fluorophores
or other detectable compartments. Applications of such probes are e.g. i) the readout of
cell-based PPI inhibition assays via fluorescence, ii) the identification of new PPIs via
fluorescent-based pull down assays and iii) the identification of potential inhibitors in a
fluorescent-based high-throughput screening.53,54 Overall, simply designed experiments
with comparably high signal-to-noise ratios define the gold-standard in PPI characterization.
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Outline of this thesis
Chapter 2 (Synthesis of a Peptidomimetic - Inhibition of the protein-protein interaction
between FtsB and FtsQ in bacterial cell division) highlights the interaction between FtsB and
FtsQ as an interesting target for a bacterial cell division inhibitor, based on the involvement
of these proteins in early stages of cell division. Since a crystal structure of the FtsB-FtsQ
protein complex is available, crucial interacting residues and their spatial arrangement are
known. This is an excellent starting point for the development of high affinity
peptidomimetics. During its development it is necessary to enhance affinity compared to
the wildtype peptide via crosslinking strategies leading to secondary structure stabilization.
Chapter 3 (Coiled-coil Peptide Beacon: A Tuneable Conformational Switch for Protein
Detection) describes a new approach towards a peptidic probe for protein detection and
sensing of protein-protein interactions. The design, synthesis and biophysical
characterization of these so-called coiled-coiled peptide beacons are described. Synthetic
peptides can also be used to as probes to understand the role of protein modifications in
cells, as shown in Chapter 4 (Plant cysteine oxidases are dioxygenases that directly enable
arginyl transferase-catalysed arginylation of N-end rule targets). Here, the use of peptides
as substrates of arginyl transfer RNA transferase in plants is described. Next, because of
PTEN’s crucial role in a wide range of protein-protein interactions, Chapter 5 (The
Therapeutical Potential of PTEN Modulation Targeting strategies from Gene to Protein)
summarized the development of PTEN modulation as a therapeutic target.
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