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Abstract

B-Turns fulfill a variety of different functions in natural proteins. Besides their structural role,
inducing the backfolding of adjacent chains, their exposure to the environment results in
specific molecular interactions. Therefore, mimicking of these structures is of great interest,
performed in this work to deduce the influence of turn mimetics on the structural behavior of

polymers and proteins.

In the first part of this work, B-turn mimetics were used as structural elements to transfer
chirality into polymers. Helical polyisocyanates were precisely synthesized and afterwards
linked to B-turn mimetics. The structure and purity of the synthesized conjugates were revealed
by NMR spectroscopy, mass spectrometry and chromatography (HPLC, GPC). Furthermore,
polyisocyanate copolymers bearing functional side chains for further modifications were
synthesized, as well as block-copolymers with poly(ethylene glycol) to obtain a comparison
between this amphiphilic copolymer and the amphiphilic conjugate bearing a rigid B-turn
mimetic. Chirality investigations revealed an induction effect from the chiral turn mimetic via a
linked triazole moiety onto the polymer chain. Elongation of the linker and increase of
flexibility resulted in a lower chirality induction effect. Furthermore, solvent dependency of the
chirality was observed for both, B-turn mimetic polymers and copolymers with PEG,
confirming changes in the helical parameters of polyisocyanates in different solvents.

In the second part of this work, the influence of B-turn mimetics on the aggregation of an
amyloid peptide (AP4o) was investigated. Turns of different size, rigidity and hydrophobicity
were synthesized and incorporated into amyloid f peptide via solid phase peptide synthesis
(SPPS). Purity of the peptide-conjugates was assessed by HPLC and MALDI-TOF-MS.
Aggregation assays revealed a strong influence of position and turn structure on the fibril
formation of the amyloid peptides. Both, a hydrophobic aromatic triazole turn mimetic and a
flexible linker unit resulted in enhanced fibrillation, whereas a small rigid linker led to reduced
fibrillation. Interestingly, peptides containing a rigid bicyclic B-turn mimetic completely lacked
the ability to fibrillate under physiological conditions (pH 7.4, 37 °C) and furthermore provided
a strong inhibiting effect on the fibrillation of A4 when used as an additive. Replacement of
the amino acids glycine and serine at positions 25-26 provided the strongest inhibition effect,
indicating the importance of the small glycine, requiring only small space, for the ability of AP
to form B-sheet aggregates.
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Kurzzusammenfassung

B-Schleifen (B-Turns) erfillen in natiirlichen Proteinen eine Vielzahl von Funktionen. Neben
ihrer strukturellen Aufgabe, benachbarte Ketten auf sich selbst zuriickzufalten und dadurch
eine eng gepackte Struktur zu erzeugen, erfiillen sie durch ihre Exposition an der Oberflache
von Proteinen zahlreiche Funktionen durch molekulare Wechselwirkungen. Daher sind diese
Strukturen ein interessantes Ziel fur Mimetika, welche im Rahmen dieser Arbeit untersucht
wurden und insbesondere deren struktureller Einfluss auf Polymere sowie Peptide.

Im ersten Teil dieser Arbeit wurden mimetische P-Turns als Strukturelement in Polymere
eingebaut, um auf diese Chiralitidt zu iibertragen. Dazu wurden helikale Polyisocyanate mit
exakt definierter Struktur synthetisiert und anschliefend mit dem B-Turn verkniipft. Die
Struktur und Reinheit der hergestellten Konjugate wurde durch NMR-Spektroskopie,
Massenspektrometrie sowie chromatographische Methoden (GPC, HPLC) gezeigt. Zusatzlich
wurden Polymere in der Seitenkette modifiziert und Blockcopolymere mit Poly(ethylene glycol)
hergestellt, um einen Vergleich herzustellen zwischen diesem amphiphilen Copolymer und dem
amphiphilen Konjugat, welches einen rigiden Turn enthélt. Chiralitatsuntersuchungen zeigten
einen Induktionseffekt vom chiralen Turn tiber eine Triazolgruppe auf die Polymerkette auf,
wohingegen eine Verlingerung des Verbindungsglieds einen geringeren Induktionseffekts zur
Folge hatte. Auflerdem wurde sowohl fiir die P-Turn Konjugate als auch fir die
Blockcopolymere eine Losungsmittelabhdngigkeit beobachtet und somit bestétigt, dass die
helikalen Parameter der Polyisocyanate vom Losungsmittel abhéngig sind.

Im zweiten Teil dieser Arbeit sollte der Einfluss von mimetischen f-Turns auf die Aggregation
eines amyloiden Peptids (Af49) untersucht werden. Dazu wurden Turns verschiedener Grofle,
Rigiditat und Hydrophobizitit hergestellt und durch Festphasenpeptidsynthese (SPPS) in A4
eingebaut. Die Reinheit der Peptid-Konjugate wurde durch HPLC und MALDI-TOF-MS
bestitigt. Aggregationsuntersuchungen zeigten einen starken Einfluss von Position und
Struktur der Turn Mimetika auf die Ausbildung von Fibrillen. Sowohl ein hydrophober,
aromatischer Turn, als auch ein flexibles Verbindungsmolekiil resultierten in einer
beschleunigten Fibrillierung, wohingegen ein kleines starres Verbindungsmolekiil einen
verzogernden Effekt ausiibte. Interessanterweise wiesen die Peptide, die einen rigiden
bizyklischen Turn enthielten, keine Aggregation unter physiologischen Bedingungen (pH 7.4,
37 °C) auf und hatten auflerdem einen starken Einfluss auf die Aggregation von AB4 wenn sie
als Additiv zugesetzt wurden. Der Austausch der Aminosduren Glycin und Serin an den
Positionen 25-26 hatte die grofite hemmende Wirkung und zeigt somit, dass die kleine
Aminosaure Glycin durch ihren geringen Platzanspruch wichtig ist firr die Fahigkeit von AP zu
fibrillieren.
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1 Introduction

1.1 Natural and synthetic macromolecules

How would human life be without macromolecules? — It wouldn’t exist.

DNA, RNA and proteins, the three essential building blocks of life, are biological
macromolecules and provide genetic information and functionality such as catalysis of
biochemical reactions and molecular recognition. Furthermore another class of biological
macromolecules, namely carbohydrates are of major importance for energy storage, protection
of the body against the environment and other biochemical processes. But today, not only
biomacromolecules but also synthetic ones have become irreplaceable in our everyday life.
From simple products such as packaging materials to high-tech products for e.g. medical
applications, polymers are having a huge impact on human life. The question now arises, what
features do these macromolecules of different origin share and where do differences occur?

Biomacromolecules are built from a small number of monomeric units, in the case of DNA
these are adenine, cytosine, guanine and thymine, while proteins are composed of a library of
20 amino acids with different functional side chains. Sequence defined biopolymers result from
the stepwise addition of monomers, proceeding from a defined amino/N-terminus to a
carboxyl/C-terminus for proteins and from the 5’ end to the 3’ end in case of nucleic acids (see

Figure 1).
a) QO ) step-growth
. =0.0 ) ( single
Q —Q.O Q K}nw molecular weight
7 sequence defined MW
b
) O OO chain-arowth molecular weight
O o —— W ; ﬂL distribution
O O random distribution My

Figure 1. Differences occurring between sequence defined biological macromolecules and random synthetic ones.

The synthesis of synthetic polymers is mostly achieved through “living” polymerization
techniques, resulting in a random distribution of monomeric units along the polymer chain.
These chain growth methods provide polymers with precise functionality at the chain ends and
in the side chain, while they still lack exact sequence control and a single molecular weight.

These differences on a molecular level also affect the assembly and structure formation of
biological and synthetic macromolecules. Thus, further similarities and differences regarding
structures of higher order and folding behavior of both proteins and polymers will be discussed

in the following chapters.



1.2 Protein folding

1.2.1 Structure of proteins

The structure of proteins can be divided into four hierarchical structure levels (see Figure 2a).[1]
The primary structure describes the amino acid sequence, composed from a repertoire of 20
proteinogenic amino acids, linked via amide bonds, which possess a partial double-bond
character as illustrated in Figure 2b. For this reason, these bonds are restricted in rotation with
a barrier of about 65-90 kJ/mol and thus all atoms in between C, and Cg.1 are in plane. The two
adjacent C, atoms can be arranged either trans or cis to each other. However, the cis-
configuration is unfavorable due to the steric hindrance between the residues attached as
shown in Figure 2c.

a) Primary structure Secondary structure Tertiary structure Quaternary structure
O <
i
J C . e e
[ca/ \r}l} », i
I ; )
pug, o B N
s o '
- =
‘Cw){) a-helix B-sheet B-turn
k) 0 o ©) 0 R O cis
& ¢ PN bl & H
“*cﬁw\wﬁ% o L N A
H |l| R H trans Rﬁ /C‘*?‘ﬂ

Figure 2. a) Four hierarchical structure levels found in proteins; b) structure of the amide bond and indication of

dihedral angles ¢ and ; c) trans- and cis-conformers.

Besides other rare examples, proline is the most prominent amino acid exhibiting the cis-
configuration, as the cyclic structure results in increased sterical hindrance in the trans-
configuration and thus a weaker enthalpic difference between the two structures. In contrast to
the amide bond, the single bonds attached to the C, atom can rotate, described by the two
dihedral angles ¢ and ¢. In 1963 Ramachandran discovered that a great number of
conformations and dihedral angles are forbidden due to steric hindrance, which is illustrated by
the Ramachandran plot[z] (see Figure 3) showing allowed (colored) and forbidden (white)

combinations of { and ¢. Proposed as a model in 1951,

a-helices and f-sheets emerged as the
two major secondary structure elements, which can be also assigned in the Ramachandran plot
in the allowed regions. These two structures have the ability to include all carbonyl groups and
amine protons in hydrogen bonding, resulting in a high stability for these secondary structures.
While a-helices are stabilized by intramolecular hydrogen bonds between a carbonyl group and
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the amine proton which are four amino acids apart (i+4 = i), B-sheets establish intermolecular
hydrogen bonds between adjacent sheets, which can be arranged parallel or antiparallel.

B-sheets;ﬁ,\v.o .
Y oz + r ~
%: /&\\Q\%é’_—‘;—\. left-handed
O '

) helix
@ wof ./

-

‘\ ) _ \Q\<
@(} X Q; 120 C 7% )

-180 -120 -60 0 60 120 +180  $=90°, y=90°

), 6 ‘ - unfavorable
right-handed helix

Figure 3. Ramachandran plot showing allowed and forbidden combinations of dihedral angles. Figure adapted by
permission from Springer Nature: Biochemie by Jeremy M. Berg, John L. Tymoczko, Lubert Stryer[l] (Copyright
2013).

Besides these two major secondary structures, others such as the n-helix!*”!

, occurring in about
10-15 % of all investigated proteins, the 310-he1ix,[6] or the a-sheet!’ ™) have been characterized.
The third major secondary structure element, the reverse turn, enables backfolding of the
polypeptide chain by linking two strands of f-sheet or a-helix, therefore providing the ability
to form a globular structure.'”” As shown in Figure 2, the tertiary structure describes the
structural arrangement of single polypeptide chain in such three-dimensional structures,
containing a variety of secondary structure elements. Organization of two or more of such
tertiary folded subunits and thus the relationship between different polypeptide chains is
described by the quaternary structure of a protein. One example of a protein with a quaternary
structure as its active form is hemoglobin, a metalloprotein responsible for the oxygen
transport in mammals, consisting of four polypeptide subunits thus forming a so-called

[11]

tetramer.” ' In contrast, the related oxygen-binding protein myoglobin consists of only one

polypeptide chain and thus lacks a quaternary structure.'”

In the following chapters, general folding principles, the role of B-turns during protein folding
as well as misfolding of proteins will be discussed.



1.2.2 B-Turns and turn mimetics

Reverse turns can be defined according to the number of amino acids present and are named y-,
B- and a-turns consisting of three, four or five residues respectively.m] The B-turn was first
described by Venkatachalam™ and a general structure is given in Figure 4. While the
definition of Venkatachalam relied on the formation of a hydrogen bond involving the
backbone CO(i) and NH(i+3), nowadays also “open turns” lacking this hydrogen bond are
classified as B-turns, if the distance between C“(i) and C%(i+3) is less than 7 A and if the
backbone torsion angles deviate less than 30° from those of standard B—turns.[lo’ 5] Ten different
types of B-turns were classified according to their backbone torsional angles upon which type I
and type II are the most prominent ones, representing together about two thirds of all natural
occurring B-turns in proteins.[lé'm The turn itself is frequently pointing towards the surface of
the protein and hence possesses not only a structural function but furthermore participates in
protein-protein interactions, molecular recognition or ligand binding.[lg'w] Owing to the

exposure to the hydrophilic environments, polar amino acids possess high turn propensities

from which proline, glycine, asparagine and aspartic acid are the most dominating ones. %2
W2 03
\ 0 \ R3
W3
- N2\
%H : 0 Turn type b, ) b; Y,
I -60 -30 -90 0
H/"’N II -60 120 80
i+3 R4

Figure 4. General representation of a type II B-turn and dihedral angles for type I and type II B-turn.[l]

Due to their bifunctionality of structure and function and the resulting importance of f-turns in
peptides and proteins, mimetics of these structures have gained a huge interest and application
of modified peptides in drug delivery can be one goal. Using natural peptides in drug delivery
displays several disadvantages, as they can easily undergo enzymatic proteolysis, possess a low
oral bioavailability and poor membrane permeability.[m_zz] Consequently it is aimed to replace
natural B-turns by mimetic structures to increase the stability, specificity and affinity compared
to their natural analogue.

Turn mimetics can be divided into two groups according to their backbone nature into peptidic
mimetics and structural mimetics (see Figure 5). Systematic investigations of peptidic mimetics
revealed that heterochirality is one major factor for the stabilization of B-turns, which is related
to the side chain orientation in B—turns.[23'24] In several B-turns (type L I', IL, II") the i+1 and i+2
residues adopt an equatorial and axial orientation respectively, which is best achieved by using

a combination of D- and L-amino acid at these positions.[zg] Besides using D-amino acids, !

27-28
)[ ]

especially D-proline, also achiral amino acids such as 2-aminoisobutyric acid (Aib or

4



other heterochiral non-natural amino acids such as the dinipecotic acid, [29] proved to effectively
induce B-turns. Proline, which lacks the free NH proton, is one of the amino acids favoring turn
formation most. Therefore, using N-methylated amino acids, acting as pseudo-prolines,
appeared as another possibility to sterically restrict the protein backbone by shifting the
equilibrium between trans- and cis-conformer towards the otherwise unfavorable cis-
conformation. > Furthermore, N-alkylation or a combination with heterochirality results in

. . : . [33-34
an increased ability to induce turn conformation.**>

Peptidic templates

' 1) Turn-inducing element m i
' | (@] !
: o !
' D-amino acids e.g. D-Pro H Achiral amino acids R-Nip-S-Nip "O !
L > type Il % 't ;
: N !
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-N H
o : =

N
\ 9 ©
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W °
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Figure 5. Examples of peptidic templates and structural p-turn mimetics.*>*

The first non-peptidic f-turn mimetic was a lactam developed by Freidinger (see Figure Sa),[41]
which resulted in higher biological activity than for the original peptide. The Freidinger lactam
as well as several other B-turn mimetics are designed to replace only the i+1 and i+2 positions
of the B-turn in a polypeptide chain instead of all four amino acids. Further peptide mimetic -
turns were obtained by introducing a cyclic moiety, which restricts the rotation and leads to a

42-43 .
] showing a

defined conformation such as the bicyclic peptides developed by Nagai (Fig. 5b) [
type II’ turn structure. Furthermore structural P-turn mimetics which were restricted in
rotation by bridging such as in (S)-aminobicyclo-[2.2.2]octane-2-carboxylic acid (Fig. 5c),[36] 6,6-
spiroketal (Fig. 5d)[37] and in cyclopenta[d]isoxazoline (Fig. 5g)[35]. Moreover, aromatic turn
mimetics such as a photoswitchable azo dye (Fig. 5h)[39'40]

5

, which provides further function due



to the possibility of switching between the cis- and trans-isomers by UV-light. Several examples
have been described based on a triazole moiety as restricting element derived from the
copper(I) catalyzed azide/alkyne cycloaddition (CuAAC).Bg’ “44] The triazole ring mimics the
trans-amide bond and can contribute to hydrogen bonding, stabilizing the turn structure in an
almost planar structure as illustrated in Figure 51.°8] While some of the structural mimetics can
be assigned to a specific type of B-turn, this is not valid for other templates, which deviate

much more from the natural B-turns.

1.2.3 Theory of protein folding

Folding of proteins has raised huge interest during the past decades, as it is important to
understand the mechanisms, to be able to design peptides with enhanced stability, bioactivity
and molecular recognition. It is well established, that the native state of a protein is in most
cases the one with the lowest free energy and thus the thermodynamically most stable one,
which was first postulated by Anfinsen in 1973 and is known as the “thermodynamic
hypothesis”.[%_m Folding occurs as interplay between different interactions present in proteins
such as hydrophobic interactions, van-der-Waals interactions, hydrogen bonds and electrostatic
interactions. Furthermore, some proteins are stabilized by covalent bonds, especially disulfide

bridges connecting two cysteine residues.**!

Based on these different interactions contributing to the folding of proteins, three main models
have been proposed in the following decades to describe the folding behavior of proteins. In the

LYY formation of intramolecular hydrogen bonded secondary structures

framework mode
(mainly a-helical or turn structures) occurs first, which then enables the formation of tertiary
structures through hydrophobic interactions. In contrast to this, the hydrophobic-collapse
model®***) assumes that formation of a hydrophobic cluster is the starting point of protein
folding, followed by the rearrangement and formation of secondary structures. Formation of
the hydrophobic core is driven by the hydrophobic residues which avoid contact with the
surrounding water.”" Later, the nucleation-condensation mechanism was proposed,[ss_%]
combining the previous models and hence characterized by a parallel formation of secondary
structures stabilized by hydrophobic tertiary interactions resulting in the formation of a
nucleus, which can induce the rapid condensation of the whole protein.[53]

Despite these classical chemical dynamics, which consider folding as a chemical reaction
pathway, a thermodynamic description of protein folding was established in the 90s.”” In
contrast to the classical mechanisms, in which a single pathway with defined intermediates is
assumed, the so-called “new view” describes folding through multiple pathways and

[58-61

intermediates. I The free energy landscape theory illustrated by a funnel-like structure (see

Figure 6) describes on- and off-pathway folding of proteins leading to the native state or

misfolded conformations.
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Figure 6. Protein energy landscape describing the folding and misfolding of proteins (Figure adapted from

(3]

reference™ ™" with permission from John Wiley and Sons) (Copyright 2005).

While on-pathway folding is characterized by intramolecular hydrophobic interactions which
stabilize the hydrophobic core of the peptide, off-pathway folding occurs through
intermolecular hydrophobic interactions, which lead to the formation of aggregates.[63] Despite
their lack of native structure, off-pathway proteins can still form highly ordered structures,
namely amyloid fibrils,'*” which will be discussed later.

1.2.4 Influence of hairpin and turn structures in the folding process

Folding of a whole protein is often difficult to study, due to a variety of different secondary
structure elements and interactions present and therefore model systems are used to deduce the
influence of different structural groups on the folding behavior. One important model system is
the B-hairpin structure, since folding frequently starts with the formation thereof. 5] The
stability of a folded B-hairpin structure depends on several factors, such as the f-turn structure
itself and its turn propensity, hydrophobic side chain interactions, also described as the

hydrophobic cluster and hydrogen bonds between the antiparallel B—sheets.[65]

The first studies describing in detail an underlying mechanism of B-hairpin formation were

conducted in 1997 by Munoz et all*®! They described two probable mechanisms, favoring the

“zipper”-mechanism which initiates the folding from the p-turn, while the second mechanism

starting from the hydrophobic cluster is not excluded. As illustrated in Figure 7, the “zipper”-

mechanism starts by formation of the reverse turn and propagates outwards by formation of

hydrophobic side chain interactions and hydrogen bonds. The “hydrophobic collapse”-
7



mechanism was later described by Karplus et al'*” who investigated the same 16-residue
peptide as Munoz using Monte Carlo simulations. Starting from a central hydrophobic cluster,
hydrophobic interactions and hydrogen bonds propagate in both directions to form the hairpin

without the necessity of a preformed turn.

"Zipper"

a)
$=D-"TEm -~ 1D
b)

“hydrophobic collapse”
Tt
G SPLUC: SO by =TI
g

“broken-zipper”

c)
ST - T TIrD
T | 1+2:folding

4 3+4:unfolding

Figure 7. Proposed mechanisms for the formation of hairpin structures. (Adapted with permission from refl®®,
Copyright (2006), American Chemical Society and from refl®®], Copyright (2010), with permission from Elsevier).

Further investigations revealed a disagreement between experimental and theoretical

studies.[*®!

On the one hand, experimental studies favored the “zipper”’-mechanism, where the
turn-formation is the rate-limiting step.[ﬁg'm For instance, thermal stability and kinetic
experiments, using CD and time-resolved IR, suggested that hydrophobic side chain
interactions do not stabilize the folding transition state, but only decrease the unfolding rate
and thus stabilize the final hairpin.[ﬁg] On the other hand, theoretical studies supported the

(73]

“hydrophobic collapse”-mechanism'™ and proposed a passive role of the reverse turn, acting as

a simple connector of the strands, which might facilitate the hairpin formation but does not act

. (74-75]
as an active promoter.

Based on the previous studies and on their own work, Scheraga et al [ proposed a mechanism
similar to the “zipper’-mechanism with slight differences. Hairpin formation according to this
“broken-zipper’-mechanism (see Figure 7) is initiated by the turn, which facilitates the
formation of hydrophobic side chain interactions by reducing the distance between the two -
sheets close to the turn structure. Similar to the “zipper”-mechanism, the formation of these
first hydrophobic contacts facilitates the growth of the hydrophobic cluster outwards. In
contrast to the “zipper”-mechanism, hydrogen bonds are excluded as a main force for the
hairpin formation. Furthermore, the unfolding process is not the reverse of the folding process,

as stated for the other mechanisms, but proceeds in an inverse manner, meaning that
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hydrophobic interactions between residues which were formed first during folding (and thus
are close to the turn region) also break first, while those formed as last are also the most stable
ones. Marcelino et al.!"” proposed two distinct pathways that can be described as followed. In
the first, the turn acts as an active promoter of the folding due to the conformational
restrictions, which then leads to the formation of adjacent secondary structures such as f-
sheets or higher structures such as a f-hairpin. In the second pathway, turns are only passively
enabling the folding and long-range interactions e.g. between adjacent pB-sheets are the driving
force for the folding. The turn is thus only required to enable the folded conformation. Several
factors, such as the intrinsic tendency for turn formation, sequence conservation and the
presence of other functional regions will decide if the turn is an active promoter or a passive
“enabler”. Thus, in this work one major aspect is to investigate the influence of the B-turn
structure on the folding behavior of polymers and peptides.

1.3 Misfolded proteins

As briefly mentioned in chapter 1.2.3, proteins can also exhibit misfolding behavior. Up to
know, about 25 diseases originating from misfolded proteins have been revealed, the most
prominent ones being neurodegenerative diseases such as Alzheimer’s, Parkinson’s and

[76-78] The common feature of these diseases is the formation of insoluble

Huntington's disease.
amyloid fibrils or plaques from soluble proteins. Although there is no evident similarity in the
primary protein sequence of different amyloid fibrils, they all share the same cross-f structure,
which was revealed by the same X-ray diffraction patterns with a main reflection at 4.7-
4.8 A" This distance arises from the length of hydrogen bonds in between parallel stacked
B-sheets, which align perpendicular to the fibril axis. The structure and fibrillation propensities

of amyloid peptides related to Alzheimer’s disease (AD) will be discussed below in more detail.

1.3.1 Structure of AP and fibrillation in vitro

ABsossr: DAEFRHDSGY EVHHQKLVFF AEDVGSNKSA [IGLMVGGVV (IA)

10 20 30 40
Amino acid residue
hydrophilic
hydrophobic

Figure 8. Primary sequence of A4, and marked hydrophilic and hydrophobic regions.

Amyloid beta (AP) peptides are formed by enzymatic cleavage from the amyloid precursor
protein (APP) and are composed of 39 to 42 amino acids. Alois Alzheimer was the first to
discover these senile plaques in the brains of AD patients, which were later structurally
characterized. The primary structure of AP peptides can be divided into four different regions
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of different hydrophilicity (see Figure 8). Two regions, namely the N-terminal tail up to residue
K16, and the central region around E22-G29 are hydrophilic, while two hydrophobic regions
are present in the central part L17-A21) and at the C-terminus (A30—V4O/A42).[81]

AP is natively unfolded and belongs to the class of intrinsically disordered proteins (IDPs),
lacking an overall structure in solution. Aggregation of soluble monomeric AP in vitro leads to
the formation of amyloid fibrils as schematically shown in Figure 9 and the underlying
mechanism is described as a nucleation-dependent self—assembly[82'83], which can be divided

into three different regions.

Nucleation phase Elongation phase Saturation phase

_________________________

Secondary nucleation -
7

Soluble
monomer

nucleation - &
OH“ / s 0/ ;‘ " Protofibrils g:

Primary

¢ \_

. J Fragmentation Fibrils
Oligomers / (cross B-sheet)

ThT fluorescence / fibril yield

—————

\4

Figure 9. Thioflavin T (ThT) fluorescence curve of AP fibrillation and therein occurring processes (Adapted from

ref”® with permission from Springer Nature, Copyright (2018)).

The first plateau region known as “lag phase” or “nucleation phase” is characterized by a low
amount of mature fibrils and a low fluorescence response, while the second plateau region, the
“saturation phase” is described by a high amount of fibrils and thus high fluorescence intensity.
The “growth phase” or “elongation phase” preceding the saturation phase, is characterized by
an exponential increase which results in the overall sigmoidal curvature as shown in

Figure 9 [7884]

The kinetics of fibril formation can be measured using the fluorescent dye thioflavin T (ThT).
This dye does not bind monomeric and oligomeric species but only fibrillar aggregates and
hence the fluorescence increases with increasing fibril yield. The term monomer herein
describes a single peptide chain, while oligomers are small aggregates of varying size, which
are heterogeneous in structure, stability and stoichiometry.[ss] Importantly, all three different
phases cannot be assigned to a single event, but are composed of several microscopic processes,
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which are ongoing and can be present at all time.”™! Four main processes have been described

in detail (see Figure 9).[86'87]

Primary nucleation, which describes the formation of
fibrils/primary nuclei from soluble monomers, is simply depending on the monomer
concentration and hence labeled as primary pathway. Elongation and secondary nucleation
depend on both monomer and fibril concentration. Elongation describes the formation of bigger
aggregates by monomer addition to a preexisting aggregate, while secondary nucleation is
defined as the formation of new fibrils from monomers, catalyzed at the surface of existing
fibrils. Fragmentation of mature fibrils into smaller protofibrils occurs in agitated samples and
depends only on the fibril concentration. All three secondary pathways, which depend on the
fibril concentration, lead to an acceleration of fibril formation and hence induce exponential

fibril growth.[86]

During the lag phase, monomers start to assemble into oligomers of varying size, which are
difficult to isolate due to their instability, and thus determination of their structure is very
challenging. Interestingly, oligomers are only present in a very low amount (< 2 %) over the
whole time range.[gg] Formation of primary nuclei from oligomers is starting, when a critical
nucleus size is attained, which is characterized as the state with the highest free energy and
hence the most unstable one.”") Investigations of APy, revealed, that the first primary nucleus
is formed at the very beginning of the lag phase (< 10ps) and that several hundreds of millions
of primary nuclei are formed during lag phase.[84] Due to a much higher reaction rate for
elongation than for primary nucleation, fibril formation occurs only shortly after appearance of
the first primary nuclei. Subsequently, these fibrils display the catalytic surface for secondary
nucleation, reaching the highest activity when monomer and fibrils are present equally, as they
both contribute to the reaction rate, occurring at the half time t;; of the aggregation in the

center of the “growth phase”. [84]

1.3.2 Structure of amyloid fibrils from ssNMR

Apart from using fluorescent dyes to obtain the kinetics of fibrillation, atomic force
microscopy (AFM) and solid state NMR (ssNMR) are among the techniques which are used
most to unravel the structure of amyloid fibrils. In this work, fibrillation of AP4 and the
influence of additives on the fibrillation were investigated. Therefore, the structural features of
APy will be discussed here in more detail. Based on ssNMR investigations, Petkova et al.
proposed the first high resolution structures of A4 fibrils.!***"] Homogeneous fibrils were
obtained in two different ways, once under gentle agitation and once under quiescent
conditions, yielding two different types with a similar subunit structure. Both fibril structures
contain hydrophobic B-strand regions in the central part (Y10-E22) and at the C-terminus
(A30-V39), linked via a hydrophilic bend (D23-G29) and possess an unstructured N-terminus.
These structural features lead to the formation of a U-shaped conformation, which consists of
in-register parallel P-sheets, stabilized by intermolecular hydrogen bonds. Several of these
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B-sheets align perpendicular to the fibril axis to form the characteristic cross-f unit. The
different fibril morphology based upon the preparation method is related to the overall
symmetry of the protofilaments, which are the basic structural units of fibrils. Protofilaments of

fibrils formed under gentle agitation contain two cross-f units, which show a two-fold
(89-90]
)

rotational symmetry and form striated ribbons (see Figure 10a

a)

wu 09

Figure 10. Structure of AP40 in vitro fibrils determined by ssNMR. a) Two-fold symmetric fibrils’® " and b) three-
fold symmetric fibrils’*”! (Reprinted from ref”*], Copyright (2013), with permission from Elsevier).

Magnetic dipole-dipole couplings suggested the formation of an intermolecular salt bridge
connecting the residues D23 and K28, which is absent in fibrils generated under quiescent
conditions.”” * Instead, residues D23 and K28 are pointing outwards in the second type of
fibrils and are thus unable to interact. Furthermore, a twisted morphology and a three-fold
rotational symmetry are observed for these fibrils (see Figure 10b).

These investigations clearly show that AP4, similar to various other amyloids, exhibits
polymorphism. Thus, a variety of external factors such as pH, agitation and presence of metal
ions but also intrinsic factors such as point mutations can influence the structure of AP fibrils.
Upon investigation of Ay fibrils obtained from brain tissue of two Alzheimer’s patients,
polymorphism was also discovered in vivo.”™ The study revealed a single predominant fibril
structure in both brain tissues, which were clearly distinct from one another according to
ssNMR and transmission electron microscopy (TEM) measurements. Detailed structural
analysis was performed for one fibril structure, revealing a three-fold symmetric structure (see
Figure 11). In contrast to previous in vitro studies (see Figure 10b), which showed an
unstructured N-terminus, the entire AP sequence of these in vivo fibrils appears structurally
ordered. Furthermore, the salt bridge between D23 and K28 was present, as opposed to the in
vitro model.

12



Figure 11. Structure of AP40 in vivo fibrils determined by ssNMR (Figure reprinted and adapted from

reference[%]).

Further investigations demonstrated that the second polymorph was the prevalent structure

found in most brain tissues of deceased AD patients.[gs_%] In contrast to the polymorph depicted
in Figure 11, only about 50 % of this second structure is ordered, making it more difficult to

propose a structural model, which has thus up to now not been achieved.

As previously discussed, hairpin formation can influence the folding of proteins. Thus, also the
role of the loop/bend in AP fibrillation is under investigation and emphasis is laid on
elucidating monomeric and oligomeric structures. Teplow and co-workers”””! studied a
protease-resistant segment of AP4g/42, which comprises the residues A21-A30 and contains a
B-turn within V24-K28. They proposed that intramolecular nucleation of Af monomers and
formation of a folding nucleus is the first step during the AP folding process. Structure
determination of AP monomers is difficult due to its transient nature and thus Hoyer et al’®!
investigated A which was bound to an engineered protein, inhibiting the aggregation. NMR
studies were used to obtain the solution structure of Af monomer, which revealed similarities
to the fibrillar structure, possessing antiparallel B-strands with a loop region at residues 24-29,
stabilized by intramolecular interactions instead of intermolecular ones found in A fibrils.
Teplow and co-workers revealed that residues G25 and S26, which are part of the four residue
turn of G25-K28, are important for the organization of ABs; monomers and could thus be a
target for therapeutic strategies.[gg] Investigations of membrane-bound oligomers of Af4
revealed a B-turn between residues D23 and K28, which is different to the B-hairpin found
in mature APy fibrils. Although these engineered A structures provide insights into the
structure of transient monomers and oligomers, deviations from the actual structure of AP
without stabilization cannot be excluded. Regarding the final fibril structure, ssNMR
investigations performed by Bertini and co-workers indicated local disorder and turn formation
around G25 and S26, which possess a significantly reduced tendency to form a P-sheet

structure.[gl]
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1.3.3 Modifications of Af

Natural point mutations occurring mainly at positions 21 to 23 and originating from mutations
in the APP gene, are related to familial AD characterized in most cases by an early onset of the
disease (< 65y). However, less than 5 % of all AD cases are related to familial AD.[101192) The
main point mutations and some of the most intriguing differences to wild type A4z are
summarized in Table 1.

“Dutch” (E22Q) and “Ttalian” (E22K) mutations of A4, showed faster aggregation in vitro than

A4y, while the “Flemish” (A21G) mutation did not fibrillate at all under the same

[103

conditions.'® This decreased fibril formation results in an increased formation of toxic

intermediates, which is supposed to be the reason for the strong reduction of the age of onset
(104] Investigations of A[340[105] and APa mutations°®!
revealed the fastest aggregation for the “Arctic” (E22G) mutation, followed by “Towa” (D23N)

and “Dutch”. “Towa” mutant D23N is an unusual exception regarding its structure. While all

occurring for this point mutation.

other mutations and the wild type AP form parallel B-strands, D23N is able to form antiparallel
ones, stabilized by a salt-bridge between residues K16-E22.1"7

Furthermore also the turn region, comprising residues D23 to K28, has been subjected to
modifications. By introducing a lactam bridge between D23 and K28 a pre-organization of the
turn region was achieved. This modification resulted in a 1000-fold enhanced fibrillation
compared to AP4y. Furthermore, acceleration of AP4y aggregation occurred upon seeding with
lactam-fibrils. Hence, this pre-organization in a bend structure facilitates B-sheet formation and
thus fibril formation.

Table 1. Overview about important point mutations of Af4g/42.

Name Substitution Comparison with WT Lit.

“Flemish” A21G Lower aggregation rate; increased formation of toxic [108-110]

intermediates = early-onset AD (age 40—50)[104]

“Osaka“ E22A Highly ordered structure; striking differences compared to WT; 111113
more stable fibrils; higher toxicity

“Ttalian®  E22K Increased AP, production; related to hemorrhagic stroke L]

“Arctic” E22G Accelerated protofibril and fibril formation; increased ratio of
fibrillar vs nonfibrillar structures; reduced stability at residues [116-119]
15-25

“Dutch”® E22Q Higher oligomerization and aggregation rate; f-structure in [114-115, 120]
solution

“Towa” D23N Both antiparallel and parallel fibrils 107, 121124
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In 2012, Hu and co-workers''® modified turn positions D23-S26 or G25-K28 of Af4 by
introducing B-turn forming amino acid sequences and investigated their aggregation behavior.
The mutation Azsppckes showed no fibrillation, while APjsynckes resulted in an enhanced
formation of oligomeric structures, however no further conversion into mature fibrils was
observed. Nevertheless, upon addition of these mutant peptides to APa4, no inhibitory effects
occurred and the oligomeric mutant strongly enhanced the fibrillation. Different findings
resulted from replacing two amino acids in the region of V24-N27 by DPro—Gly as a turn-

(261 Both examples reveal that the turn

nucleating motif, which led to an enhanced fibrillation.
region has a strong impact on aggregation, while the influence of a mutation on aggregation

can still not be predicted and thus further investigations need to be carried out.

Besides exchanging different amino acids against each other, some rare reports have been
interested in the incorporation of synthetic molecules. Nilsson and co-workers explored a
photoswitchable azobenzene turn-mimetic, replacing positions G25-N27 or S26-N27 of AP4

(see Figure 12a).[127]

In contrast to expectations, the trans-isomer exhibited aggregation into
fibrillar structures with cytotoxicity similar to AP42, while the cis-isomer assembled into
amorphous aggregates with a very low toxicity. The formed fibrils of the trans-isomer
resembled fibrils of AP4,; and thus they concluded that the pB-turn is not necessarily involved
during fibril formation. Even though the cis-isomer lacked fibrillation, mixed systems and the
inhibition effect of this turn-mimetic peptide on aggregation of pure AP peptide was not

investigated. Kiso and co-workers!'?!

reported about AP sequences containing a
dibenzofuranyl-based turn mimetic in between four amino acids (see Figure 12b). The turn
mimic replaced three amino acids in the range of S26-I32 of the peptide sequence and

aggregation assays of mixtures with AP, were monitored by ThT fluorescence.

a) b)
no fibrils
N
N /H
365nm hv Abl=24) "“' o
fibrils o Ab(28-42) o N K28-A30
430 nm hv W
NH HN
| Ab(28- 42) 24 M) o I1-I-G-L
Ab(1-24) PEGg-V-G-S-N <

Figure 12. AP mimetics containing synthetic turns. a) Full length AB4, containing a switchable azobenzene turn
[128]

mimetic!"?"); b) Dibenzofurane-based turn mimic in a truncated Af sequence.
Only one peptide, in which positions K28-A30 were replaced, showed some inhibition effects
on the fibrillation of AB4,. While the fluorescence intensity was reduced by a factor of two, the
half time of fibrillation did not significantly decrease, even though a ten-fold excess of the
peptide in regard to AP4; was used. As visible from the examples given, reports on turn
modification and the resulting effect on AP fibrillation are scarce and this work is aimed to
contribute to this topic.
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1.4 Polymer folding

As previously discussed, proteins possess a defined primary structure, forming perfectly
ordered secondary, tertiary and quaternary structures to fulfill certain functions. Polymer
chemistry has always been inspired by nature and thus also the precise synthesis of functional
macromolecular structures has gained huge interest. In the following, three different strategies

to obtain polymers with defined secondary and tertiary folded structure will be discussed.

1.4.1 Helical polymers

The most prevalent secondary structure in proteins is the a-helix and similarly helical

structures are also found in a variety of different polymers (see Figure 13).[129_1301

In contrast to
a-helical structures of proteins, most of these polymers lack intramolecular stabilization by e.g.
hydrogen bonds, unless specifically introduced in the side chains and are thus only stabilized

by electronic and steric factors depending on the different polymer backbones and side chains.
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Figure 13. Overview about different helical polymers; a) polyisocyanate, b) poly(triphenylmethyl methacrylate), c)
polysilane, d) polyacetylene, e) polyisocyanide, f) poly(isocyanopeptide).

[131_132], which were investigated in this work, consist of a substituted amide

Polyisocyanates
backbone, with a partial double bond character similar to proteins and thus a tendency to adopt
a planar conformation. However, no freely rotating carbon centers are located in between the
amide bonds, leading to an increased stiffness of the polymer backbone. Steric hindrance
between the side chains and the carbonyl groups prevents a coplanar conformation and
twisting of the backbone to release this strain results in the formation of a stiff helical structure.
Polymethacrylates exhibit a helical structure only when a stereoregular isotactic structure is
obtained during polymerization. In order to retain the helical structure after polymerization,
bulky substituents such as a triphenylmethyl group are necessary.[133] The bulkiness of the side
chains then results in a kinetic stabilization of the helix, which is vanishing upon removal of
the sterically demanding group. Polysilanes, possessing a o-conjugated backbone, exhibit a
73-helical structure, which means that seven repeating units form three helical turns."** The
helix stability depends on the two side chains as illustrated in Figure 13. Small substituents
result in a random coil structure, while increasing the length and branching of the side chains
results in increase of the persistence length. Polyacetylenes consist of conjugated double bonds
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and can be synthesized using different metal catalysts such as titanium-, rhodium- or iron-
catalysts. Induction of a one-handed helical structure in polyacetylenes is achieved by
introducing chiral side chains or by stereoselective polymerization resulting in cis-transoidal

(1291 pg aliphatic polyacetylenes exhibit a more flexible structure with a small

polymers.
persistence length (~ 10 nm) most research focuses on poly(phenyl acetylene)s (PPAs), bearing
one or various substituents at the phenyl group which is directly attached to the polymer
backbone.!** Polyisocyanides exhibit a 4;-helical structure, as two factors prevent the

(136 Electronic repulsions between the free electron pairs of

formation of a planar conformation.
neighboring nitrogen atoms are a major factor in polyisocyanides with a very small substituent
(i.e. (H-N=C<)y), while steric repulsion between side chains is a limiting factor for bulky side
chains (i.e. ((CH3)3C-N=C<)n).[136] Regarding intermediate sized side chains, both aspects
contribute to the formation of a helical structure. Polyisocyanopeptides are a special subclass, in
which side chain functionalities introduced by using e.g. amino acids, results in further
stabilization of the helical structure by hydrogen bond interactions. These examples clearly
show that helical polymers are not folded in terms of intramolecular interactions as in

peptides / proteins but in contrast due to intrinsic factors depending on the chemical structure.

1.4.2 Foldamers

Foldamers represent another class of synthetic helical molecules, which show some differences
in comparison to the helical polymers described previously. While the latter are only stabilized
by constraints in the backbone of the polymer chain and steric demands of the side chains, the
former are mainly of oligomeric structure and are stabilized by non-covalent interactions
similarly to natural secondary structures."***] Foldamers can be divided according to their
structural origin into peptidomimetic[139] (see Figure 14) and abiotic foldamers.
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Figure 14. Overview about peptidomimetic foldamers. a) a-peptides, b) B-peptides, c) y- peptldes [159]
The former comprise e.g. a-peptide foldamers, named peptoids, containing a side chain residue
attached to the nitrogen instead of the C, atom, thus lacking the ability to form hydrogen

bonds. Nevertheless, these molecules are able to form stable helical structures. Increasing the
17



distance between the amide bonds by one carbon atom generates B-peptides, forming a helical
structure with higher stability compared to oc—peptides.mo] Due to their additional advantage of
higher resistance towards proteolysis, numerous investigations of [B-peptides have been
performed and also analogues, such as a-aminoxypeptides and a-hydrazinopeptides have been
developed.[m] Further increasing the spacer length between the amine and the carboxylic acid

leads to y-peptides, with the N,N-oligurea being one analogue.[m]

Abiotic foldamers frequently contain aromatic units, and some general examples are shown in
Figure 15. While the main driving force for folding of these molecules are m-m-interactions,
especially for simple aromatic structures such as o-phenylenes and aza-heterocycles, further

interactions can also contribute.

a)

Figure 15. Overview about abiotic aromatic foldamers. a) o-/m-phenylene, b) aza-heterocycle, c) oligoamide,

d) oligohydrazide, e) m-phenylene ethynylene (X = C), m-ethynylpyridine (X = N), f) oligoppyridine as an example

of a helicate.!™*”

Folding of oligoamides and oligohydrazides is additionally supported by hydrogen bonding
interactions, while solvophobic interactions can initiate the folding of e.g. oligo(m-phenylene
ethynylene)s. Upon introduction of polar side chains, the latter show a transition from random
coil structure in a good solvent to helical structure in a bad solvent. While in a good solvent
both the backbone and the side chains are solvated, changing the polarity of the solvent results
in a collapse of the chain and formation of stabilizing aromatic interactions."*? So called
helicates fold upon coordination to metals, such as shown for an oligopyridine in Figure 15f.

While a vast number of foldamers mimicking helical structures were found as described above,
the number of reports of P-sheet foldamers is only scarce. Owing to the presence of
intermolecular interactions instead of intramolecular ones, B-sheets tend to aggregate,
hindering their successful synthesis. Thus, most reported P-sheets are only monomeric or
dimeric to achieve solubility. Besides examples employing hydrogen bonding as stabilizing

. . 143-144
mteractlons[ ]

recent investigations are based on m-m-stacking of linear aromatic systems.
Aromatic oligoamides could be tuned into three- and five-stranded artificial sheets by using

two restricting elements. Aggregation in these oligoamides was inhibited by choosing
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chloroform as a solvent, which weakens the m-m-stacking and additionally a turn element for
pre-organization was introduced, leading to the successful synthesis of p-sheet foldamers.!'*"]
Another successful strategy towards artificial P-sheets was applied by implementing

orthogonal groups and a flexible linker unit.
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Figure 16. Artificial f-sheet featuring m-n-stacking and perfluorophenyl-phenyl interactions (Figure reprinted and
[146])
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As depicted in Figure 16, artificial hairpins were obtained featuring co-polymers of poly(p-
phenylenevinylene) (PPV) and of flexible poly(norbornene) (PNB) by employing ring-opening
metathesis polymerization (ROMP) polymerization. While the PPV blocks act as strands,
stabilized by m-m-stacking, the PNB coils are employed as linker units, featuring
perfluorophenyl-phenyl interactions. By using this orthogonal strategy, five-stranded artificial

hairpins were obtained.!"*"]

1.4.3 Single-chain nanoparticles (SCNPs)

Covalent cross-linking Hydrogen bonding
/\/\>—<\/\ 2
= 1 ° ° ' — Metal coordination

Host-guest interaction \/\c @ \/\o\/\

Figure 17. Colvent and non-covalent cross-linking strategies in SCNPs.

SCNPs are obtained by covalent cross-linking or intramolecular self-assembly of a single
polymer chain (see Figure 17; Table 2). Covalent cross-linking strategies include cycloaddition
reactions,[m] disulfide formation, thiol-ene/-yne reaction or dynamic covalent
cross—linking,[MS] while supramolecular self-assembly strategies include hydrogen bonding,
metal-ligand complexation and host-guest interactions.["***>] Examples for hydrogen bonding
51 cyanuric acid and Hamilton wedge interactions™™” and the
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motifs are the urea group,[1



dimerization of 2—ureidopyrimidinone.[153] Another versatile approach to obtain SCNPs using

[154-156]

supramolecular interactions is based on host-guest chemistry. A common host-guest

system is based on the interactions of adamantane and -cyclodextrine (B-CD). [157]

a)
sequence defined selective point
@B @B @ sequence definec Sekchvepont:
am B polymenzatlon foldlng
b)

living random repeat unit
J polymerization modlflcatlon foldlng

Figure 18. a) Selective point folding and b) repeat unit folding of SCNPs.

Two major synthetic strategies can be described to obtain SCNPs, selective point folding and
repeat unit folding (see Figure 18).[150] In order to obtain defined three-dimensional structures
via selective point folding, precise synthesis and implementing of different folding elements
with orthogonal folding abilities into the polymer chains has to be achieved.!"" This strategy is
synthetically much more demanding than the second approach, which uses well established
polymerization techniques such as ATRP, NMP or RAFT, together with postpolymerization
modifications. However, this second approach results in less ordered SCNPs, as the
intramolecular cross-links are formed in a statistical process.

Table 2. Overview about cross-linking strategies for SCNPs.

Before cross-linking Cross-linked structure Reaction type Ref.

Covalent strategies

R-SH + HS-R’ R-S-S-R’ Disulfide-formation / [150-160]
R-S-S-R* + R”-SH R-S-S-R” + R’-S -exchange
MS/\/O\/\S/\%
N or = or [ ]
Thiol-ene / -yne 161-163
hs O ey %[SVhOWSL y
s OAs

+4OH H H
O._N N._O
o} 0

:LLH/\Na = e ‘ Azide-alkyne “click” reaction [165-167]
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Continuation of Table 2. Overview about cross-linking strategies for SCNPs.

Non-covalent strategies

\ o -
‘ N + Mm% %‘CN ““““““ M2+“”“"N\ / Metal coordination [168-169]

[157]

Hydrogen bonding - Cross-linked structure

a)

‘ \ 0 Hydrogen bonding
)\ ' )gf\ a) Urea
Rt N ;

HI‘Z

[151, 153,

O:< O% . ‘ H b) Dimerization of UPy 170-171]
yﬂlH “/»'EH_' é\ NYNTN\ N\( (2-ureido-4[1H]-pyrimidinone)
\%N\H O qﬂ, ¢) Thymine - diaminopyridine

As the techniques to precisely collapse single polymer chains into well-defined particles have
improved over the years, further aims such as providing catalytic function or mimicking of
biological functions were envisioned. Recently, one example comparable to metalloenzymes
based on metal-coordination was reported.[m] Therefore, copolymers of modified norbornene
monomers were synthesized via ROMP. After postpolymerization modifications, folding into
SCNPs was achieved in water at high dilution by incorporation of Cu®, resulting in the
formation of intermolecular cross-linking by metal-ligand interactions. Further investigations
were conducted to evaluate the use of this Cu-SCNP as catalyst for the copper(I)-catalyzed
azide/alkyne “click” reaction (CuAAC). Therefore, sodium ascorbate was added to generate cu'
in situ and the reaction between different aromatic terminal alkynes and aliphatic azides was
investigated in water at 50 °C. In most studied examples, using Cu concentrations below 20 pM
resulted in conversion of 90 % or more, which is a sufficiently low amount for a biocompatible
“click” reaction.

Besides the targeting of chemical reactions in the development of SCNPs, "™ further use as
drug carriers, for in vivo imaging or as enzyme and protein mimics are envisioned."’* The
main advantage of SCNPs for drug delivery is their small size, which is in the range of 1-30 nm
and which has a major impact on biodistribution. Recently, two examples of protein-mimicking
SCNPs, both containing iron as metal were reported.[175_176] A four-arm macroinitiator based on
the structure of porphyrin was used for the copolymerization of MMA with an anthrancene
functionalized analogue, to generate a central core in which Fe" was inserted and subsequently
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oxidized by air. Single-chain folding was achieved via photodimerization of the anthrancene
units generating SCNPs as protein mimics of the heme complex.

Relying on only one type of cross-linking may be disadvantageous when structure and
functionality should be incorporated. Therefore, it is of interest to implement orthogonal cross-
linking moieties into the same polymer chain. Figure 19 shows one example in which
supramolecular self-assembly was combined with photoinduced formation of covalent bonds to
obtain defined SCNPs mimicking the folding of proteins.[lm Therefore, polymethacrylate
backbones modified with benzene-1,3,5-tricarboxamide (BTA) and 4-methylcoumarin were
synthesized via RAFT polymerization. BTAs self-assemble into threefold-symmetric helical
stacks (see Figure 19c) via hydrogen bonding, while 4-methylcoumarin dimerizes upon
irradiation forming a covalent bond (see Figure 19b).

a) b)

o) RO~
s CN i ?
SUAL S 8
0% 10 ' ~OR
‘ HN._O |
] R=
o
1 - H
(o} T I R
R-NH 0
Crosslinkable motif Supramolecular motif
4-Methylcoumarin BTA: Benzen-1,3,5-

[2+2] photocycloaddition tricarboxamide

Multi Chain Aggregate

Figure 19. a) Chemical structure of the random copolymers. b) Photoinduced 4-methylcoumarin dimerization.

c) Helical self-assembly of chiral BTAs via threefold hydrogen bonding. d) Schematic representation of the two

pathways applied to fold and cross-link the polymers. (Figures adapted with permission from references!*” 177,

Copyright (2017, 2018) American Chemical Society).

Differences in folding behavior of these copolymers depending on irradiation and solvent were
investigated, revealing two different aggregation pathways. In the first pathway (see Figure
19d) the polymers were dissolved in THF, which prevents the formation of hydrogen bonds.
Hence, the solution contains individual polymer chains and upon irradiation with UV-A light,
dimerization and formation of intramolecular cross-links occurs. Exposing these particles to
1,2-dichloroethane (DCE) afterwards results in the rebuilding of hydrogen bonds between the
supramolecular BTA groups and formation of single chain particles occurs. In contrast to this,
when using DCE as a solvent for the photodimerization, aggregates of several polymer chains
are preformed due to the presence of hydrogen bonds. Thus, upon irradiation, cross-linking

occurs not only intra- but also intermolecular and hence multi chain aggregates are formed.
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2 Aim and concept

2.1 Scope of the thesis

Aim of this work was to investigate the influence of B-turn mimetics on the structure formation
of polymers regarding their helicity and their behavior at the air / water interface as well as on
peptides in view of their aggregation behavior in comparison to unmodified peptide.

*
N3:> / /\*
N; Chirality induction?
* . u
m ————> Insertion into membranes?
chiral turn

a)

mimetic
b) AR oligomer protofibril fibril
monomer ‘ *
-------- R <F— N
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Scheme 1. Structural influence of B-turn mimetics on polymers and peptides. a) Chirality induction effects and
insertion into model membranes of helical polymer conjugates. b) Schematic representation of the aggregation of
amyloid P peptide and the ability of inhibition by turn modification.

In the first part helical alkyne-functionalized polymers possessing the ability to exhibit chirality
had to be synthesized and linked with azide-functional B-turn mimetics. Subsequently, chirality
of the helical polymers should be investigated in regard to several factors such as the molecular
weight as well as the influence of linkage with B-turn mimetics or hydrophilic polyethylene
gylcol and the use of different solvents. In order to gain further insight into the structure
formation, the behavior of such amphiphilic conjugates should be investigated at the air / water
interface.

In the second part, amyloid f peptides modified with different f-turn mimetics should be
prepared, to investigate the influence of turn variation on the aggregation behavior of
amyloidogenic peptides. f-Turn mimetics of different size, rigidity and hydrophobicity had to
be introduced into amyloid peptides by solid phase peptide synthesis to subsequently perform
aggregation investigations of these peptide conjugates using different methods such as ThT
assays, CD spectroscopy and TEM imaging.
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2.2 Concept of the thesis

In order to obtain B-turn mimetic polymer and peptide conjugates for further investigations,
several requirements had to be fulfilled. The turn mimetic should provide chirality when linked
to the polymer chains, as well as similarity to natural occurring B-turns. Thus, bicyclic
dipeptides (BTD) 1 and 2 bearing a rigid system of linked 5- and 7-membered rings were
selected (see Scheme 2a). For the linkage of polymers and B-turn mimetics, the copper(l)-
catalyzed azide/alkyne “click” reaction (CuAAC) was chosen, as it tolerates numerous
functional groups, proceeds under mild conditions and results in only one regioisomer.
Therefore, one or two azide functionalities were required at the f-turn mimetic structure.

The polymers should be suitable for the investigation of chirality transfer and should
necessarily be synthesized by a living polymerization (PDI < 1.2), so that a defined molecular
weight and complete end group modification can be achieved. Therefore, dynamic helical
polyisocyanate was chosen, which can be synthesized via titanium-catalyzed coordination
polymerization, resulting in well defined polymers with a low polydispersity and a functional
end group for further modification. A straightforward synthesis towards alkyne functional
poly(n-hexyl isocyanate) (PHIC) resulted in achiral and chiral PHICs (5-7) of different
molecular weights (3700-12500 g/mol), possessing narrow molecular weight distributions and
complete end group functionalization (see Scheme 2b).

a) B-Turn mimetics for “click“-reactions b) Achiral / chiral polyisocyanates ¢) B-Turn mimetic
polymer conjugates
1 ) 2 o O 5
S N Ne;
\ﬁ HO \Q K/”\/> > m
N3 o) N
o) 30 o) — - L
,Click® LU

0 HN
\ } )OLF (@) f 6-7
N no/\
N3 N3 Nj

MWW -

Scheme 2. Synthetic concept of polymer conjugates. a) One- and two-arm B-turn mimetics 1 and 2 for “click”-
reactions bearing azide-functional groups. b) Helical polyisocyanates 5-7 synthesized by titanium-catalyzed
polymerization with defined alkyne end group and the possibility to implement chirality by the end groups. c) -
turn mimetic polymer conjugates 13-15 obtained via “click” reaction of azide-functional B-turn mimetics and

alkyne functional polyisocyanates.

Postpolymerization modification via CuAAC “click” reaction of helical alkyne-functional
polymers and azide-functional B-turn mimetics then resulted in B-turn mimetic polymer
conjugates 13-15, while the reaction with polyethylene glycol resulted in the amphiphilic
block-copolymers 16—17. The polymers (5-7) as well as the conjugates (13-15) and copolymers
(16-17) possess different helicity according to their chiral center at the chain end. Thus,
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helicity of the pure polymers as well as chirality induction effects in the P-turn mimetic
polymer conjugates should be investigated using circular dichroism (CD) spectroscopy.
Furthermore, the behavior of these conjugates/copolymers at the air / water-interface should be
studied as well as their interactions with lipid model membranes, and thus Langmuir-film

measurements coupled with epifluorescence microscopy were performed.

In the second part, f-turn mimetics which are suitable for Fmoc solid phase peptide synthesis
(SPPS), and thus necessitate a carboxylic acid and an Fmoc-protected amine group, should be
synthesized to achieve the introduction into peptides. Therefore, rigid BTD 3 was chosen,
possessing structural similarities to turn mimetics 1 and 2 and the hydrophobic B-turn mimetic
4, consisting of an aromatic system with a triazole ring, was selected as a comparison (see
Scheme 3a). B-Turn mimetic peptide conjugates 20-24 synthesized by SPPS should be
investigated in regard to their aggregation behavior. Therefore, thioflavin T fluorescence assays
(ThT assay) were performed, providing information about the speed of aggregation from
monomeric peptide into fibrillar structures. Further insight into the structure formation should
be obtained by CD measurements, which can indicate changes in the secondary structure, as
well as by transmission electron microscopy (TEM) to gain insight into the fibrillar structures.

a) B-Turn mimetics for SPPS b) B-Turn mimetic
peptide conjugates
N N SPPS
_—
Q COOH y ) ¢
N“‘ Q
Fmod COOH "o l @ Q OO 20-24
!
NH COOH

| Fmoc-amino acids
Fmoc

Scheme 3. Synthetic concept of peptide conjugates. a) B-turn mimetics 3 and 4 for Fmoc solid phase peptide
synthesis (SPPS) bearing Fmoc-protected amine and carboxylic acid functionalities. b) p-turn mimetic peptide
conjugates 20-24 obtained by SPPS.
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3 Results and discussion

3.1 Synthesis of B-turn mimetics

Based on the knowledge about B-turns and their mimetic structures described in the
introduction, different turn mimetics have been chosen in this work. For the
postpolymerization modification of polyisocyanates, the azide/alkyne-“click” reaction has been
chosen and therefore the turn mimetic requires an azide functionality as it is planned to
introduce the alkyne moiety at the polymer chain end. The turn mimetics for SPPS necessitate a
carboxylic acid and an amine group for further modification. Therefore, in addition to a bicyclic

dipeptide, a more hydrophobic and aromatic triazole amino acid (TAA) [44]

was synthesized via
“click”-chemistry. This reaction leads to the formation of a triazole ring, which acts as a trans-
amide mimetic but possesses a higher proteolytic stability than the amide bond and tolerates

the conditions used in peptide synthesis.ms_m]

3.1.1 Synthesis of f-turn dipeptide for “click” coupling

An overview of the synthetic pathway towards bicyclic dipeptides (BTDs) 1 and 2 is shown in
Scheme 4. Previous X-ray analysis of 1 revealed the rigidity of the structure with a distance of
only 0.7 nm"®" between the two reactive sites, which is in good correlation with the distance of

. 15, 20
natural occurring -turn structures.! ]
HO H
e}
o OH 1) H,O/pyridine (9:1)
0O i Y 2) Tf,0, pyridine
Ho 3y 3) NaNg, DMF 1) LiOH
* 2) 3-Azidopropyl- o HN ©
N 3 amine, PyBOP,
H NHs C O DIPEA 5
HS OCHj
o) N;

Scheme 4. Synthetic pathway towards B-turn mimetic 1 and 2 for “click” coupling.

The synthesis of 1 was performed in several steps according to Geyer.[lgz_lm In the first step, a
condensation of D-glucurono-3,6-lactone and L-cysteine methylester hydrochloride resulted in
the formation of the bicyclic scaffold, which was further modified by selective transformation
of one hydroxyl group into the triflate and afterwards into the azide group. The structure of 1
was confirmed by ESI-TOF-MS and "H-NMR spectroscopy (see Appendix, Figure A1) and it was
subsequently used for the linkage of one polymer chain to obtain mono-functional polymers.
Hydrolysis of the methyl ester and amidation using 3-azido propylamine, yielded bi-functional
BTD 2. The final structure was confirmed by ESI-TOF-MS (see Appendix, Figure A2) and 'H-
NMR spectroscopy (see Figure 20). In the negative mode, the main peak occurring in the ESI-
spectrum can be attributed to the chlorine adduct of the product, while another peak at a mass-
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to-charge ratio of 385.114 can be assigned to the deprotonated structure of the final product.
The peak at 312.930 is resulting from a structure in which both azide functional groups were
reduced to the amine, which presumably occurred during the measurement. The 'H-NMR
spectrum further confirms the structure, as the signal at 1.60 ppm corresponds to the central
ethylene protons of the 3-azidopropyl group, while the signals at 3.15 ppm and 3.27 ppm
originate from the two adjacent ethylene groups. All other signals can also be assigned and the
integrals are matching to the number of protons.
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Figure 20. 'H-NMR spectrum of BTD 2.

3.1.2 Synthesis of Fmoc-protected B-turn mimetics for SPPS

Starting from BTD 1 a B-turn mimetic suitable for Fmoc solid phase peptide synthesis (SPPS)
should be synthesized. Therefore, hydrogenation of the azide, deprotection of the ester and
protection of the amine by attachment of an Fmoc group was performed according to Scheme 5.
Hydrogenation was achieved using palladium on activated charcoal, hydrolysis of the ester was
performed as previously described for the synthesis of 2 and Fmoc protection was achieved
using the corresponding N-hydroxysuccinimide ester and triethylamine as a base. Even though
the synthesis was successful (see Appendix, Figure A3), further investigations revealed the
unsuitableness of this turn mimetic in SPPS.

OH

OH 1 OH la
HO,,, S 1b
HO., S H,, Pd/C HO,, S 1) LiOH, Dioxane |
— > HO N
HO N MeOH HO N 2) Fmoc-OSu, NEt; OH
OMe OMe ACN HN o)
Fmoc

Scheme 5. Synthesis of Fmoc-protected p-turn mimetic 1b for SPPS.
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While the structure could be successfully introduced into a peptide chain, purification by HPLC
was not possible afterwards due to very small elution differences between the functionalized
and the non-functionalized peptide. Therefore, another turn reported by Geyer et al"® was

chosen, exhibiting a similar structure but possessing protected hydroxyl groups as illustrated in
Scheme 6.

o 1) IBX 1) NaN3, DMF 3
HO 2) L-Cys-OMe HCI 2) LiOH
O 3) TFA 95% 3) Fmoc-OSu, 0,
4) Tf,0, pyridine /// S DIPEA ., S,
o)
)< TfO““ HN\‘“

COOMe FmOC COOH
Scheme 6. Synthetic route towards Fmoc-protected f-turn mimetic 3 suitable for SPPS.
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Formation of the bicyclic scaffold is achieved in the first step and is followed by isomerization
and modification of one hydroxyl group into triflate, then azide and finally amine group.
Hydrolysis of the methyl ester and Fmoc-protection of the amine group resulted in the final
product which can be used for SPPS. This product was investigated by NMR spectroscopy and
ESI-TOF-MS. Figure 21 shows the "H-NMR spectrum of 3, wherein the aromatic signals in the
range of 7.80 ppm to 7.29 ppm confirm the presence of the Fmoc-protecting group, which is
necessary for SPPS. Furthermore, the isopropylidene acetal protecting groups are still visible at
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Figure 21. 'H-NMR spectrum of Fmoc-protected BTD 3.

The ESI-TOF-MS spectrum (see Appendix, Figure A4) additionally confirms the structure, as the

calculated values for the lithium, sodium and potassium adducts deviate less than five ppm
from the measured values.
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3.1.3 Synthesis of hydrophobic Fmoc-protected f-turn mimetic for SPPS

As comparison to the hydrophilic B-turn mimetic dipeptides, a hydrophobic turn has been
chosen for the incorporation into AP via SPPS. It has previously been reported, that this
aromatic turn mimetic, shown in Scheme 7, exhibited chirality and a hairpin shape in the solid
state and in solution.*y! The triazole ring, linking two aromatic moieties, provides rigidity,
mimics the trans-amide bond""”® " and should thus be suitable as a molecular scaffold. The
synthesis of 4 was performed in three steps and was adapted from literature procedures.[lsé'lsﬂ
Fmoc-protection of 3-ethynyl aniline yielded precursor 4a and treatment of 3-aminobenzoic
acid with sodium nitrite generated 4b, which were then linked by the copper(I)-catalyzed
azide/alkyne “click”-reaction (CuAAC) using copper(II)sulfate and sodium ascorbate as

reducing agent.

N=N
N N
N3
CuSO4 Na-ascorbate Q COOH
+
4a 4b THF / water 4:1 4
HN COOH .
Fmoc O

Scheme 7. Synthetic route towards hydrophobic Fmoc-protected B-turn mimetic 4.

In the ESI-TOF-MS of 4 (see Appendix, Figure A7), the peak with the highest intensity can be
assigned to the sodium adduct of 4 and all other structures can be also assigned to adducts with
different ions, proving the successful synthesis of the product. The formation of the triazole
ring in product 4 can be confirmed in the 'H-NMR spectrum by the appearance of a signal at
9.41 ppm, while the aromatic signals can be found from 8.50 to 7.36 ppm. The methylene and
methine group of the Fmoc-protecting group are also visible at 4.49 and 4.34 ppm, respectively.
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Figure 22. "H-NMR spectrum of Fmoc-protected f-turn mimetic 4.
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3.2 Synthesis of alkyne-functionalized helical PHICs

For the preparation of telechelic polymers with complete end group functionalization, a living
polymerization is necessary and both, the anionic polymerization and the titanium-catalyzed
coordination polymerization of isocyanates fulfill the criteria. In this work, the second type has
been chosen, as it opens the opportunity to introduce an alkyne end group, which can be used
in subsequent azide/alkyne “click”-reaction for postpolymerization modification. Novak and
coworkers showed, that the use of a modified organotitanium(IV) catalyst leads to a living
polymerization with a linear increase in molecular weight and a low polydispersity index
(D < 1.20) [155°18°]

alkyne moiety at the initiating site of the polymer,

Using an alkyne-modified titanium catalyst leads to the formation of an
(19 while quenching with acetic anhydride
and boron trifluoride ethyletherate introduces a terminal acetyl group, which protects the
polymer chain from depolymerization.[191_192] Scheme 8 shows the general procedure of the

polymerizations.
PHIC-A
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Scheme 8. Synthesis pathway of achiral and chiral alkyne-functional PHICs.

Besides the use of achiral propargyl alcohol, two chiral alkynes with inverse chirality were used
to synthesize chiral polyisocyanates and to later on investigate chirality induction effects
implemented through this chiral initiating group. The polymerization is conducted in bulk and
thus does not proceed until full conversion, as the viscosity of the reaction mixture strongly
increases with increasing molecular weight. Therefore, the theoretical molecular weight (My(in))
calculated for 100% conversion and the experimental values (Mycpc) and Mpnmr)) do not match
perfectly. Furthermore, the titanium-catalyst is generated in-situ and is not further purified.
Thus, the amount of active catalytic centers cannot be determined. As a result, the experimental
molecular weights are about two to three times higher than the theoretical ones. A summary of
the experimental results of achiral and chiral PHICs is given in Table 3.



Table 3. Results of polymerizations of n-hexyl isocyanate.

Polymer  Chirlity M Mool e Mo Yied
5a / 640 4,800 1.19 4,600 24
5b° / 950 2,200 1.22 3,400 19
5c / 2,600 4,000 1.09 4,600 59
5d / 2,000 5,300 1.08 5,000 75
S5e / 4,000 10,200 1.20 10,800 66
6a (R) 670 4,400 1.09 3,400 27
6b (R) 2,000 4,700 1.13 5,400 83
6¢ (R) 2,600 6,500 1.13 5,900 81
6d (R) 3,900 12,500 1.84 12,000 75
7a S) 730 3,700 1.12 3,700 40
7b (S) 2,000 5,300 1.18 5,400 85
7c (S) 3,900 5,700 1.12 5,000 72
7d () 2,600 6,500 115 6,200 77

“ determined via GPC in THF using polystyrene standards. ? determined via 'H-NMR: integration of resonances of initiator at

4.78 ppm (achiral) and 5.44 ppm (chiral) and of polymer resonances (CH,; CHs) at 0.88 to 1.62 ppm and at 3.69 ppm. ° Polymer

synthesized during master thesis.**!

Purification of the synthesized polymer was achieved by repeated precipitation in methanol
and the analysis of the purified polymers was conducted using gel permeation chromatography
(GPC), 'H-NMR spectroscopy and ESI-TOF-MS. Figure 23 shows the 'H-NMR spectrum of
achiral PHIC (5¢, Mynmr) = 4.6 kDa) as an example. Besides the main signals resulting from the
protons of the repeating unit around 0.88-1.62 ppm and 3.69 ppm, smaller signals arise from
the protons of the initiator and end group. The alkyne and methylene protons appear at 2.53
and 2.28 ppm, respectively, while the methyl end group occurs at 4.78 ppm.

ESI-TOF-MS spectra were recorded to further confirm the presence of the end groups, which
are necessary for postpolymerization modifications. Figure 24 shows the mass spectrum of
achiral PHIC 5c, exhibiting two series. Both, a low molecular weight double charged series and
a high molecular weight single charged series could be assigned to the desired polymer, as
revealed by the simulated spectra.
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Figure 23. '"H-NMR spectrum of achiral PHIC 5c.
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Figure 24. ESI-TOF-MS of achiral PHIC 5c; a) full spectrum, b) measured and simulated series.

Besides the polymerization of n-hexyl isocyanate (HIC), also the homo- and copolymerization
using 2-chloroethyl isocyanate (CIC) was investigated, yielding polymers 8 and 9a-e (see
Scheme 9), to obtain the possibility for further side chain modifications of the polymers.
Similarly to the polymerization of HIC, the achiral titanium-alkoxide catalyst was used and
quenching was achieved using acetic anhydride and boron trifluoride.

CiCc )(J)\(\ i‘\ 8
Cl

1) CpTiCly(OCH,~C=CH)

O O O 9a-e
2) Ac,0, BF3OEt2
_~_-Neo )LH Jﬂ )%
Cl
+
/\/\/\NCO A/\)N ’ NH mSia?N
HIC
Cl

Scheme 9. Homo- and copolymerization of 2-chloroethyl isocyanate (CIC) and n-hexyl isocyanate (HIC).
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The homopolymer of CIC 8 showed a bimodal distribution in GPC and furthermore exhibited
only low solubility in all common organic solvents (< 0.7 mg/mL), resulting in difficulties for
the analysis and further reactions. In contrast to this, the copolymers were well defined with a
low polydispersity and were well soluble in common organic solvents. Therefore, further
investigations were carried out and the copolymerization parameters were determined, by
conducting several polymerizations with different monomer ratios of HIC to CIC and stopping
the reaction at a low conversion. The obtained samples were analyzed by GPC and 'H-NMR
spectroscopy, to obtain the molecular weight and the ratio of the two monomers in the polymer
chain. The results are summarized in Table 4.

Table 4. Results of homo- and copolymerizations of 2-chloroethyl isocyanate (CIC) and n-hexyl isocyanate (HIC).

Theoretical b Experimental

Polymer ratio Mn(t}i?l Mn(GPIC-)1a PDI* M“(NMIIH ratio Yield
micicie  Bmoll  [gmol] [gmol ] picscrce [%]
5,400 1.09
8 100:0 2,000 + 1,250 1.92 2,600 / 72
9a 10:1 2,500 5,200 1.09 6,400 22:1 56
9b 1:1 2,500 5,100 1.09 4,750 52:48 69
9c 80:20 10,000 3,900 1.13 5,800 87:13 4
a9d 65:35 14,000 3,700 1.16 11,000 77:23 5
9e 50:50 10,000 4,200 1.10 6,300 67:33 3
9f 35:65 10,000 3,300 1.22 5,600 45:55 4
9g 20:80 10,000 2,800 1.23 4,400 74:26 8

“ determined via GPC in THF using polystyrene standards. ? determined via "H-NMR: integration of the resonances of the
initiator protons at 4.80 ppm and of polymer resonances (CHy; CHs) at 0.88 to 1.64 ppm and at 3.68 to 4.10 ppm.  determined
via 'H-NMR: Integration of the resonances of HIC at 0.88 to 1.64 ppm and of CIC at 4.10 ppm.

Figure 25 shows the 'H-NMR spectrum of 9b and the PC-NMR spectrum is shown in the
Appendix (Figure A9). Additionally to the previously described signals of HIC, signals at 3.76
and 4.10 ppm result from the methylene protons of CIC. Interestingly, the signal corresponding
to the acetyl end group, resulting from the quenching with acetic anhydride, is slightly shifted
downfield to 2.34 ppm, when the attached polymer unit is CIC instead of HIC. By comparing
the integral values, it appears that 75 % of the end groups are attached to a CIC unit, even
though the ratio of HIC and CIC is about 1:1, indicating that HIC polymerizes faster than CIC
does. In order to further confirm this assumption, copolymerization parameters were
determined. Therefore, polymerizations 9c¢-9g were stopped at a very low conversion. By
calculating the amount of monomer incorporated in these polymers by 'H-NMR spectroscopy
and comparison with the feed ratio, Fineman-Ross and Kelen-Tiidés parameters can be
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determined and the corresponding plots (see Figure 56-57, Experimental part) can be

generated. The following copolymerization parameters are obtained by linear fitting:
Fineman-Ross: 7¢;c = 0.80; 1y, = 2.04

Kelen-Tudos: Tcic = 067, THic = 1.81

In conclusion, a gradient copolymer is obtained when copolymerizing HIC and CIC by
titanium-catalyzed polymerization. HIC is preferentially introduced at the beginning of the
polymerization, due to the higher propagation rate, whereas CIC is mostly incorporated at the

chain end.
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Figure 25. 'H-NMR spectrum of PHIC-PCIC copolymer 9b.

Besides using the chloroethyl isocyanate as comonomer, azide- and alkyne-modified
isocyanates were synthesized as shown in Scheme 10a to introduce further side chain
functionalities into polyisocyanate copolymers. The synthesis of functional isocyanates was
performed starting from the acid, by using diphenylphosphoryl azide (DPPA) yielding the acyl
azide, which then undergoes Curtius rearrangement to result in the isocyanate monomer (see
Appendix, Figure A10-A12 for NMR- and IR-spectra). For the polymerization of azide-
functional isocyanates, the previously described achiral alkyne-functional titanium-catalyst was
employed (see Scheme 10b). Using this catalyst would result in the same functionality in the
side chain and the end group upon copolymerization with the alkyne monomer, and thus an
allyl titanium catalyst was used instead, to obtain orthogonal functional groups for
postpolymerization modifications. The successful use of the allyl catalyst was investigated
beforehand in a homopolymerization of HIC (see Table 5, Entry 11) and confirmed by GPC, 'H-
NMR and MALDI-TOF-MS (see Appendix, Figure A13-A14). The results of copolymerizations

with azide- and alkyne-functional monomers are summarized in Table 5.

34



N=Cc=0
oH ——— AlKIC
Z NEtz, ACN Z

1) NaN; 52 %
BrM Ng\/\/\/N:C:O AzIC
OH  2) DPPA, NEts
D) HIC 1) CpTiCl,(OCH,—C=CH) Rs=H,COCH; o 0 ;
: NN — f
NCO | Ry= == Alkyne| R3H PN
+ or CpTICl,(OCH,—CH=CH,) NoogaNe 10T R,
/\/NCO sta ;
Rl | R2= —————— A||y| |
) i \/\N3 AzIC|  2) Ac,0, BF;0Et, 10a-b (Ry=AzIC, R,=Alkyne) R,
Ry = 11 (HIC, R,=Allyl)
""" == AKIC 12a-d (Ry=AIKIC, R,=Allyl)

Scheme 10. a) Synthetic pathways of alkyne- and azide-functional isocyanate monomers. b) Copolymerization of
HIC with functional isocyanates AIKIC and AzIC.

Table 5. Results of copolymerization of n-hexyl isocyanate and functional isocyanates.

d

ary COOn PR M ey et e R e
10a AzIC Alkyne 10:1 4,700 1.11 7,100 16:1 6
10b AzIC Alkyne 1:1 / / / / /
11 / Allyl 1:0 4,500 1.07 5,300 / 170
12a AIKIC Allyl 4:1 4,100 1.10 6,500 12:1 13
12b AIKIC Allyl 1:4 / / / / /
12¢ AIKIC Allyl 1:1 / / / / /
12d AIKIC Allyl 4:1 4,900 1.08 6,300 24:1 135

“ Ry theoretical feed ratio of HIC / comonomer. * determined via GPC in THF using polystyrene standards.
determined via 'H-NMR: integration of resonances of initiator at 4.68 ppm and of polymer resonances (CH,; CHj)
at 0.88 to 1.62 ppm and at 3.69 ppm. d Reyp: experimental ratio of HIC / comonomer determined '"H-NMR:
integration of HIC resonances at 0.88 to 1.62 ppm and of comonomer at 2.58 ppm. The theoretical molecular
weight of all samples was 2,500 g/mol.

Similar to the previous polymerizations, all obtained polymers show a low polydispersity. By
comparing the theoretical and experimental ratios of HIC and the comonomers determined by
integration of 'H-NMR spectra (see Figure 26 (top) and Figure A15) it can be seen, that the
latter is embedded into the polymer in a much lower amount, indicating a low reactivity of
these azide- and alkyne-functionalized monomers. However, using a higher amount of

comonomer resulted in the failure of the polymerization (entry 10b, 12b, 12c¢), probably due to
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a destruction of the catalyst, as a color change to dark brown was observed upon addition of
the comonomer. As the ESI-TOF-MS spectrum of 12d confirmed the presence of alkyne side
chains (see Appendix, Figure A16), the possibility for further functionalization by “click”

chemistry was investigated using 12d and benzyl azide as a test system (see Scheme 11).
o
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Scheme 11. “Click” reaction of PHIC-PAIKIC copolymer 12d and benzyl azide.

The successful linkage was confirmed by 'H-NMR spectroscopy upon comparison with the
spectrum of 12d (see Figure 26). While the protons of the allyl end group are still present at
5.94, 5.35 and 4.68 ppm respectively, the signals of the alkyne side chain at 1.93 and 2.58 ppm
disappear and new signals for the triazole ring appear at 7.44 and 3.09 ppm respectively.
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Figure 26. 'H-NMR spectrum of PHIC-PAIKIC copolymer 12d (top) and “click” product 12e with benzyl azide
(bottom).

36



Furthermore, aromatic protons of the benzyl group appear around 7.25-7.35 ppm and the
methyl group next to the benzyl group appears at 5.47 ppm. According to the integral values,
only one benzyl group is attached to one polymer chain, even though the signals for two alkyne
groups of the precursor polymer disappear. Moreover, additional signals at 2.04 and 5.12 ppm
are present, which could not be assigned, indicating some impurities.

However, ESI-TOF-MS measurement confirmed the successful “click” reaction (see Figure 27).
One series of unfunctionalized PHIC appears with a maximum at m/z = 2792.972, resulting from
polymer chains lacking any alkyne functionality. Several series appearing at a lower m/z ratio
are double charged and can be assigned to structures bearing either no side chain functionality
(m/z = 1853.313) or the synthesized “click” product with one (m/z = 1903.187), two (m/z =
1890.302) or three (m/z = 1876.357) functional groups per chain, while the peaks for alkyne-
functional precursor polymer 12d were not observed. Thus, side chain modification via “click”
chemistry was successful, but limitations for further use occurred, especially due to the low

amount of alkyne side chains incorporated into the polymer and the low yields of the

copolymerization.
a) 1853.313 b) 1853.313 1916.864 |c) 1916.864
| 1903.817
A=63.55 1876.357
1890.302
= 1903.817
3 2792.972 1877.818 1903.915
S, | 1840.269 || |
2 | A=127.09 | I
E 1876.357 [XsYp4+2Na]? [X{y27+2Na]?*
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Figure 27. ESI-TOF-MS spectrum of 12e; a) full spectrum, b) insight, ¢) measured (top) and simulated series
(middle, bottom).
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3.3 Synthesis of B-turn mimetic polymer conjugates[194]

,Click“reaction

o o
ith achiral & N
N)Lho/\ with
L~ chiral PHIC o o
5c 7b )L{N)Hn\o S N

Scheme 12. Synthetic pathway for the synthesis of B-turn mimetic PHIC conjugates via ,click“-reaction.

In order to obtain B-turn mimetic polymer conjugates which can be further investigated
concerning their chirality and insertion behavior into membranes, the previously synthesized
and purified polymers and P-turn mimetics had to be linked. The copper(I)-catalyzed

azide/alkyne cycloaddition reaction is a valuable method for the linkage of polymers,[lgs'lgﬂ but

also of small organic molecules* and peptides[lgg'zm]

and was thus employed in this work.
Alkyne-functional PHICs were connected to B-turn mimetic structures bearing either one or

two azide groups as illustrated in Scheme 12, resulting in one- or two-arm conjugates.

Due to the sterical hindrance resulting from the additional methyl group in the chiral PHICs
(6b, 7b), the linkage of these polymers to the P-turn mimetic structures proved to be
challenging. Especially the attachment of a second polymer strand was difficult, due to the
small distance between the two reactive azide groups of 2. However, it was possible to obtain
the one- and two-arm polymer conjugates, as summarized in Table 6.
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Table 6. Overview about synthesized f-turn mimetic PHIC conjugates.

PHIC Precursor Cotton M, cpc’ c My NMR Yield
conjugate polymer* effect” (g r’nol'l] PDI g fnol'l] [%]
13-A 5¢ + 4,500 1.07 4,800 46
14-A 5¢ + 4,400 1.14 5,800 3
15-A 5¢ + 7,900 1.14 9,900 2
13-R 6b + 4,600 1.15 6,400 13
14-R 6b - 5,100 1.19 /¢ 5
15-R 6b - 7,700 1.17 /¢ 3
13-S 7b + 5,500 1.16 7,300 15
14-S 7b + 5,500 1.18 /¢ 4
15-S 7b + 9,600 1.16 /¢ 3

“ see Table 3 * determined in THF. ¢ determined via GPC in THF using polystyrene standards. 4 determined via 'H-NMR:
Integration of resonances of initiator at 4.68 ppm and of polymer resonances (CH,; CHj;) at 0.88 to 1.62 ppm and at 3.69 ppm.
‘ Due to the low amount of the product, it was not possible to calculate the molecular weight from the NMR spectrum.

Since the conjugates (13-15) should be further investigated with respect to their chirality as
well as their behavior at the air / water-interface and their interaction with model membranes,
it was critical to proof the purity of the conjugates and thus chromatographic, spectroscopic
and spectrometric measurements were performed. Two different chromatographic methods, gel
permeation chromatography (GPC, Figure 28a) and high-performance liquid chromatography
(HPLC, Figure 28b, 28c) were employed. Due to the livingness of the polymerization, all
conjugates show narrow molecular weight distributions and thus a low polydispersity
(D =1.07-1.19). While the one-arm conjugates exhibit only a small shift towards higher
molecular weight, due to the additional molecular weight of attached BTD 2, the two-arm
conjugate 15-A (blue triangle) exhibits a strong shift towards lower retention times, indicating
the successful attachment of the second PHIC chain onto the same B-turn structure and thus a
doubling of the molecular weight. GPC calibration was performed using PS standards and
hence, deviations from the actual molecular weight may arise from the more rigid PHIC
structure and from the compact structure of two closely linked polymer chains. In contrast to
GPC analysis, which depends solely on size differences, HPLC analysis is based on polarity
differences and is thus suitable to illustrate the difference between hydrophobic PHIC and
B-turn mimetic conjugates containing the hydrophilic BTD. Alkyne-functional PHICs of
different molecular weights (Mycpc = 2.2-12.0 kDa) were investigated in order to obtain the
LCCC conditions, meaning that the method is independent of the molecular weight and hence
only sensitive towards different end group functionality. Generally, three different types of
elution can be described in HPLC measurements. In the GPC mode, elution is mainly based on
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an entropic effect and results in elution according to the molecular weight. As shown in Figure
28b, this principle occurs when using THF as elution solvent for PHICs. In contrast, the
adsorption mode (LAC) results in an elution according to the molecular weight in an inverse
manner, which was found for PHICs when adding 35 % of the non-solvent methanol to the
elution solvent THF. In between these two modes, the LCCC conditions were found at 30.5 % of
methanol at 30 °C on a reversed phase column. Subsequently, this method was applied as end
group sensitive method for the f-turn mimetic polymer conjugates and the results are shown in
Figure 28c. As anticipated, all three conjugates and the pure PHIC elute at different retention
times (Ri= 7.00 (achiral PHIC 5c¢); 6.34 (13-A); 6.20 (14-A); 6.00 min (15-A)). The significant
lowering of the retention time for the conjugates in comparison to pure PHIC indicates the
higher hydrophilicity and proves the successful linkage of PHIC and BTD, as well as the
complete removal of non-functionalized PHIC. The chiral conjugates showed similar elution
profiles and retention times (see Appendix, Figure A17).
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Figure 28. a) GPC, b) different conditions of HPLC, ¢) HPLC curves of achiral PHIC and PHIC-conjugates.

Further proof of the successful linkage was obtained using 'H-NMR spectroscopy, as shown for
mono-functional conjugate 13-A (see Figure 29). The acetylenic proton of PHIC at 2.53 ppm
disappeared, due to the formation of a triazole ring during CuAAC, which results in the
appearance of a new singlet at 8.25 ppm. Furthermore, the proton of the methine group directly
linked to the triazole is shifted to 6.18 ppm and all other signals of the B-turn mimetic structure
could be assigned by comparison with the spectra of the starting materials and previously
obtained data.l*”

(1.8-0.8 ppm) in comparison to the integrals of the end group result in a calculated molecular

Integration of the signals corresponding to the polymer backbone

weight of 4.8 kDa, which matches closely to the molecular weight determined by GPC
(4.9 kDa). NMR analysis of the chiral one-arm conjugates 13-R and 13-S resulted in similar
spectra (see Appendix, Figure A18). NMR spectroscopy of the one-arm BTD-PHIC conjugates
(14-A, 14-R, 14-S) and of the two-arm BTD-PHIC conjugates (15-A, 15-R, 15-S) was
challenging, due to low yields and the high molecular weight.
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Figure 29. 'H-NMR spectrum of 13-A.
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Figure 30. ESI-TOF-MS of achiral 13-A; a) full spectrum, b) measured and simulated pattern.

ESI-TOF-MS was performed in order to further confirm the end group functionality of the
B-turn mimetic PHIC conjugates. Figure 30 shows the ESI-TOF-MS spectrum of 13-A
displaying one PHIC series, with a maximum at a mass-to-charge ratio of 2010.770 and a mass
difference of 63.5, which matches with the double charged sodium adduct of 13-A. Thus the
molecular weight ranges from 3.0 to 5.2 kDa with a maximum around 4.0 kDa, which is slightly
lower but still comparable to the results obtained from GPC (4.5 kDa) and "H-NMR (4.8 kDa)
investigations. In contrast to the precursor polymer 5¢, no single charged series was observed
and the molecular weight increased only by 60 Da. However, no peaks from residual PHIC were
observed, confirming the structure and purity of the product. ESI-TOF-MS and MALDI-TOF-MS
measurements of the two-arm conjugates were not successful, due to the limitations of these

methods for high molecular weights, which was previously already observed for other
203]
PHICs.
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3.4 Synthesis of PHIC-PEG block-copolymers

As a comparison to the -turn mimetic PHIC conjugates, copolymers with polyethylene glycol
(PEG) as hydrophilic block were synthesized, to investigate the difference in chirality and in the
behavior at the air / water-interface between a pure hydrophilic moiety and the f-turn mimetic
structure linked to PHIC. The synthesis of diblock-copolymers containing hydrophobic PHIC
and hydrophilic ethylene glycol units was achieved by the use of the CuAAC reaction similar to
the synthesis of BTD-conjugates as shown in Scheme 13 and summarized in Table 7.
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Scheme 13. Synthesis of PHIC-PEG copolymers via CuAAC.

Two different ethylene glycol chain lengths have been chosen, triethylene glycol (TEG) acting
as a very short block, comparable to the short hydrophilic BTD and one longer PEG chain of
about 550 g mol ™' and thus of about 12 repeating units. Azide-functionalization of TEG and PEG

(204-205) a1nd was confirmed by NMR- and IR-spectroscopy

was achieved according to literature
(see Appendix, Figure A19-20). As it was already observed for the PHIC-BTD conjugation, also
the conjugation with PEG was challenging for the chiral PHICs, resulting in low yields. The
purity of the copolymers was investigated with chromatographic, spectroscopic and
spectrometric methods. The GPC results revealed a small increase in molecular weight, while

the polydispersities proved to be still very low (D < 1.12).

Table 7. Overview about synthesized TEG / PEG-copolymers via “click” reaction.

4 d .

TEG- / PEG- Precursog Cotton effect? Mn!qul PDI® M,, NMR Isolated yield
copolymers polymer [g mol ] [g mol ] [%]

16-A 5d / 5,500 1.07 5,300 27

17-A 5d / 5,050 1.08 5,100 45

16-R 6b - 5,400 1.11 5,500 2

17-R 6b - 6,200 1.11 6,000 3

16-S 7b + 5,400 1.10 5,900 2

17-S 7b + 5,600 1.09 6,200 2

“ see Table 3. * determined in THF. © determined via GPC in THF using polystyrene standards. 4 determined via "H-NMR:
integration of resonances of the O-CH, (achiral) and O-CH (chiral) group of the PHIC chain at 5.32 and 6.05 ppm respectively
and of polymer resonances (CH,; CH3) at 0.88 to 1.62 ppm.
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HPLC measurements were performed using the same conditions as previously described for the
B-turn mimetic PHIC conjugates to demonstrate the successful linkage of TEG / PEG to PHIC,
resulting in an increased hydrophilicity and thus in a shift in HPLC. As anticipated, the
attachment of a short hydrophilic TEG chain results in a small shift (R; ~ 6.14 min) compared to
pure PHIC (R » 6.47 min), while the attachment of the longer PEG chain induces a stronger
shift towards lower retention times (R; ~ 5.88 min) (see Figure 31a).

Further confirmation was obtained by 'H-NMR spectroscopy (see Figure 31b). The
disappearance of the acetylenic proton at 2.53 ppm and the appearance of the triazole proton at
7.82 ppm indicate the successful formation of the triazole ring. Furthermore, the methylene
group connecting the polymer chain and the triazole ring is shifted from 4.78 ppm to 5.32 ppm
and the methylene group connecting the triazole ring and the ethylene glycol chain appears at
4.55 ppm. In the chiral copolymers, a shift of the methine signal from 5.44 ppm to 6.05 ppm as
well as the appearance of signals at 7.73 ppm and 4.54 ppm can be observed (see Appendix,
Figure A21-A22).
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Figure 31. a) HPLC traces of PHIC precursor polymers, TEG copolymers 16-A, -R, -S and PEG copolymers 17-A,
-R, -S. b) 'H-NMR spectrum of achiral PEG copolymer 17-A.

Additionally, ESI-TOF-MS was carried out, to obtain more detailed information about the
structure of the synthesized copolymers and the mass spectrum of achiral PEG copolymer 17-A
is shown in Figure 32. In the low molecular weight range (m/z = 1200-2000), structures with a
triple, positive charge can be observed and the difference of around 42 matches to the triply
charged repeating unit of PHIC (127.18 g/mol), while the smaller peaks in between, with a
distance of around 15, correspond to the triply charged repeating unit of PEG (44.05 g/mol). In
the higher molecular weight region (m/z = 2000-2600) the series are doubly charged. Structures
with different repeating units of n-hexyl isocyanate (HIC) and ethylene oxide (EO) could be
assigned, as shown in the simulated spectra in comparison to the measured spectrum, which
consists of the triply charged sodium adducts of the products. The number of EO units varies
from seven to fourteen and the series with the highest intensities contain nine to eleven EO

units. The overall molecular weight ranges from 3.6 to 6.0 kDa with a maximum at 4.8 kDa,
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which matches with the molecular weight obtained from GPC (5.0 kDa) and 'H-NMR
investigations (5.1 kDa).

Further investigations of these copolymers were carried out regarding their chirality and
insertion behavior into model membranes.
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A=424 11550060 1592412
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Figure 32. ESI-TOF-MS of achiral PEG copolymer 17-A; a) full spectrum, b) expansion, ¢) measured (top) and
simulated (below) spectra.
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3.5 Chirality induction effects in B-turn mimetic polymer conjugates

and block-copolymers containing PHIC

After the successful synthesis and characterization of B-turn mimetic polymer conjugates and
of amphiphilic diblock-copolymers, investigations of chirality induction effects should be

performed.

Chirality[Z%] is an important feature in natural structures such as amino acids, DNA and
carbohydrates and is a major factor for the function of these molecules. It describes an object or
molecule which cannot be superimposed with its mirror image.[zm'zog] Different types of
chirality can be distinguished, the most common one being point chirality, in which an
asymmetric carbon center possesses four different substituents. Besides stereogenic centers,
also chirality-axes which can be found e.g. in allenes and chirality-planes as e.g. in trans-
cycloocten can result in chirality.[zog_zog] Another type of chirality, frequently occurring in
biological macromolecules as well as in synthetic ones, is the helicity. Helical molecules are
described according to their handedness as right- or left-handed helices. In synthetic
macromolecules, it was revealed that a variety of polymers, such as polyisocyanides,

polyacetylenes and polysilanes, can exhibit chirality due to the formation of a helical

[210]

structure. Polyisocyanates, which are discussed in this work, possess an amide backbone

with partial double-bond character and should thus favor a trans-planar structure. Nevertheless,

they are helical, as steric interactions between the alkyl side groups and the carbonyl group,

[131,

result in a slight out-of-plane rotation to release the strain. 21221 I contrast to

polypeptides, the helix is not stabilized by intramolecular hydrogen bonds, and both left- and

[211]

right-handed helices are formed equally when using achiral monomers. X-ray studies and

[213]

quantum mechanical calculations revealed a 83-helix for poly(n-butyl isocyanate), as eight

monomers are forming three turns. The contour length of polyisocyanates is about 2 A per

monomer and the diameter of the rodlike PHIC helix was found to be around 1.6 nm. '+

Using achiral monomers results in a mixture of left- and right-handed helices and abolishes an

overall visible chirality. Preference of one helical sense can be induced into polyisocyanates by

[216-217] [218-219] (190, 220]

introducing chiral side chains, chiral initiators and chiral end groups

1]

or by

and interactions with chiral
224]

providing host-guest interactions with chiral molecules!?

[222] "53] and the sergeant-and-soldiers principle[

solvents. Principles like “majority rules
have been established and describe underlying phenomena. The sergeant-and-soldiers principle
can also be applied to the synthesized polymers described in this work. Due to the chiral end
group, introduced through initiation, chirality is transferred onto the polymer chain and the
formation of a one-handed helix is observed. Below a critical number of repeating units, an
increase in chirality is observed, due to the increased amount of repeating units with the same
helical sense. Above this critical number, helix inversion can occur and thus the overall
observed chirality is reduced with further increasing molecular weight. In the scope of this

thesis, the influence of a P-turn mimetic structure on the helicity of polyisocyanates was
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investigated. Furthermore, comparison with hydrophilic block-copolymers as well as studies in
different solvents were conducted.

Chirality and the helical sense in polyisocyanates can be detected via circular dichroism (CD)
spectroscopy, resulting in spectra of ellipticity 6 in dependence of the wavelength A. For a
better comparison of different molecular weights, molar ellipticity values are calculated from
the measured values of ellipticity by applying equation 1.

[6]-1073 = mdeg - cm? - dmol™?!

c-d-10
6: Ellipticity [mdeg]

M: Molar mass of polymer [g/mol]
c: Concentration of solution [mg/mL]
d: Path length [cm]

Equation 1. Calculation of molar ellipticity values.

3.5.1 Circular dichroism studies of chiral PHICs

: PHIC-S
)L‘é\} s M\

(M)-helix (P)-helix

chiral initiator > sergeant-and-soldlers principle

Scheme 14. Chiral PHICs investigated via CD spectroscopy showing a preferred helical sense due to the chiral

initiator.

CD measurements of the chiral PHICs 6 and 7 were performed in three different solvents, THF,
n-hexane and DCM (see Figure 33). In all solvents, PHICs bearing the (S)-end group showed a
positive Cotton effect at around 255 nm, corresponding to the n—n* transition of the amide
backbone, and are thus present as preferably right-handed helices ((P)-helix, clockwise), while
the inverse can be observed for (R)-PHICs (left-handed helix, (M)-helix, anti clockwise). The
assignment of left- and right-handed helices in CD spectroscopy has previously been performed
with empirical field force and by a molecular orbital study. (213, 225 The maximum CD intensity
observed in n-hexane (~6 mdeg) is in agreement with reported literature of an anionic

(2261 Similar to literature, an increase in ellipticity was

[220, 227]

polymerization with a chiral initiator.
observed with increasing molecular weight and the maximum is reached at 5-6 kDa.
Thus, one chiral end group can induce chirality into a polyisocyanate chain with up to around
45 repeating units, which is known as the sergeant-and-soldiers principle.[zzg'zzgl Above this
number of repeating units, helix reversals can occur and thus the overall helicity decreases,
which can be seen for the PHIC with a high molecular weight (12.5 kDa).
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Figure 33. CD spectra of chiral PHICs 6 and 7 (see Table 3) of different molecular weights in a) THF, b) n-hexane
(0.25 mg/mL) and c¢) DCM (0.5 mg/mL).

Interestingly, no clear difference between the spectra of different molecular weights was
observable in DCM. A comparison of the chain dimensions of polyisocyanate in different

solvents revealed a lower chain-stiffness in DCM compared to n-hexane and THF and thus a

h.[2%0] Slight differences in these three different solvents have also been

[20

lower persistence lengt
observed for other chiral polyisocyanates containing a chiral end group %1 however the

influence of molecular weight has not been investigated.

3.5.2 Circular dichroism studies of -turn mimetic conjugates

i ( w

H
polymer-conjugates 13 ¥
45-55kDa !
=N
polymer-conjugates 14 )
4.3-55kDa N
A" L —
C-H _N A~14A N*(‘J
- rlle 13 ' N \Nf Y polymer-conjugates 15
W s fmnebe

Scheme 15. Representation of the achiral and chiral B-turn mimetic PHIC conjugates 13-15 investigated via CD
spectroscopy and the distances between chiral -turn mimetic and polymer backbone.

Investigations of P-turn mimetic polymer conjugates were performed similar to the pure
polymers in different solvents. Due to the attachment of the hydrophilic BTD, it was not
possible to measure the conjugates with one polymer chain (13, 14) in n-hexane, as they were
not soluble in this solvent. The conjugates containing two polymer strands (15) were however
soluble, as the hydrophilic part was much smaller in comparison to the hydrophobic polymer
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chains, and these measurements gave similar results than the one in DCM (see Appendix,
Figure A23).

First, the achiral polymer conjugates (13-A, 14-A, 15-A) were investigated, as the effect of a
chiral B-turn mimetic should be directly visible in comparison to the achiral PHIC, which
showed no CD signal due to an equal mixture of right- and left-handed helices. All conjugates
exhibit a clear CD signal in DCM (see Figure 34a), with a maximum or minimum at 258 nm,
which is the characteristic signal of the polyisocyanate backbone corresponding to the n—mn*
transition of the amide backbone. As a comparison, the CD spectrum of the pure BTD 1 was
recorded, exhibiting clearly different maxima and minima compared to the polymer-conjugates
with much lower molar ellipticity values (see Appendix, Figure A23). Consequently, the signals
of the conjugates are only arising from the helicity of the backbone and not from the turn
structure itself. The one-arm conjugates 13-A and 14-A possess similar molar ellipticity values
but with the inverse Cotton effect. Apparently, different sides of the B-turn mimetic induce
opposite helical structures in DCM. Such a helicity inversion was previously observed in self-
assembled systems and polythiophenes revealing to an odd-even effect.*1 2% Upon increasing
the distance to the backbone by one atom each, an alternation of the sign of the Cotton effect
was observed in CD studies. The herein described B-turn mimetic conjugates also possess one
odd (conjugate 13) and one even (conjugate 14) linker unit, which could explain this behavior
in DCM.

a) 40 b)
DCM THF
- 20- — —
S -, =
_g 0 2’ > ~ . s st —_—
~ / \ T -
5 4 ’ 7
o> -20- . N, ’
9 ~/ N ) S
«,g 404 .7 5¢c - 5¢c
o 13-A 13-A
= -60- 14-A 14-A
- -15-A - -15-A
_80 T T T T T T T T T T
230 240 250 260 270 280 210 220 230 240 250 260 270 280
Al nm Al nm

Figure 34. CD spectra of achiral f-turn mimetic conjugates in a) DCM and b) THF.

The linkage of two achiral polymer chains onto both sides of the B-turn mimetic structure leads
to a positive signal, with slightly lower values than both one-arm conjugates. It might have
been expected, that the two-arm conjugate is a simple combination of the spectra of the one-
arm conjugates, which is not the case as this would result in a slightly negative signal around
258 nm. Thus, either the induction effect from one side of the turn is stronger than from the
other side, or intramolecular interactions between the two polymer strands connected to each
other favor the right-handed helix.
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The spectra in THF (see Figure 34b) revealed strong differences from those in DCM.
Interestingly, the one-arm conjugate 13-A resulted in a positive signal instead of a negative one
in DCM, indicating helical inversion due to the change of solvent. Previous calculations for
chiral polyisocyanates showed that only a small energetic difference separates the right- and

[210. 225] The other two conjugates

left-handed helices and thus an inversion can easily occur.
14-A and 15-A showed lower molar ellipticity values in THF compared to DCM. While
possessing similar polarity, these two solvents differ in their donor character, DCM being a
non-donor and THF acting as donor-solvent. Previous investigations of polyacetylenes bearing
amide groups in the side chain, revealed an increased tendency for the amide groups to adopt a
cis-conformation in donor solvents, thus resulting in different helical conformations.”* An
increased amount of cis-conformation can disturb the helix and thus explain the low Cotton
effect in THF for the conjugates in which the chiral center is further away from the polymer

backbone.
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Figure 35. CD spectra of B-turn mimetic conjugates 13, 14, 15 in comparison to PHIC. (R)-conjugates in a) DCM
and b) THF. (S)-conjugates in ¢) DCM and d) THF.
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Afterwards, the chiral conjugates were investigated, which again exhibited clear differences
between the spectra in DCM and THF (see Figure 35). Interestingly, the one-arm conjugates
13-R and 13-S both exhibited positive signals in THF, while they possessed the inverse sign in
DCM, being the same as in the achiral conjugate. Even though the chiral center of the f-turn
mimetic is further apart from the polymer backbone than the chiral center of the initiator, the
induction effect from the B-turn mimetic can suppress the chirality that was induced during
polymerization. The triazole unit in between the B-turn mimetic and the polymer backbone
thus transmits the stereochemical information effectively. Previous investigations of

[130]

polyacetylenes, another type of dynamic helical polymers, revealed the ability to transmit

chiral information over distances up to 23 A when using a rigid linker.! Similar to the pure
polymers, a weak bathochromic shift from 255 nm in n-hexane and THF to 258 nm in DCM is
observable. The R-conjugates show a slight increase in DCM, while they exhibit a strong
decrease in THF and loss of one preferred helical sense for the two-arm conjugate.

6b 7p

e 1?1-i,.1‘3;|113_s 14-A 14-R 145 15-A
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Molar ellipticity [6]*103
o

Figure 36. Overview about the results of circular dichroism studies obtained for B-turn mimetic conjugates in
DCM and THF.

A summary of the results obtained from the circular dichroism studies of B-turn mimetic
conjugates is shown in Figure 36. Again the interesting feature of conjugate 13, with a short
rigid linker becomes apparent, inducing the same helical sense in all three conjugates and
inverse Cotton effects in THF and DCM. The molar ellipticity values are lower in THF for all

conjugates 14, bearing one linker with a higher distance, due to the previously described effects
originating from the donor effect of THF.
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3.5.3 Circular dichroism studies of PEG copolymers

C6H13

N/N
N \)//\/ "o e B R B
i block-copolymers ?
16 (TEG) + 17 (PEG)
5.0-6.2kDa

Scheme 16. Representation of the achiral and chiral PHIC-TEG / -PEG block-copolymers 16+17 investigated via
CD spectroscopy.

Compared to the B-turn mimetic polymer conjugates, linkage of PHIC to TEG or PEG chains
does not introduce another chiral center and therefore only diminishing effects are expected
upon investigation via CD spectroscopy. Similarly to the BTD-conjugates, CD measurements of
the copolymers were performed in n-hexane, THF and DCM to obtain further information
about the influence of solvents. The strongest signals for the TEG-copolymers 16 and PEO-
copolymers 17 were obtained in DCM, while only weak signals are visible in THF, which is in
agreement with the results from p-turn mimetic polymer conjugates.
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Figure 37. Molar ellipticity spectra of PHIC-TEG / -PEG copolymers 16 and 17 in a) THF and b) DCM.

As visible from Figure 37, the molar ellipticity values for right-handed PHICs linked to TEG and
PEG slightly increase in DCM, while they decrease for left-handed PHICs. However, in THF the
intensities are reduced by about ten times and in n-hexane (see Figure 38) about half. The
strong effect in THF can again be attributed to the donor-effect as observed for f-turn mimetic
conjugates 14 and 15. The differences between n-hexane and DCM can originate from the
different polarity. N-hexane as non-polar solvent preferentially solubilizes the alkyl side chains,
whereas the more polar solvents DCM and THF can also interact with the amide backbone.*”*!
Differences also occur in the solubility of the EO chains, which are insoluble in n-hexane but

soluble in DCM and THF.

Interestingly, an inversion of the CD signal occurred in n-hexane for all TEG-/PEG-

copolymers, resulting in a negative signal for (S)-conjugates and positive signals for
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(R)-conjugates (see Figure 38a). Such an inversion upon switching from DCM to n-hexane was
previously observed in a polycarbodiimide possessing an anthracene side chain. 23] There it
was attributed to a bond rotation around the anthracene, possessing the lowest energy barrier
however a helix inversion due to N-C bond rotation with an estimated energy barrier of
12.5 keal/mol™®®! was not excluded.

DCM Hexane

PHIC-S 7 CC C

PHIC-TEG/PEG 16/17
MWW, ¢ (YD)

Scheme 17. Overview about the influence of solvent on helicity of polyisocyanate in PHIC-TEG/PEG copolymers
16 and 17.

In order to further investigate this phenomenon, CD spectra of 16-S were measured in different
ratios of DCM and n-hexane (see Figure 38b, c). With increasing content of n-hexane, the molar
ellipticity value decreases compared to pure DCM, until the spectrum appears featureless at a
ratio of 9:1 (n-hexane / DCM), meaning that right- and left-handed helices are present in the
same ratio.
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Figure 38. CD spectra of a) PHIC-TEG / PEG copolymers 16 and 17 in n-hexane and of b) 16-S in different ratios

of DCM and n-hexane. ¢) Change of molar ellipticity of 16-S with increasing content of n-hexane.

Thus, a preference for a right-handed helical sense can be seen, just as in the pure PHIC and the
copolymer preferentially solvates in DCM. As it has been previously discussed, solvent polarity
has a huge influence on the helicity of PHIC. Additionally, n-hexane is a non-solvent for the EO
block, which influences the chain dimensions and the structure. Similarly, it was shown that
PHIC-PEG block-copolymers with comparable molecular weights and a similar concentration

as in this work, formed micelles in toluene which is another non-solvent for the PEG block. 2"
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3.6 Behavior at the air / water interface?3®]

Helical PHIC homo- and copolymers have previously been investigated at the air / water-

[239-240] pyt mostly of a much higher molecular weight than the polymers synthesized

interface,
in this work and without a preferred helical sense. Furthermore, the previously chosen
copolymers were more hydrophobic than PHIC (polystyrene, polyisoprene, poly(2-vinyl
acetate)).”*" % Thus, investigation of these PHIC copolymers containing a hydrophilic anchor,
either the P-turn mimetic structure or the ethylene glycol chain, is a new approach.
Furthermore, the interactions of the conjugates with model membranes, such as
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) should be investigated. This phospholipid
is a good mimic for half of a lipid bilayer at the air / water interface and can thus be used to
investigate interactions of the conjugates with membranes. Surface pressure-area (m-A)
isotherms of achiral and chiral PHICs of different molecular weights were recorded to reveal
the influence of the molecular weight and the chirality on the behavior at the air / water

interface.

Scheme 18 shows a structural representation of the PHIC helix, which can be considered a rigid
rod in the low molecular weight range investigated in this work.”*”) The molar mass per unit
contour length (Mp) and diameter of the cylindrical helix were previously determined in
different solvents vyielding values around 1.6nm and 740 Da/nm respectively.[ZM’ 243]
Consequently, the length of the measured samples in this work ranges from 5.5-14 nm.
Assuming that the rigid rod lies on the water surface, an area of 28 A% is occupied by one
monomer unit, while this area is reduced to 3-7 A for an upright helix, depending on the

molecular weight.

| =740Da/nm
4.0-10.2kDa
54-14.2nm

1.6 nm

Scheme 18. Structural characteristics of the PHIC helix and possible conformations at the air / water interface.

Figure 39a shows the dependence of the surface pressure from the mean molecular area, while
Figure 39b shows the normalized area per repeating unit (r.u.). In Figure 39a, the polymer with
the highest molecular weight (M, = 10.0 kDa) exhibits a rise in surface pressure (lift-off), at
much higher values than the low molecular weight polymers, while the value is the same as for
low molecular weight PHIC when compared to the repeating unit (Figure 39b). The lift-off
occurs because of intermolecular interactions between PHIC chains, which are forced into a
restricted space. By extrapolation of the increase to zero surface pressure, the limiting area A,
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is obtained. Similar to previous investigations,[240’ 24425] this value is at 25-27 A® which
matches to the area occupied by a helical rod lying flat on the surface (28 Az).[239'240] Thus, the
investigated low molecular PHICs show no dependence on the molecular weight, as it occurred
for high molecular weight PHICs (12-390 kDa).!*
stiffer in the low molecular weight range (5-12 kDa) than at higher molecular weight, where it

I This can be explained as the helix is much

shows a wormlike structure. Furthermore, no significant differences can be observed between
achiral and chiral PHIC and thus helix reversals occurring in achiral PHIC do not significantly
influence the size of the helical rod. Upon further compression, a pseudo plateau is reached in
which the surface pressure remains almost constant around 4-8 mN/m. This was previously
attributed to the formation of bilayers or even multilayers.[Z?’g’ 24l Pyrther reduction of the
surface area leads to an increase in surface pressure, which was previously described as the
liquid condensed state, followed by a second pseudo plateau (5-8 A%r.u.), which can be
attributed to the transition from liquid condensed to condensed state.**] However, the second
plateau is independent of the molecular weight, occurring at the same area per repeating unit
in all cases. This excludes the possibility for the formation of upright helices on the surface as
depicted in Scheme 18, as this would result in different area values.
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Figure 39. n-A-isotherms of PHICs of different molecular weights in regard to a) the mean molecular area b) the
area per repeating unit of the polymer chain.

Monolayer compression isotherms were then conducted for the B-turn mimetic conjugates,
bearing either one or two arms of PHIC. Due to the attachment of two polymer chains, the bi-
functional conjugate shows a rise of surface pressure at much higher value than the mono-
functional conjugate (see Appendix, Figure A24). In relation to the repeating unit this
difference is vanishing and the limiting area is 23-24 A” for both conjugates, as visible in Figure
40a. This value is lower than for the pure PHIC 5c, but only a slight difference can be seen in
regard to another pure polymer (5d). The second pseudo plateau is shifted to higher surface
pressures for mono-functional conjugate 13-A followed by a rapid increase in surface pressure,
which is characteristic for the condensed state leading to the collapse at 75 A% (2.1 A*ru) and
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55 mN/m. Instead of a steep increase directly after the second pseudo plateau, bi-functional
conjugate 15-A shows a linear increase before reaching the condensed state. This linear region
has been previously observed for PS-PEG copolymers and was attributed to a reorganization in
a quasi-brush regime.mﬂ The collapse occurs at the same area per repeating unit (2.1 A% and a
slightly lower surface pressure (51 mN/m) compared to the mono-functional conjugate.

PHIC-PEG copolymers were synthesized to investigate the influence of the length of the
hydrophilic block on the behavior at the air / water interface and as a comparison to the rigid
B-turn mimetic conjugates. Both conjugates 16-A (TEG) and 17-A (PEG) exhibit a rise in
surface pressure at a similar area as the homopolymer, as illustrated in Figure 40b. However,
the second rise of the surface pressure occurs at higher surface areas than for the homo-

polymers. This can be attributed to the complete submersion of the EO chains into the

subphase, occurring at around 10 mN/m.[247_249]
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Figure 40. n-A-isotherms of a) achiral B-turn mimetic conjugates 13-A, 14-A, 15-A in comparison to precursor
polymer 5¢ and b) TEG / PEG-copolymers 16 and 17 in comparison to precursor polymer 5d.

Furthermore, the surface pressure at the second pseudo plateau is higher than the one observed
for pure PHIC, indicating a higher stability of the films of these amphiphilic polymers at the
surface, resulting from the anchoring due to the hydrophilic moiety. This effect is larger for the
PEG conjugate (7t ~ 45 mN/m) compared to the TEG conjugate (1 » 28 mN/m), which matches
to the value obtained for mono-functional BTD-conjugate 13-A (1t ~ 30 mN/m), indicating that
the length of the hydrophilic chain influences the stability, while no difference occurs between
a flexible and a rigid hydrophilic moiety. The collapse of both copolymers occurs at the same
surface pressure (m ~ 65 mN/m) and area (2.0 A%ru). This is a further indication of the
increased stability of the copolymers at the surface in contrast to PHIC.

Further measurements were conducted using mixtures of polymer-conjugates and DPPC.

Figure 41 shows the m-A-isotherms of a mixture of DPPC with 13-A and 17-A in different

ratios. The addition of conjugate 13-A or copolymer 17-A leads to a change in the plateau of

DPPC corresponding to the phase transition from a liquid expanded to a liquid condensed
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phase (LE / LC).”*" The plateau is shifted to both higher surface areas and higher surface
pressures and is less pronounced than for pure DPPC. Upon further addition of 13-A or 17-A,
the second pseudo plateau appears, similarly to the pure conjugates. As previously observed,
this second pseudo plateau is at higher surface pressures for the PEG copolymer than for the
BTD-conjugate.

When calculating the theoretical surface area occupied by the mixed systems, smaller
experimental values occur for low amounts of added conjugate (< 20%), while the two values
coincide at higher amounts. Thus, some favorable interactions between DPPC and the polymer
conjugates may be present when adding a small amount, while at higher amounts phase
separation between the two samples occurs.
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Figure 41. m-A-isotherms of mixtures of DPPC with a) B-turn mimetic conjugate 13-A and b) PHIC-PEG
copolymer 17-S.

Epifluorescence measurements were conducted to obtain further insight in the behavior of the
conjugates at the surface. The LE / LC phase transition of DPPC leads to a phase separation and
the formation of domains, which can be visualized using a fluorescent dye. Mostly,
phospholipid dyes were used in previous research.””” %! However, these dyes possess a very
different structure from PHIC and therefore a rhodamine-labeled PHIC (Rh-PHIC) was
synthesized for better comparison (see Scheme 19). NMR-spectroscopy and MALDI-TOF-MS
(see Appendix, Figure A25-28) proved the successful synthesis and purification of 19.
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NEN rhodamine

Scheme 19. Synthesis of rhodamine-labeled PHIC (Rh-PHIC) 19.

At very low surface pressures, the whole surface occurs bright, indicating a homogenous
distribution of the dye around the surface. With increasing surface pressure small dark domains
occur, due to the expulsion of the dye. While small spots, which grow in number, are visible for
conjugates 13-A and 15-A, a more heterogeneous surface is visible for the pure PHIC 5c,
forming domains of different size and appearance. Thus, from a macroscopic view, the

hydrophilic turn enhances the ability of PHIC to form a more homogeneous surface.

p—

Figure 42. Epifluorescence microscopy images of monolayers of PHIC 5c¢ (a-c), 13-A (d-f), 15-A (g-i) at the
air / water interface at 20 °C. Rh-PHIC was added for imaging (0.01 mol%). The images were recorded at constant
compression of the spread monolayer at the following surface pressures: (a) 4.3, (b) 21.0, (c) 28.4, (d) 5.0, (e) 15.6, (f)
34.4,(g) 0.1, () 9.2, (i) 20.0 mN m . (Reprinted with permission from Ref[238])
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3.7 Synthesis of B-turn mimetic peptide conjugates

In the scope of this thesis, f-turn mimetic peptides should be synthesized and investigated in
regard to their ability to inhibit aggregation of APy, their influence on fibril structure and their

toxicity. According to structural investigations using solid-state NMR,*!

the bend/loop region
in APy is located around residues V24-A30. Therefore, different positions in this region from
Val24-Lys28 were chosen to be replaced with the B-turn mimetics 3 and 4 as well as the linker
molecules 5-AVA, and 3-/4-ABA.

Different turn mimetics have been chosen based on several considerations. Turn mimetic 3,
with a rigid bicyclic structure, showed a good correlation with natural occurring B—turns.[lgs]
Thus, this turn mimetic should result in a similar aggregation behavior as APy if a true p-turn
structure is present during aggregation and in the final fibrillar structure of A4. B-Turn
mimetic 4 should not fit as perfectly into the AP fibrils as the turn mimetic 3 and therefore
changes along the aggregation are expected. Furthermore, the two small molecules 5-AVA and
4-ABA possess the same number of atoms in between the carbonyl group and the amine
compared to turn mimetic 3, however lacking any heteroatom in between. Thus, 5-AVA should
act as a flexible linker which can fit into any conformation occurring during the aggregation
process and should therefore be more likely to enhance aggregation, while 4-ABA serves as a
rigid linker bearing the ability to provide inhibitory effects. 3-ABA is used as comparison,
possessing a reduced distance between the carboxylic acid and the amine group.

) 10 16 20 V24-G25: 21d
DAEFRHDSGY EVHHQ|KLVFF AEDVG G25-S26: 20a, 21a, 22-24
. S\ _ G25-526 (AByess): 20b, 21b
- LN .
WO T kN -ob $26-N27: 20c, 21c
40 35 30 N27-K28: 20d
b) 5-AVA>22
Turn 3 — N
2 > 20a-d N=N H
O A8 N — 0
Turn 4 <:>—<
iy Q\C we > 21a-d i/
I S S S0 | 4-/3-ABA
/ > 23,24

Scheme 20. a) Representation of the AP,y sequence indicating the turn region in blue (V24-K28) and the replaced
amino acids and corresponding peptide conjugates 20-24. The black box indicates the short peptide APis_3s.
b) Structures of the turn mimetics 3, 4, 5-AVA, 3-/4-ABA in the peptide conjugates 20-24.
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B-Turn mimetic peptides were synthesized by solid phase peptide synthesis (SPPS) as illustrated
in Scheme 21. As SPPS is started from the carboxyl end (C-terminus) of the peptide, a
copolymer resin linked to Fmoc-protected valine was used as solid support. After deprotection
of the amine using piperidine in DMF, followed by a washing step using DMF, coupling of the
neighboring Fmoc-protected amino acid is performed using N,N-diisopropylcarbodiimide (DIC)
and oxyma at 90 °C, followed again by washing with DMF. These steps of deprotection,
activation and coupling were repeated with single amino acids until the first peptide sequence
was finished. Then, coupling with the Fmoc-protected B-turn mimetics was performed using
HOBt and DIC and DMF as solvent and gentle stirring at room temperature for twelve hours.
This adapted method assured complete modification, which was shown by MALDI-TOF-MS.
Further elongation of the peptide was performed again via SPPS as described above. After the
final step, the peptide is cleaved off from the solid resin using TFA, purified via preparative
HPLC and analyzed via analytical HPLC and MALDI-TOF-MS.

Resin-Val-Fmoc Q
Q
Q Q Q O
Deprotection Fmoc-amino acids

Fmoc- B -turn mimetic

Activation
Qf:;‘;l) Coupling

Peptide Amino acids: Turn mimetics:
: DIC, Oxyma DIC, HOBt
conjugate ! g
Jug 90°C,3mins RT,12h

Scheme 21. Synthetic pathway of f-turn mimetic peptide-conjugates and of Af;_40.

Different positions of Af4 have been chosen to be exchanged with the synthetic B-turn
mimetics 3 and 4, together with other model compounds, namely 3-/4-aminobenzoic acid
(ABA) and 5-aminovaleric acid (AVA), as comparison. In due course, the positions G25-526
exhibited the most promising results and thus further modifications were performed at this
position. Additionally smaller peptides were synthesized, containing only fragments of ABis-35
from K16 to M35. Thus, both p-sheet regions and the p-turn structure are still present, but the
influence of the removed amino acids can be investigated. Furthermore, smaller peptides are
useful as future drugs in contrast to a large peptide which only mimics the amyloid peptide. An
overview of the synthesized peptide-conjugates is given in Table 8. The HPLC traces (see
Appendix, Figure A29-31), revealed a purity higher than 95 % for all conjugates. Confirmation
of the structure is obtained by MALDI-TOF-MS, as shown exemplary for entry 20a in Figure 43
and for all other entries in the Appendix (see Figure A32-35). The major peak, appearing at a
mass-to-charge ratio of 4357.400, matches with the simulation of the protonated structure of
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the peptide (m/z = 4358.091), while the double charged structure can also be assigned at
m/z = 2179.796.

Table 8. Overview of synthesized pB-turn mimetic peptide conjugates.

Replaced Peptide Turn M, Isolated yield Purity”
Entry amino acids sequence structure [g mol™] [mg] (%]
20a Gly25-Ser26 APy 3 4456.06 13.6 98.7
20b Gly25-Ser26 ABig-35 3 2235 .44 44 96.3
20c Ser26-Asn27 APy 3 4399.00 5.7 98.3
20d Asn27-Lys28 APy 3 4357.91 8.0 98.4
21a Gly25-Ser26 APy 4 4448.03 14.8 100
21b Gly25-Ser26 APi6-35 4 2227.46 5.0 95.8
21c Ser26-Asn27 APy 4 4391.17 17.6 97.8
21d Val24-Gly25 APy 4 4435.73 14.0 99.7
22 Gly25-Ser26 AByo 5-AVA 4284.77 5.7 99.8
23 Gly25-Ser26 AByo 4-ABA 4304.82 6.0 94.7
24 Gly25-Ser26 ABuo 3-ABA 4304.82 13.2 100

* Determined by analytical HPLC

4455422 2228.736 4455420
20a 4457.417
5
&
S [M+2H]? [M+H]*
2 2228591 4456.175
£ 4458.180
2228.736

""1500 2000 2500 3000 3500 4000 4500 m/z 2228 2230 miz 4452 4456 4460miz

Figure 43. MALDI-TOF-MS of peptide-conjugate 20a.
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3.8 Structural investigations of B-turn mimetic peptide conjugates

3.8.1 Aggregation studies of peptide conjugates in comparison with A4

Kinetic investigations of the fibril formation of AB4 conjugates were performed by thioflavin T
assays. ThT is known to bind to fibril structures'®®" and can thus be used to investigate the

aggregation of wild type (WT) AP4o and of the peptide conjugates.

The ThT assays of pure AP-conjugates are shown in Figure 44. Three replicates were measured
at the same time and the measurement was repeated at least once. For reason of clarity, only
one representative curve per conjugate is presented and for those conjugates which exhibited a
sigmoidal curve, fitting was performed and the fitted curves are displayed. For conjugates 21a,
21c and 24, no sigmoidal curve was obtained and the curves are shown as measured.
Conjugates 20a-d, containing the bicyclic turn mimetic 3, exhibit no fluorescence increase in
the measured range of 40 hours, and hence the lack of aggregation can be assumed, which was
subsequently confirmed by CD and TEM measurements (see chapter 3.8.4, 3.8.5). In contrast to
this, TAA-conjugates 21a-d, bearing the triazole aromatic turn mimetic 4, exhibit a strong
increase in fluorescence intensity after a short time, with differences in curvature and intensity
occurring between the different positions. Conjugate 21c displayed the most rapid aggregation
without any lag time visible, whereas around one hour lag time was observed for all other
TAA-conjugates.
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Figure 44. Aggregation kinetics for f-turn mimetic peptide conjugates 20-24 and wild type Afy,.

Peptides bearing 5-AVA (22), 4-ABA (23) and 3-ABA (24) turn mimetics displayed ambiguous
behavior. Similar to conjugates 21d and 21b, the more flexible 5-AVA conjugate 22 exhibits a
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fast fibrillation, whereas the more rigid ABA structure induces different fibrillation behavior
depending on the benzyl-ring substitution. While 4-ABA conjugate 23 exhibits a sigmoidal
curve with an increased lag time (~8 hours) compared to APs, the 3-ABA conjugate 24 displays
a nearly constant increase in fluorescence intensity. Hence, it can be concluded that both the
molecular structure of the turn mimetic and the position of replacement influence the
aggregation kinetics. Further confirmation of the differences in aggregation was obtained by
CD measurements, which were performed before and directly after the ThT assays, as well as
by TEM images. These results will be discussed in chapter 3.8.4 and 3.8.5.

3.8.2 Aggregation studies of mixtures of Af4 with peptide conjugates

To reveal whether or not these conjugates can also influence the fibrillation of WT A4y,
further investigations were carried out. Therefore, measurements of mixtures were performed
using 10 pM APy and varying concentrations of the conjugates from 1 to 20 pM. The first
comparison will be drawn between two of the BTD-conjugates 20a and 20d, which were
modified at positions G25-526 and N27-K28 respectively. The corresponding ThT assays of
mixtures are displayed in Figure 45.

a) 4000 b) 4000

0 G25-826| - 20a N27-K28| - 20d
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< 3000 HNQN{ 10:1 &, 3000- 10:1
o "o o %‘ - 51 = - 51
IS el - 31 c 31
£ 2000+ : 2:1 £ 2000 - M‘\\ .21
: : : 5 M :
o R ) s T .
2 jy"’ 8
8 7 g
$ 1000 : v 2
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LL 4 J T

B — 4 ot
0 10 20 30 40 50
Time [h] Time [h]

Figure 45. Aggregation kinetics for mixtures of AP, with B-turn mimetic peptide conjugates a) 20a, b) 20d.

Figure 45b illustrates the influence of additional conjugate 20d on the kinetic curves. While a
concentration of only 1 uM is not sufficient to inhibit fibrillation, increasing the amount of
conjugate results in an increased lag time, which reaches more than 50 hours at a concentration
of 8 pM. Even a concentration which is less than equimolar is sufficient to increase the lag time
by a factor of 10. This influence is even more pronounced using conjugate 20a, where 0.3 to 0.5
equivalents are sufficient to inhibit fibrillation up to 50 hours, indicating that the turn location
has a great effect on the kinetic behavior of AP4. Conjugate 20c, in which amino acids S26 and
N27 were replaced, had a stronger influence on fibrillation than conjugate 20d, but a lower
effect than conjugate 20a, as shown in the Appendix (Figure A36). In order to verify this effect
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of different positions, ThT assays of TAA-conjugates in mixtures with AP4 were performed.
Figure 46 shows a comparison between conjugate 21a (replacing positions G25-S26) and 21d
(V24-G25). Conjugate 21d exhibits a small inhibiting effect and thus an increase in lag time of
about five hours in comparison to pure AB4 upon addition of 0.2-0.32 equivalents of the
conjugate. However, when further increasing the amount of conjugate to 0.5 equivalents, a
decrease in lag time and an increase in fluorescence intensity can be observed. Conjugate 21a
behaves similar, but to a different extent. While the addition of only 0.1 equivalents of the
conjugate results in an increased lag time of more than 20 hours, further increasing the amount
up to 0.32 equivalents has only a smaller impact on the lag time, which then reaches 35 hours.
Similarly to conjugate 21d, a different influence can be observed at a higher concentration of
the conjugate. Again, the lag time decreases and furthermore the curvature changes from a
sigmoidal curve to a transition with two plateau regions (1:1) in analogy to the pure conjugate
21a. The behavior of the third TAA-conjugate Conjugate 21c (S26-N27) is shown in the
Appendix (Figure A36), revealing the weakest inhibition effect of all TAA-conjugates.
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Figure 46. Aggregation kinetics for mixtures of APy with B-turn mimetic peptide conjugates a) 21a, b) 21d.

In conclusion, both peptide conjugates containing either of the two B-turn mimetics 3 and 4,
displayed the highest inhibiting effect upon replacing position G25 and S26. Previously, the
impact of glycine 25 on the aggregation behavior of AP;s.35 was investigated.[zsz] Removal of
this small amino acid leads to a steric crowding in the turn region and hence an expanding of
the hairpin structure. It was found that the deletion mutant formed oligomers with random coil
structure instead of P-sheet and fibrils with anti-parallel B-sheet appeared only at high
concentrations. This confirms that replacement of G25 can have a considerable effect on the

aggregation of Af. Nilsson and co-workers'?")

synthesized a modified AB4;, in which two or
three amino acids in the turn region (25-27) were replaced by an azobenzene photoswitch. In
contrast to the expectations, it was found that the cis-conformers showed no fluorescence
increase in ThT analysis and that furthermore the cytotoxicity of these conformers was
strongly reduced compared to AP, and the trans-conformer. Thus, it was shown, that the turn

structure is not necessarily required to form fibrillar and toxic structures. In another
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investigation,[m] mutations of APy at positions 24-27 were synthesized by replacing two

amino acids with D-ProGly, an effective -hairpin inducing segment.[zss] All three PG variants
showed an enhanced aggregation in ThT assays, confirming that pre-organization via turn

formation can facilitate the fibril formation.

Consequently, three other Af conjugates (22-24) with commercially available amino acids were
synthesized, replacing amino acids G25-526, to obtain a broader overview about the influence
of rigidity or flexibility on the aggregation behavior.
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Figure 47. Aggregation kinetics of mixtures of A4 and B-turn mimetic a) 22, and b) 23.

Peptide 22 exhibited a very short lag time (< 1 h; see Figure 47a) and thus favors the formation
of the amyloid structure. This peptide contains 4-aminovaleric acid (4-AVA) as a flexible linker
in the B-turn region, which facilitates the arrangement of the sequence and the formation of f3-
sheet structure. Upon addition of small amounts of this peptide to AP4y an increase in lag time
can be observed, which reaches a maximum of around 12 hours when using 0.5 equivalents of
22. However, further addition of the peptide results again in an enhanced fibrillation. ThT
assays of conjugate 23 (see Figure 47b), bearing a rigid 4-aminobenzoic acid (4-ABA) linker
exhibits a different behavior than peptide 22. The fibrillation behavior of the pure conjugate is
comparable to the one of pure APy possessing a lag time of around seven hours. Interestingly,
addition of 0.33 equivalents of 23 to A4 leads to an increase in lag time to 45 hours, therefore
providing a strong inhibition effect, while a higher amount (0.5-1.0 equiv) again results in a
reduced lag time. Thus, this conjugate behaves similar to 21a, which also contains an aromatic
turn mimetic. The last modification was performed with 3-aminobenzoic acid yielding peptide
24, which only exhibited a weak inhibition effect (see Appendix, Figure A37).
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3.8.3 Aggregation studies of mixtures of Af4 with short AP35 peptide
conjugates

Having obtained these promising results, further modifications were performed at positions
Gly25-Ser26. While the previously described conjugates consisted of the complete A4
structure, two short peptides with a sequence of Lys16—-Met35 were synthesized, to investigate
whether this structure reduction can be performed without losing the positive inhibitory
effects. The influence of short sequences of Ap comprising e.g. residues 1-16, 10-20 and 17-40
on A4y aggregation was studied earlier. Therein it was found that short peptides containing
residues 17-20 and 30-35 resulted in an enhanced fibrillation, revealing the importance of these

(234 Purthermore, a previous investigation showed that many

255]

fragments on A4 aggregation.
biophysical properties remain unaffected in the central 18-35 fragment compared to AB4O.[
In this work, the segment was further elongated by two amino acids to include the full
Ki6sLVFF; sequence, which is forming a core PB-strand structure and is thus critical for the
aggregation of AB.[SQ] Nordstedt et al. revealed that a short KLVFF peptide can bind to the -

[256-257

sheet region of A4 and thus inhibits the aggregation. I Therefore, this sequence has been

intensely studied and various modifications have been performed to develop a potent AP

[258-261]

aggregation inhibitor. Modeling studies of APi¢-35 proposed a bent hairpin-like

conformation with Gly-25 and Ser-26 located at the edge of the bent, matching with the
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Figure 48. Aggregation kinetics of mixtures of AB,, and a) 20b, b) 21b.

Figure 48 shows the ThT-curves for the mixtures of AB4 and the short peptide conjugates 20b
and 21b. The TAA-conjugate 21b exhibits a strong increase in fluorescence intensity after a
very short lag time of about one hour, while the BTD-conjugate 20b does not show any
fluorescence in the course of 50 hours and thus their behavior correlates to their full-length
A4 analogue. Regarding the mixtures with A4, differences can be observed. The short TAA-
conjugate 21b bearing the triazole aromatic B-turn 4 shows no inhibitory effect, reaching a
maximum lag time of only seven hours upon addition of 0.3 equivalents, which is contrary to
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its full-length analogue. However, a different effect is observed using conjugate 20b containing
the bicyclic B-turn mimetic 3. Mixtures containing 0.5-1.0 equivalents of 20b show an
increased lag time, reaching a maximum of 20 hours. As previously observed, this positive
effect is reduced upon further increasing the ratio of conjugate to AP4 to 2:1. Besides an
increased lag time for a 1:1 mixture, reduced fluorescence intensity occurs, indicating the
successful inhibition of aggregation. This will be further discussed with additional CD spectra
in chapter 3.8.4.

The obtained results are summarized by plotting the aggregation half time (t;/2) versus the ratio
of AP4 to the different conjugates as shown in Figure 49. Aggregation investigations of the
pure conjugates clearly prove the influence of turn structure on the aggregation propensity.
While conjugates 20a-d containing the bicyclic turn moiety 3 with a clearly defined turn
structure exhibit lack of aggregation over at least 50 hours, implementation of aromatic turn
mimetic 4 and of 5-AVA with higher flexibility lead to the inverse effect, increasing the rate of
aggregation in conjugates 21a-d and 22. In between these two extremes, the rigid aromatic
linker 4-ABA results in a retardation of aggregation for conjugate 23. Furthermore, the
influence of substitution position was demonstrated upon investigation of mixed systems,
which revealed that replacement of position Gly25-Ser26 in conjugates 20a and 21a was most
effective within the four different positions studied in this work. Conjugates 21a and 23
showed the best inhibition properties when used in low amounts (2-3 pM).
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Figure 49. Overview about characteristic times t;,, for the aggregation of f-turn mimetic peptide conjugates and

mixtures with AB4o. AB4y concentration is 10 pM and conjugate concentration varies from 1 to 20 pM.
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3.8.4 Circular dichroism studies of peptide conjugates (20-24)

CD spectroscopy is a useful tool to investigate the secondary structure of peptides, as distinct
maxima and minima appear for random coil, a-helix and fB-sheet structures. Random coil
structure is characterized by a local minimum around 195 nm, a-helix by two local minima
around 222 and 208 nm together with a local maximum near 193 nm and fB-sheets exhibit a
local minimum at 218 nm and a local maximum around 195 nm.?%32¢4 Therefore, solution
investigations of the secondary structure of AP4 and of the peptide-conjugates were carried

out using CD.

First, different conditions for the disaggregation and monomer formation of the peptide
conjugates were probed, to find optimized starting conditions for the ThT assays.
Disaggregation of the peptides was probed in phosphate buffer (50 mM) at pH 9.1%5%%) 4nd in
NaOH (10 mM)[267_269] at pH 10.5, which were previously described as suitable disaggregation
conditions for APy in preparation for ThT assays. The disaggregated peptide-conjugates should
exhibit characteristic random coil spectra, while PB-sheet signals should appear upon fibril
formation. APy was effectively disaggregated in phosphate buffer at pH 9.1, indicated by a
random coil CD spectrum (see Figure 50a), whereas p-sheet secondary structure appeared for
the more hydrophobic TAA-conjugates (21a-d), implying that they were not successfully
disaggregated. The spectra of BTD- and 4-AVA-conjugates (20a-d, 22) appeared as random
coil structure at pH 9.1, but with a slightly reduced signal intensity compared to A4. Hence,
dissolution in 10 mM NaOH was probed as alternative disaggregation procedure and proved to
be effective, as revealed by characteristic random coil CD spectra for all conjugates (see Figure
50b).
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Figure 50. CD spectra of WT A4 and of peptide-conjugates 20-24 in a) phosphate buffer (50 mM), b) NaOH
(10 mM).
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Interestingly, conjugate 21b with a short peptide chain (APi¢-35) exhibited a spectrum
coinciding with the baseline, which might originate from overlapping -sheet and random coil
spectra. Thus, oligomeric structures cannot be excluded in this case, which might explain the
fast aggregation observed in the ThT assays of this conjugate. In order to investigate whether
different disaggregation protocols result in different fibrillation curves, preliminary ThT assays
were carried out using WT Ay. Only slight differences in the characteristics of kinetic curves,
such as lag time, were observed between the samples disaggregated at pH 9.1 and pH 10.5 (see
Appendix, Figure A38), thus confirming the usability of the pretreatment procedure.

CD spectra after aggregation were measured directly from the samples in the microwell plate
used for ThT assays. Figure 51 shows the CD spectra obtained for AP4y as well as for different
conjugates, clearly indicating B-sheet secondary structure for the former, with a local minimum
at 218 nm and a maximum around 200 nm. Since the samples were measured in 50 mM sodium
phosphate buffer, it was not possible to measure below 200 nm as the voltage strongly
increased. As it was anticipated from the low fluorescence intensity, BTD-conjugates (e.g. 20a)
exhibited the same random coil structure as before fibrillation and no indication of P-sheet

secondary structure was observed. This was also found for the small peptide conjugate 20b.
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Figure 51. a) and b) CD spectra of APy and of peptide conjugates after fibrillation and c) the corresponding

structures of f-turn mimetics and substitution positions.
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Nevertheless, it was possible to obtain fibrils of these peptides at lower pH 6.5 and higher salt-
(500 mM NaCl) and peptide-concentrations (100 pM), which then exhibited a characteristic
minimum for 3-sheet around 220 nm, with a lower intensity as for the WT. Full-length peptide
20a and short peptide 20b modified at the same position then exhibited a similar CD spectrum
(Figure 51b). Also in accordance with the ThT assays, CD spectra of TAA-conjugates (e.g. 21c)
indicated B-sheet secondary structure. The minimum is slightly shifted to lower wavelength
around 216 nm and the intensity is comparable to the one of BTD-conjugates. Additionally, also
the short TAA-mimetic peptide 21b exhibited a B-sheet secondary, with a slightly shifted
minimum to 222 nm. Conjugates 23 and 24 bearing a rigid aminobenzoic acid linker with
different substitution positions, exhibited a similar spectrum with a minimum around 214 nm,
reaching only a lower value than the one for TAA-conjugates. Incorporation of the most
flexible linker 5-aminovaleric acid (22) results in a shift of the minimum to higher wavelength
around 226 nm. Thus, the rigidity of the linker around the turn positions influences the formed

B-sheet secondary structure.

Besides the pure conjugates, further investigations were conducted using mixtures with Aao.
Two examples will be discussed below (see Figure 52). Mixtures of 4-ABA conjugate 23 and
A4 exhibit B-sheet secondary structure in all ratios, in correlation with the ThT assays which
showed aggregation for all mixtures. However, the fluorescence intensity cannot be correlated
with the intensity observed in the CD spectra. A slight shift of the minimum from around
218 nm for A4 to 215 nm for the mixtures containing more than 3 pM of the conjugate can be
observed. This value is identical with the one of pure conjugate 23, thus possessing a stronger
influence on the structure than Af4. The mixtures of short BTD-peptide 20b show a different
behavior. While B-sheet secondary structure is clearly visible at a ratio of 2:1, a structural
change occurs at ratio of 1:1 and 1:2, with a shift of the minima to around 205-208 nm,

indicating the presence of helical content and hence a change in the fibrillar structure.
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Figure 52. CD spectra of a) mixtures of 4-ABA conjugate 23 with AB4 and b) mixtures of short BTD-conjugate
20b with A, after fibrillation.
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3.8.5 TEM measurements

With the results of ThT assays and CD measurements, which provided information about
aggregation and f-sheet formation, TEM measurements were performed to reveal the fibrillar
structure of aggregated peptides. The TEM images of BTD-conjugates 20a (see Figure 53a), 20c
and 20d (see Appendix, Figure A39) showed the absence of any fibrillar structure, which
supports the findings from ThT assays and CD spectroscopy, proving the lack of aggregation
propensity for conjugates bearing the bicyclic BTD-turn mimetic under the used conditions.

Figure 53. TEM images of pure B-turn mimetic conjugates after fibrillation. Scale bars indicate 250 nm (a, c-i) or
500 nm (b). a) 20a after fibrillation at pH7.4, b) 20a after fibrillation at pH6.5, c) AP4/20a 10:3, d) 21a, ), ) 21b,
g) 22, h) 23, i) 24.
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When using different fibrillation conditions (pH 6.5, 500 mM NaCl), aggregation and the
formation of B-sheet secondary structure was observed as shown by CD for 20a and the
corresponding short peptide 20b. However, only for 20a TEM images of fibrillar like structure
were obtained, possessing a ten-fold larger diameter compared to all other peptides (Figure 53b,
Table 9). Additionally, smaller leaf-like structures can be observed, growing from the large
fibrillar core. Conjugates 21a, 21b, 22 and 23 show fibrils similar to the ones of AP4y, with
diameters ranging from 8.0 nm (21a) to around 14.5 nm (21b, 23) and lengths of several
hundred nanometers up to around 3-5 pM (A4, 22). In contrast, fibrils formed by conjugate
24 appear very short, with a small diameter.

A comparison between mixtures of AB4 with conjugate 20b in a ratio of 2:1 and 1:1 revealed an
influence of additional conjugate on the fibrillar structure as already seen in the ThT assays and
CD spectra. Upon addition of 0.5 equivalents of conjugate, the diameter of the resulting fibrils
stayed around the same value (11.1 nm (AP4o); 11.4 nm (2:1)), whereas it increased to 14.4 nm at
a 1:1 ratio. This indicates that the conjugate is embedded into the fibrils of APy leading to
increase fibril thickness.

Table 9. Comparison of fibril diameters of A4, peptide conjugates and mixtures thereof obtained via TEM

imaging.
Peptide Thickness [nm] Peptide Thickness [nm] Peptide Thickness [nm]
APy 11.1 £ 1.8 20a_pH6.5 107 £ 25 22 10.8 £+ 1.8
ABy4o/ 20b 1:1 144+15 21a 8.0+ 1.0 23 14.7 £ 1.2
AByo / 20b 2:1 114+ 15 21b 145+ 1.7 24 8.8+0.9

Figure 54. TEM images of mixtures of AP,y and B-turn mimetic conjugate 20b after fibrillation. Scale bars indicate
250 nm (a-c) or 100 nm (d). a), b) 2:1 AP,y / 20b, c), d) 1:1 A4 / 20b.
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3.8.6 Cytotoxicity assay

In order to assess whether modification of the turn region has an impact on the toxicity of the

peptides, cytotoxicity assays were performed. Therefore, Neuro2a (N2a) cells, a mouse
neuroblastoma cell line which is commonly used for amyloid cytotoxicity investigations,[zm'zm
were exposed to the synthesized peptides and APy in comparison. All samples were applied

273-274 . .
[ I and as mature fibrils, which were

[275-276]

both in their disaggregated, monomeric state
generated beforehand according to previously described methods, and cell viability was

determined after 72 hours using the MTT assay.
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Figure 55. Cell viability (N2a cells) in response to treatment with AP, and artificial peptides 20a, 20b, 21a, 21b,
22, 23 as monomeric or fibrillar samples (20 pM).

As shown in Figure 55, the cell viability of N2a cells after 72 hours exposure to the peptides,
revealed no clear difference between monomeric and fibrillar samples on the one hand and the
different peptides on the other hand. The highest toxicity was observed for conjugate 22,
containing the flexible linker 5-AVA, while the lowest toxicities are observed for both short
peptides bearing only the Afi6-35 sequence (20b, 21b). Previous investigations showed that
short AP peptides exhibit different toxicity depending on their truncation. While APi7.42,
derived from the more cytotoxic APz, resulted in higher cell death than A4, the segment of
APy.16 resulted in low cell death, indicating the importance of the central core for aggregation
and toxicity of Amyloid f proteins.[zm This was further confirmed by investigations of AP2s.ss,
exhibiting even a slightly higher cell death rate than AB42.[278] Regarding all investigated
samples, only 10-30 % cell death was detected. This is consistent with similar investigations,
showing that AP4y and its mutations exhibit only low cytotoxicity when applied as monomeric
or fibrillar samples, while a much higher toxicity was observed when oligomeric samples were
used. ¥ As the synthesized artificial peptides all show largely different aggregation
behavior, finding a defined oligomeric state which is comparable for all conjugates is
challenging and is thus an open topic for further investigations.
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4 Experimental part

4.1 Materials and methods

All solvents were purchased in technical grade and were distilled prior to use. Dichloromethane
(DCM) and pyridine were predried over KOH and freshly distilled over CaH; under nitrogen
atmosphere before used. Tetrahydrofuran (THF) was predried over KOH and freshly distilled
over sodium and benzophenone under nitrogen atmosphere before use. Toluene was dried over
sodium and freshly distilled over sodium and benzophenone under nitrogen atmosphere before
used. N,N-Dimethylformamide (DMF), methanol (MeOH), acetonitrile (MeCN) and

triethylamine were freshly distilled over CaH; under nitrogen atmosphere before used.

L-Cysteine methyl ester hydrochloride, sodium azide, palladium on charcoal, sodium nitrite,
N,N-diisopropylethylamine (DIPEA), magnesium sulfate, n-hexyl isocyanate, 2-chloroethyl
isocyanate, triethylamine, diphenyl phosphoryl azide (DPPA), sodium (in mineral oil),
p-toluenesulfonyl chloride, copper(I) iodide (Cul), propargyl alcohol, trifluoroacetic acid (TFA),
N,N-dicyclohexylcarbodiimide, N,N-dimethylaminopyridine (DMAP), calcium hydride and
sodium ascorbate were purchased from Sigma Aldrich. Trifluoromethanesulfonic anhydride
(Tf20), 3-bromo-1-propanol and benzyl azide were received from Alfa Aesar. 2-lodoxybenzoic
acid (IBX) and Fmoc-N-hydroxysuccinimide ester (Fmoc-OSu) were purchased from
Fluorochem. Sodium sulfate, Ce(SO4)2-4H20, (NHg)¢Mo07024-4H20 and copper(Il) sulfate
pentahydrate were purchased from VEB, N,N-Dimethylformamide (DMF), sodium hydroxide,
hydrochloric acid, ammonium chloride and acetic anhydride were received from Gruessing, (R)-
and (S)-3-butyn-2-ol from TCI, D-glucurono-3,6-lactone from Fluka, pyridine from Acros
Organics, lithium hydroxide from Lachema and benzophenone from Reachim. All these
chemicals were used without further purification unless the following ones. Propargyl alcohol
and n-hexyl isocyanate were stored over CaH; under nitrogen atmosphere and freshly distilled
under vacuo before use.

All nuclear magnetic resonance (NMR) spectra were recorded on a Varian Gemini 400 or 500
spectrometer (400 MHz or 500 MHz) at 27 °C in CDCls (Chemotrade, 99.8 Atom%D), DMSO-ds
(Chemotrade, 99.8 Atom%D) or CDsOD (Chemotrade, 99.8 Atom%D). Chemical shifts are given
in ppm and referred to the solvent residual signal (CDCls: 7.26 ppm for 'H and 77.0 ppm for e
DMSO-d: 2.50 ppm for 'H and 39.5 ppm for ">C; CDs;0D: 3.31 ppm for 'H and 49.0 ppm for
C). MestReNova 6.0.2-5475 was used for data interpretation.

Attenuated total reflection infrared spectroscopy (ATR-IR) measurements were performed
on a Bruker Tensor VERTEX 70 equipped with a Golden Gate Heated Diamond ATR Top-plate.
Opus 6.5 was used for analyzing data.

Gel permeation chromatography (GPC) was performed on a Viscotek GPCmax VE 2002 using
a column set of CLM3008 and CLM3011 columns in THF at a constant column temperature of

30 °C and a constant flow rate of 1 mL/min. Detection was carried out by refractive index with
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a VE 3580 RI detector of Viscotek at 35 °C. For external calibration, poly(styrene) (PS) standards
with a molecular weight range from 1050 to 115 000 g/mol were used (purchased from Polymer
Standards Service). The investigated samples were dissolved in THF (HPLC grade) at a
concentration of 1-4 mg/mL and the results were analyzed using OmniSec 4.5.6 software.

Matrix-assisted laser desorption/ionisation time-of-flight mass spectrometry (MALDI-
TOF-MS) measurements were carried out on a Bruker Autoflex III system equipped with a
smart beam laser (355 nm, 532 nm, 808 nm and 1064 nm + 5 nm; 3 ns pulse width; up to 2500 Hz
repetition rate) accelerated by a voltage of 20 kV and detected as positive ions in reflectron or
linear mode. The data evaluation was performed on flexAnalysis software (version 3.0).
Polymeric samples were dissolved in THF at a concentration of 10 mg/mL. Dithranol or IAA

was used as matrix and NaTFA was used as salt. Matrix and salt were dissolved in THF at a
concentration of 20 mg/mL. The solutions of matrix, sample and salt were mixed in a volume
ratio of 5:2:5 and 1 pL of the solution mixture was spotted on the MALDI-target plate. Peptidic
samples were dissolved in 0.1 % TFA at a concentration of 0.1 mg/mL. HCCA was used as
matrix and dissolved in ACN /0.1 % TFA (1:1) at a concentration of 20 mg/mL. The solutions of
matrix and sample were mixed in a volume ratio of 1:1 and 1 puL of the solution mixture was
spotted on the MALDI-target plate. The instrument was externally calibrated with a PEG
monomethyl ether standard (M, = 4200 g/mol, My/M, = 1.05) applying a quadratic calibration
method.

Electrospray ionization time-of-flight mass spectrometry (ESI-TOF-MS) measurements
were performed on a Bruker Daltonics microTOF. Samples were dissolved in HPLC grade
solvents (MeOH, THF or mixtures; purchased from Sigma Aldrich) at concentrations of 0.1
mg/mL and measured via direct injection with a flow rate of 180 pL/h using the positive mode
with a capillary voltage of 4.5 kV. The spectra were analyzed with Bruker Data Analysis 4.0.

Column chromatography was carried out using Merck silica gel 60 (230-400 mesh). Thin-
layer chromatography (TLC) was performed on Merck TLC aluminum sheets (silica gel 60 Fys4).
Spots on TLC plates were visualized by UV light (254 or 366 nm) or by oxidizing agent “blue
stain” consisting of Ce(S04)2-4H20 (1 g) and (NH4)¢Mo07024-4H20 (1 g) dissolved in a mixture of
distilled water (90 mL) and concentrated sulphuric acid (6 mL).

High performance liquid chromatography (HPLC) of polymers was performed on a
LaChrom Elite by Hitachi VWR equipped with a pump (L-2100), an autosampler (L-2200), a
degasser, a diode array detector (DAD; L-2455) and a column oven (L-2300) with temperature
control. The measurements were carried out on a reversed phase column (RP C-18) Waters
Atlantis©—T3, 5 um, 100 A, 4.6 x 250 mm. THF and methanol were applied as the mobile phase
system. The critical conditions (LCCC) of alkyne-functional PHICs were found using
THF/MeOH = 69.5:30.5 (v/v) as mobile phase at a temperature of 30 °C. This method was
applied for all measured samples. The concentration of all samples was 1 mg/mL, the flow rate
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was 0.4 mL/min and the injected sample volume was 10 pL. DAD signals were recorded using

EZchrom elite software version 3.3.2 SP2 with an operating wavelength from 190 to 900 nm.

Monolayer experiments: The surface pressure 7 of monolayers of the pure compounds and of
different binary mixed systems of PHICs and DPPC at the air / water interface via Langmuir
film technique were performed using a Langmuir trough system (KSV, Helsinki, Finland) with a
maximum available surface of 76 800 mm’. The investigated mixtures of PHIC and DPPC were
dissolved in chloroform (HPLC grade, Sigma Aldrich) at a concentration of 1 mM. Defined
amounts of the prepared solutions were spread on the subphase (ultrapure water; total organic
carbon < 5 ppm; conductivity < 0.055 uS/cm) using a digital microsyringe (Hamilton). The
monolayer was compressed at a barrier speed of 5 mm/min and compressing was started
15 min after spreading to ensure full evaporation of the solvent and a uniform monolayer

formation. A constant temperature of 20 °C was applied throughout the entire experiment.

Epifluorescence microscopy for the imaging of monolayers at the air / water interface was
performed using an “axio Scope Al Vario” epifluorescence microscope (Carl Zeiss
Microlmaging, Jena, Germany) with a Langmuir Teflon trough (maximum area 264 cm’, two
movable barriers; Riegler & Kirstein GmbH, Berlin, Germany). The trough was mounted on an
x-y stage (Marzhauser, Wetzlar, Germany) with x-y-z motion control (Mac5000 system, Ludl
Electronic Products, Hawthorne, NY, USA). The air / water surface was imaged by a 100 W
mercury lamp, a long-distance objective (LD EC Epiplan-NEOFLUAR 50x) was used and the
respective wavelengths were selected with a filter / beam splitter combination. An excitation
wavelength of 557 nm and an emission wavelength of 571 nm were used with the appropriate
Zeiss filter set (filter set 20, green light). The fluorescence images were taken during
compression with a speed of 2 A> molecule” minute”" and recorded using an EM-CCD camera
(ImageEM C9100-13, Hamamasu, Herrsching, Germany). The analysis and data acquisition
were done using AxioVision software (Carl Zeiss Microlmaging, Jena, Germany). Monolayer
Films of pure or mixed compounds in different molar ratios were prepared with a total
spreading concentration of 1 mM in chloroform (HPLC-grade, Carl Roth, Karlsruhe, Germany)
and fluorescence-labeled Rh-PHIC (0.01 mol%) was added to the stock solution. A defined
volume of the solution was spread on the water surface and the compression was started after
15 min waiting time.

Circular dichroism (CD) spectra were recorded on a Jasco J-815 spectropolarimeter using a
2 mm path length cell. Polymeric samples were measured at a concentration of 0.25-0.5 mg/mL

in n-hexane, THF or DCM. Peptidic samples were measured at concentrations of 10-20 pM in
phosphate buffer (20-50 mM).

Aggregation kinetics (ThT assays) of artificial peptides and mixtures with WT A4 were
investigated by fluorescence intensity measurements using thioflavin T (ThT) as fluorescent
dye. Lyophilized peptides were dissolved in 10 mM NaOH at a concentration of 1 mg/mL. The

samples were left to stand for 10 minutes and applied to ultrasound for 1 minute for complete
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dissolution of the peptides. The solutions were centrifuged at 10,000 rpm for 1 hour at 4 °C, the
supernatant was transferred to another tube and the sample was kept on ice in the next steps.
The samples were diluted with 50 mM phosphate buffer (pH 7.4, 150 mM NaCl) to obtain final
concentrations of 10 uM WT A4y, 10 pM ThT and different concentrations of peptide conjugate
(1-10 pM). For each sample, a total volume of 480 pL was prepared and 3x150 pL were pipetted
to a 96-well plate. The plate was sealed with a microplate cover. The fluorescence intensity was
monitored at 37 °C using a BMG FLUOStar Omega multi-mode plate reader using fluorescence
excitation and emission wavelengths at 440 nm and 482 nm respectively. One measurement
cycle of 5 minutes consisted of double-orbital shaking for 240 s and waiting for 60 s.
Concentrations of WT A4 and conjugates 20a, 20c, 20d and 22 were determined by
absorbance at 280 nm using a Jasco V-660 absorbance spectrometer and the molar extinction
coefficient of AP4y, based on the tyrosine residue Yio (250 = 1490 cm’™ M_l). The concentrations
of conjugates 20b, 21a-d, 23 and 24 were estimated by weight.

Transmission electron microscopy (TEM) images were taken with an electron microscope
(EM 900; Zeiss) at 80 kV acceleration voltage. For preparation, 5 pL of the peptide solution (2-
5uM) was dropped on Formvar/Cu grids (mesh 200). After three minutes waiting, the grids
were gently cleaned with water for one minute and then negatively stained using uranylacetate

(1%, w/v) for one minute.

Cell viability assay with MTT reduction assay: N2a cells were cultured in a RPMI medium
containing L-Glutamine, FBS (10 %) and 1 % penicillin-streptomycin at 37 °C in 5 % CO,. After
2-3 days, the cells were trypsinized for five minutes, then diluted with the medium and plated
onto 96-well plates (5000 cells/well). After 24 hours of incubation, monomeric or fibrillar Af
was added. Fibrillar samples were re-suspended in the medium at a concentration of 100 pM
and 30 pL were added to the cells. Monomeric samples were obtained by a previously described

.1270-281] Briefly, peptide conjugates were dissolved in TFA (1 mg/mL) and sonicated for

protoco
10 minutes at room temperature. After evaporation under a stream of nitrogen, HFIP was
added, followed by evaporation using nitrogen to yield a peptide film at the wall of the tube.
This process was repeated twice. Afterwards, the sample was subjected to high vacuum for
30 minutes and was afterwards kept under dry nitrogen atmosphere. The samples were treated
with NaOH (60 mM, 5 pL), PBS (30 pL), HCI (60 mM, 5 pL) and RPMI medium (40 pL) in this
order to yield a concentration of 100 pM. 30 pL were added to the cells to reach a final
concentration of 20 pM. The measurements were performed as triplicates.

Cell viability was determined after 72 hours using a MTT reduction assay. Therefore MTT was
added to each well to a final concentration of 0.5 mg/mL. After 3.5 hours incubation at 37 °C,
the medium was removed and the blue crystals were dissolved in DMSO (100 pL/well). The
plate was read on a micro plate reader at a wavelength of 570 nm. Cell viability was related to
the 100 % control.
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4.2 Synthesis of f-turn mimetics

4.2.1 Synthesis of 7,5-bicyclic f-turn mimetic (1) and (2)

HO H
0 OH
0] oH 1) H,Olpyridine (9:1) HO, X
o R 2) Tf,0, pyridine
A : 3) NaNg, DMF 1) LiOH
+ OH 2 o o
2) 3-Azidopropyl- (0]
N T amine, PyBOP,
A N O DIPEA 2 10
HS._ > _OCH;z Q u
1\
12
O N3

Scheme 22. Synthesis of B-turn mimetics 1 and 2.

The synthesis of B-turn mimetic 1 was performed in three steps according to literature

[282-283] 25 shown in Scheme 22. The synthesis of B-turn mimetic 2 was performed

[

procedures
with slight modifications from literature procedures. %3] In a one-necked round-bottom flask 1
(200 mg, 0.63 mmol) was dissolved in dioxane (5mL) and 0.5M LiOH (1.5 mL, 0.75 mmol,
1.1 equiv.) was added under stirring. The reaction mixture was stirred for 30 minutes,
controlled by TLC (THF; Rf = 0) and was neutralized by the addition of 1 M HCL. The solvent
was removed under vacuum and the intermediate was used without further purification. In a
Schlenk-flask with septum, the intermediate and PyBOP (0.4 g, 0.76 mmol, 1.2 equiv.) were
dissolved in DMF (5 mL) and the solution was degassed by purging with nitrogen for 15
minutes. 1-Azido-3-propylamine in diethylether (0.5 mL, 20 %) and DIPEA (214 pL, 1.3 mmol,
2.0 equiv.) were added via Eppendorf pipette and the solution was further degassed for ten
minutes. The reaction mixture was stirred at room temperature for 14 hours, the solvent was
removed under vacuum and the crude product was purified by silica gel column
chromatography (EA; Re = 0.3) to yield 172 mg of a colorless product (0.45 mmol, 71 %).

Structural analysis of 1:

"H-NMR (400 MHz, DMSO-d): 8 (ppm) 5.67 (d, Jorn = 3.6 Hz, 1H, OH-8), 5.57 (d, Jorn =
6.3 Hz, 1H, OH-7), 5.50 (s, 1H, H-9a), 4.78-4.75 (m, 2H, H-3; H-6), 4.43 (d, Jomn = 10.5 Hz , 1H,
OH-9), 3.86 (m, 1H, H-7), 3.81 (dd, Jin = 3.2 Hz, 1H, H-8), 3.35 (s, 1H, H-2).

BC-NMR (100 MHz, DMSO-de): § (ppm) 170.4 (COO), 166.6 (C-5), 76.7 (C-9), 74.9 (C-7), 70.9
(C-8), 64.0 (C-3), 61.4 (C-6), 61.0 (C-9a), 52.3 (OCHs3), 31.5 (C-2).

IR [cm']: 3464 (s), 2938 (w), 2919 (w), 2110 (s, azide), 1750 (s), 1649 (s), 1434 (m), 1354 (m), 1311
(m), 1252 (s), 1217 (s), 1172 (s), 1093 (m), 1068 (s), 886 (m).

Structural analysis of 2:

"H-NMR (400 MHz, DMSO-dg): § (ppm) 8.10 (t, J = 5.6 Hz, 1H, NH), 5.90 (d, J = 6.5 Hz, 1H,
OH-9), 5.72 (d, J = 4.7 Hz, 1H, OH-7), 5.58 (d, J = 3.8 Hz, 1H, OH-8), 5.47 (s, 1H, H-9a), 4.66 (5,
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1H, H-6), 4.53 (t, J = 7.8 Hz, 1H, H-3), 3.90 (t, J = 4.8 Hz, 1H, H-7), 3.79 (q, = 3.8 Hz, 1H, H-8),
3.61 (dd, J = 6.4, 3.1 Hz, 1H, H-9), 3.37-3.31 (m, 1H, H-2), 3.26 (dd, J = 7.8, 4.4 Hz, 2H, H-12),
3.20-3.13 and 3.05-2.97 (m, 2H, H-10), 1.64-1.57 (m, 2H, H-11).

®C-NMR (100 MHz, DMSO-de): § (ppm) 169.6, 167.0 (C-5, COO), 76.3 (C-9), 75.0 (C-7), 72.2
(C-8), 66.2 (C-3), 61.5, 61.4 (C-6, C-9a), 48.2 (C-12), 35.7 (C-10), 32.7 (C-2), 28.1 (C-11).

ESI-TOF-MS (MeOH) m/z: Ci12Hi;7NgOsS  [M-H], calc.: 385.1043, found: 385.1141;
C12H1sNgOsSCI' [M+Cl], calc.: 421.0809, found: 421.0932.

IR [cm']: 3433 (b), 2926 (W), 2114 (m, azide), 1651 (m), 1384 (s), 1062 (w).

4.2.2 Synthesis of f-turn mimetic (1b) for SPPS

1
H,, Pd/C 1) LiOH, dioxane
HO
MeOH 2) Fmoc-OSu, NEt;
MeCN
O

Scheme 23. Synthesis of B-turn mimetic 1b for SPPS.

The synthesis of 1b was performed with slight modifications from literature procedures[284_285]

in three steps. 10 wt% Pd on charcoal (10 %, 40 mg) was placed into a 100 mL two-necked round
bottom flask equipped with a septum and gas tap. The gas tap was connected to a three way
tap, one attached to a vacuum/nitrogen line and one to a balloon. The flask was evacuated and
flushed with nitrogen three times. 1 (400 mg, 1.3 mmol, 1.0 equiv.) was added under a
counterflow of nitrogen and methanol (60 mL) was added. The flask was evacuated and
backfilled with hydrogen three times. Afterwards the reaction mixture was stirred vigorously at
room temperature for 16 hours under a hydrogen atmosphere. The reaction mixture was
filtered through celite and the solvent was removed under vacuum to yield 1a as a light yellow
solid. (270 mg, 0.92 mmol, 72 %)

"H-NMR (400 MHz, DMSO-de): & (ppm) 5.54 + 5.27 (bs, 2H, OH-7, OH-8), 5.45 (s, 1H, H-9a), 4.68
(t, = 7.7 Hz, 1H, H-3), 4.28 (d, J = 11.0 Hz, 1H, OH-9), 4.06 (s, 1H, H-6), 3.81 (m, 1H, H-8), 3.74
(d, = 4.3 Hz, 1H, H-7), 3.63 (s, 3H, OCHs), 3.54 (dd, 7= 10.9 Hz, 1H, H-9), 3.29 (m, 2H, H-2).
BC-NMR (100 MHz, DMSO-dg): § (ppm) 171.4 + 170.7, (C-5, COO), 77.3 (C-9), 76.7 (C-7), 71.2
(C-8), 64.0 (C-3), 60.9 (C-9a), 53.3 (C-6), 52.1 (OCH3), 31.5 (C-2).
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In the second step, 1a (200 mg, 0.68 mmol) was added to a one-necked round-bottom flask and
then dissolved in dioxane (5 mL). LiOH (0.5 M, 1.5 mL, 0.75 mmol, 1.1 equiv.) was added under
stirring, the reaction was controlled by TLC (THF; R = 0) and neutralized after 30 minutes by
the addition of 1 M HCI. The solvent was removed under vacuum and the product was used
without further purification. The intermediate was dissolved in water (5 mL) cooled with an ice
bath, followed by addition of triethylamine (95 pL, 0.68 mmol, 1.0 equiv.) and Fmoc-OSu
(275 mg, 0.82 mmol, 1.2 equiv.) in acetonitrile (5 mL). The pH was checked every 15 minutes
and adjusted to 8-9 with triethylamine until no further drop was visible. The reaction was also
monitored by TLC (CHCl;/ MeOH 5:1; Rr = 0.1) showing complete conversion after one hour.
The solution was acidified with 1 M HCI and the solvent was removed under vacuum. The
product was purified by column chromatography on silica (CHCl; / MeOH 20:1, R¢ = 0.1) and 1b

was obtained as a colorless powder (240 mg, 0.48 mmol, 70 %).

"H-NMR (400 MHz, DMSO-de): & (ppm) 7.89 (d, = 7.5 Hz, 2H, Fmoc arom.), 7.74 (t, = 6.5 Hz,
2H, Fmoc arom.), 7.42 (t, J= 7.2 Hz, 2H, Fmoc arom.), 7.33 (t, = 7.4 Hz, 2H, Fmoc arom.), 7.13
(d, 7= 8.4 Hz, 1H, NH), 5.56 (d, 7= 3.5 Hz, 1H, OH-7), 5.51 (s, 1H, H-9a), 4.81 (d, 7= 8.4 Hz, 1H,
H-6), 4.66 (t, 7= 6.6 Hz, 1H, H-3), 4.33-4.23 (m, 3H, H-10, H-11), 3.84 (d, J= 3.6 Hz, 1H, H-8), 3.76
(d, J= 3.6 Hz, 1H, H-7), 3.51 (d, 7= 2.9 Hz, 1H, H-9), 3.24 (m, 2H, H-2).

®C-NMR (100 MHz, DMSO-de): & (ppm) 167.3, 155.7 (C=0), 127.6, 127.1, 125.3, 120.1 (C-Fmoc
arom.), 75.5 (C-9), 75.0 (C-7), 71.6 (C-8), 65.9 (C-10) 65.6 (C-3), 61.1 (C-9a), 54.4 (C-6), 46.6 (C-11),
32.7 (C-2).

ESI-TOF-MS (MeOH) m/z: CoH2N,0sSNa® [M+Na]®, calc.: 523.1146, found: 523.1032;
C24HN,0gSK" [M+K]", calc.: 539.0885, found: 539.0750; C24H23N,0sSLIK™ [M+Li+K-H]", calc.:
545.0967, found: 545.0919.

4.2.3 Synthesis of 6,5-bicyclic f-turn mimetic dipeptide (3) for SPPS

1) IBX
HO 0 2) L-Cys-OMe HCl o 32 0 3
o 3)TFA95% 1) LIOH 2,
j 2) Fmoc-0Su, 7 e

le) 4) Tf,0, pyridine - N DIPEA w5 N
5) NaN3, DMF HzN HN™"6 3

6) Hz, Pd/C, MeOH 5 COOMe Fmod o COOH

Scheme 24. Synthesis of 6,5-bicyclic B-turn mimetic dipeptide 3.

The synthesis of 3 was performed in several steps as shown in Scheme 24 with slight
modifications from literature procedures.[lgs] In the last step, 3a (450 mg, 1.5 mmol, 1.0 equiv.)
was dissolved in dioxane (10 mL) together with LiOH (3.6 mL, 20 mg/mL, 1.1 equiv.). After 20
minutes TLC (DCM / MeOH 5:1; Rf = 0) showed full conversion, the reaction mixture was
neutralized with 1 M HCI and the solvent was removed in vacuo. The residue was dissolved in
dioxane / water (6 mL, 4:1) and Fmoc-OSu (675 mg, 2.0 mmol, 1.3 equiv.) in dioxane (2 mL) was
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added slowly. The pH was adjusted to 9 with DIPEA. After 3 hours at room temperature TLC
(DCM / MeOH 5:1; Re = 0.43) showed complete transformation of the starting material and the
solvent was removed under vacuum. The residue was taken up in ethyl acetate (10 mL) and
water (5 mL) and the aqueous phase was adjusted to pH 2 with 1 M HCl. The aqueous phase
was extracted three times with ethyl acetate and the combined organic phases were dried over
MgSO,. After filtration and removal of the solvent, silica gel column chromatography was
performed (DCM / MeOH 50:1; followed by 20:1) and 330 mg (0.65 mmol, 43 %) of compound 3
were obtained as a colorless powder and used in subsequent polypeptide syntheses.

'"H-NMR (400 MHz, CDsOD): 6 (ppm) 7.79 (d, = 7.5 Hz, 2H, Fmoc arom.), 7.66 (d, = 7.4 Hz,
2H, Fmoc arom.), 7.39 (t, 7= 7.5 Hz, 2H, Fmoc arom.), 7.31 (t, = 7.4 Hz, 2H, Fmoc arom.), 5.28
(d, 7= 6.3 Hz, 1H, H-8a), 5.11 (s, 1H, H-3), 4.53 (m, 1H, H-8), 4.49 (d, J= 6.1Hz, 1H, H-7), 4.24-4.21
(m, 2H, H-6, Fmoc CH), 3.30 (d, J= 6.7 Hz, 1H, H-2""%), 3.20 (d, J= 11.0 Hz, 1H, H-2"%), 1.33 (s,
3H, isopr.CHj).

BC-NMR (100 MHz, CDsOD): § (ppm) 173.2, 167.9, 158.1 (C=0), 145.3/145.1 (Fmoc arom),
142.7/142.6 (Fmoc arom), 128.8 (Fmoc arom), 128.2/128.1 (Fmoc arom), 126.1/126.1 (Fmoc arom),
120.9/120.9 (Fmoc arom), 110.5 (isopr. quart.), 77.9 (C-7), 76.8 (C-8), 67.9 (Fmoc-CH3), 63.5 (C-8a),
61.6/61.5 (C-3), 56.9 (Fmoc-CH), 48.5 (C-6), 32.5 (C-2), 26.6 (isopr.CHs), 24.2 (isopr.CHs).
ESI-TOF-MS (MeOH) m/z: CyHy6N,O;SLi" [M+Li]", calc.: 517.1616, found: 517.1629;
Ca6H¢N207SNa" [M+Na]®, calc.: 533.1353, found: 533.1328; CysHaN,O,SK™ [M+K]", calc.:
549.1092, found: 549.1081.

4.2.4 Synthesis of a triazole containing aromatic turn mimetic (TAA, 4)

/

Fmoc-OSu
—_—

THF, reflux

NH,

Scheme 25. Synthesis of (9H-fluoren-9-yl)methyl (3-ethynylphenyl)carbamate 4a.

The synthesis of (9H-fluoren-9-yl)methyl (3-ethynylphenyl)carbamate 4a was performed
according to literature.['*] 3-Ethynyl aniline (1.0 g, 0.9 mL, 8.6 mmol, 1.0 equiv.) and Fmoc-OSu
(3.2 g, 9.4 mmol, 1.1 equiv.) were dissolved in THF (100 mL) and the reaction mixture was

heated under reflux overnight. The solvent was removed under vacuum and the crude product
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was dissolved in ethylacetate (50 mL) and extracted with water (20 mL). The organic phase was
dried over Na,SOy, filtered, concentrated under vacuum and the residue was purified by flash
silica chromatography (Hex / EA 8:1; Rr = 0.2) to afford the Fmoc-protected product 4a as a
white powder (1.8 g, 5.2 mmol, 60 %).

"H-NMR (400 MHz, DMSO-dy): & (ppm) 9.80 (bs, 1H, NH), 7.91 (d, J= 7.5 Hz, 2H, H-14), 7.74 (d,
J= 7.4 Hz, 2H, H-17), 7.60 (bs, 1H, H-2), 7.47 (bs, 1H, H-4), 7.43 (d, J= 7.4 Hz, 2H, H-15), 7.35 (td,
J= 7.4, 1.1 Hz, 2H, H-16), 7.27 (t, J= 7.9 Hz, 1H, H-5), 7.09 (d, J= 7.6 Hz, 1H, H-6), 451 (d, J=
6.5 Hz, 2H, H-10), 4.31 (t, J= 6.5 Hz, 1H, H-11), 4.15 (s, 1H, C=CH).

BC-NMR (100 MHz, DMSO-dg): § (ppm) 153.3 (C-18), 143.7 (C-12), 140.8 (C-3), 139.3 (C-13),
129.2, 127.7 (C-6, C-14), 127.1 (C-16), 125.7 (C-5), 125.0 (C-15), 122.0 (C-17), 121.0 (C-2), 120.2
(C-4), 118.9 (C-1), 83.4 (C-8), 80.5 (C-9), 65.6 (C-10), 46.6 (C-11).

NH, 8 N;
HCI, NaNO, 5 7
—_—
4b
NaN3 4 2
3
COOH COOH

Scheme 26. Synthesis of 3-azidobenzoic acid 4b.

The synthesis of 3-azidobenzoic acid 4b was performed according to Scheme 26 similar to a
literature procedure.[lgﬂ Sodium nitrite (1.2 g, 17.5 mmol, 1.2 equiv.) in water (10 mL) was
added dropwise to a stirred solution of 3-aminobenzoic acid (2.0 g, 14.6 mmol, 1.0 equiv.) in 2 M
HCI (140 mL) at 0 °C. The reaction mixture was stirred for 30 minutes at 0 °C and a solution of
NaNs (1.1 g, 17.5 mmol, 1.2 equiv.) in water (15 mL) was added dropwise, upon which gas
evolution and the formation of a foam was visible. The mixture was stirred for further two
hours at room temperature. Afterwards, the solution was extracted with ethyl acetate (60 mL),
the organic phase was washed with 0.1 M HCI (25 mL), saturated NH4CI (25 mL) and brine
(25 mL), was dried over Na,SOy, filtered and concentrated under vacuum to yield 1.9 g of 4b as
a colorless solid (11.7 mmol, 80 %).

"H-NMR (400 MHz, DMSO-dq): 6 (ppm) 13.23 (s, 1H, COOH), 7.75 (dt, = 7.7, 1.2 Hz, 1H, H-4),
7.57 (dd, 7= 3.8, 1.8 Hz, 1H, H-2), 7.53 (d, J= 7.8 Hz, 1H, H-5), 7.37 (ddd, 7= 8.0, 2.3, 0.9 Hz, 1H,
H-6).

®C-NMR (100 MHz, DMSO-de): § (ppm) 166.4 (COOH), 139.9 (C-1), 132.6 (C-3), 130.3 (C-5),
125.8 (C-4), 123.5 (C-6), 119.4 (C-2).
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CuSO,, Na-ascorbate

THF / water 4:1

HN__ COOH
Fmoc

Scheme 27. Synthesis of aromatic f-turn mimetic TAA 4.

The synthesis of aromatic B-turn mimetic 4 was performed as shown in Scheme 27, similar to
(571 4a (500.0 mg, 1.47 mmol, 1.0 equiv.) and 4b (240.0 mg, 1.47 mmol,
1.0 equiv.) were added to a Schlenk flask with magnetic stir bar and septum. THF and water

literature procedure.

(4:1; 20 mL) were added and the solution was degassed by purging with nitrogen for 30
minutes. Copper (II) sulfate pentahydrate (36.7 mg, 0.15 mmol, 0.1 equiv.), sodium ascorbate
(146.6 mg, 0.74 mmol, 0.5 equiv.) and triethylamine (0.25 mL, 1.76 mmol, 1.2 equiv.) were added
and the solution was further degassed by purging with nitrogen for 15 minutes. The reaction
mixture was heated to 50 °C overnight. The solvent was removed under vacuum and the crude
product was purified by silica gel column chromatography (CHCls/ MeOH 20:1, Re = 0.2) to
yield 4 as a colorless powder (130 mg, 0.26 mmol, 18 %).

"H-NMR (400 MHz, DMSO-dy): & (ppm) 13.42 (s, 1H, COOH), 9.88 (s, 1H, NH), 9.41 (s, 1H, H-9),
8.50 (s, 1H, H-20), 8.25 (m, 1H, H-22), 8.20 (s, 1H, H-2), 8.06 (d, j = 7.8 Hz, 1H, H-24), 7.92 (d, J =
7.5 Hz, 2H, H-14), 7.78 (d, J = 7.3 Hz, 2H, H-17), 7.75 (s, 1H, H-5), 7.57 (d, § = 7.4 Hz, 1H, H-4 /
H-6), 7.48-7.36 (m, 6H, H-4 / H-6, H-16, H-23, H-15), 4.50 (d, J = 6.8 Hz, 2H, H-10), 4.34 (t, § =
6.8 Hz, 1H, H-11).

®C-NMR (100 MHz, DMSO-de): & (ppm) 162.3 (COOH), 153.5 (C-18), 147.4 (C-8), 143.8 (C-12),
140.8 (C-13), 139.7, 136.8, 130.7, 129.2 (C-1, C-3, C-19, C-21), 130.3, 129.4 (C-5, C-23), 127.7 (C-16),
127.1 (C-15), 125.2 (C-17), 123.8 (C-22), 120.4 (C-20), 120.2 (C-14), 119.9 (C-9), 119.8, 118.3 (C-4,
C-6), 115.2 (C-2), 65.7 (C-10), 46.6 (C-11).

ESI-TOF-MS (MeOH) m/z: CsHN4O4Li™ [M+Li]", calc.: 509.1796, found: 509.1834;
C3oH22N,O4Na" [M+Na]®, calc.: 525.1533, found: 525.1575; Cs3HzN,O.K™ [M+K]", calc.:
541.1273, found: 541.1318; C3oHy;N4O4NaLi® [M+Li+Na-H]", calc.: 547.1355, found: 547.1405;
C3oH2:N4O4LIK" [M+Li+K-H]", calc.: 563.1092, found: 563.1147.
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4.3 Synthesis of functional monomers

/\)OJ\ orPA N=C=0
4 OH /\/

NEt;, ACN AlkIC

Scheme 28. Synthesis of 4-isocyanato-1-butyne (AlKIC).

The synthesis was performed according to Scheme 28, similar to a previously reported

method. 2%

I' A round-bottom flask was three times heated under vacuum and flushed with
nitrogen. 4-Pentynoic acid (2.0 g, 20.4 mmol, 1.0 equiv.) and triethylamine (2.8 mL, 20.4 mmol,
1.0 equiv.) were added to the flask and were dissolved in dry acetonitrile (20 mL). Then, DPPA
(4.4 mL, 20.4 mmol, 1.0 equiv.) was added under stirring. The reaction mixture was stirred for
two hours at 50 °C under nitrogen. The solvent was evaporated and the product (0.7 g,

0.12 mmol, 58 %) was obtained as a colorless liquid by vacuum distillation (5 mbar, 60 °C).
"H-NMR (400 MHz, CDCls): & (ppm) 3.41 (t, = 6.5 Hz, 2H, CH,NCO), 2.49 (td, J = 6.5, 2.6 Hz,
2H, CH,), 2.09 (t, = 2.6 Hz, H, C=CH).

BC-NMR (100 MHz, CDCls): § (ppm) 123.6 (NCO), 80.1 (C=CH), 71.2 (C=CH), 41.8 (CH;NCO),
21.7 (CH,).

o NaN, , . 0 DPPA N, A _A_N=C=0
Br~<\/>ﬂ\0H E—— NSV\/\)J\OH 1 3 5
5 DME 1 3 5 NEt3, MeCN AzIC

Scheme 29. Synthesis of 1-azido-5-isocyanatopentane (AzIC).

The synthesis of AzIC was performed in two steps according to adapted literature procedures
as shown in Scheme 29.2%%7] In the first step, 6-bromohexanoic acid (2.0 g, 10.2 mmol,
1.0 equiv.) was dissolved in DMF (20 mL) and sodium azide (2.0 g, 30.6 mmol, 3.0 equiv.) was
added under stirring. The resulting mixture was heated for three hours at 50 °C. Water (45 mL)
was then added and the mixture was extracted with diethyl ether (three times 45 mL). The
combined organic layers were washed with brine (45 mL) and dried over MgSO,. After
filtration, the solvent was removed in vacuum and the crude residue was purified with silica gel
column chromatography (EA, Rf=0.45) to afford 6-azidohexanoic acid as slightly yellow oil
(964.0 mg, 6.1 mmol, 60 %).

"H-NMR (400 MHz, CDCls) 6 (ppm) 10.86 (bs, COOH), 3.28 (t, 7 = 6.9 Hz, 2H, H-1), 2.38 (t, =
7.4 Hz, 2H, H-5), 1.65 (m, 4H, H-2, H-4), 1.44 (m, 2H, H-3).

BC-NMR (100 MHz, CDCls) & (ppm) 179.6 (C=0), 51.4 (C-1), 33.9 (C-5), 28.7, 26.3, 24.3 (C-2, C-3,
C-4).

IR [cm']: 2941 (m), 2868 (m), 2092 (s) azide, 1705 (s) carboxyl, 1458 (w), 1413 (w), 1252 (m).
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In the second step, 6-azidohexanoic acid (3.7 g, 23.5 mmol, 1.0 equiv.), triethylamine (3.3 mL,
23.5 mmol, 1.0 equiv.) and acetonitrile (35 mL) were added into a dry two-necked flask
equipped with magnetic stir bar, septum and gas tap. DPPA (5.1 mL, 23.5 mmol, 1.0 equiv.) was
then added and the resulting mixture was stirred for two hours at 50 °C. The solvent was
evaporated and 1-azido-5-isocyanatopentane (AzIC) was obtained via high vacuum distillation
(0.09 mbar, 50 °C head temperature, 90-130 °C oil bath temperature) as a colorless viscous
liquid. 3.1 g (20.1 mmol; 86 %)

"H-NMR (400 MHz, CDCl3) & (ppm) 3.31 (m, 4H, H-1, H-5), 1.64 (m, 4H, H-2, H-4), 1.47 (m, 2H,
H-3).

BC-NMR (100 MHz, CDCls) & (ppm) 51.4 (C-1), 42.9 (C-5), 30.9, 28.5, 24.0 (C-2, C-3, C-4).

IR [cm']: 2942 (w), 2866 (W), 2263 (s) isocyanate, 2093 (s) azide, 1460 (w), 1354 (w), 1267 (w).

4.4 Synthesis of polyisocyanates

4.4.1 Synthesis of poly(n-hexyl isocyanate)s

(A)-catalyst )OLF )(J)\]\

PHIC-A
HON _Tie N ON achiral helix
o | ON NN
Toluene Cl X 5a-e

?

~ CH ‘( > (R)-catalyst
iy : 1) HIC i i :
HON _ : )LF )L]\ : PHIC-R

(M)-helix

YA

Ti
Ti CI/ ~o N (0]
Cl/é I\c| — é | N 2) Ac,0, BF;0EL, M 6o
(S)-catalyst

CHs * (@] (0]
PHIC-S
HO/'\ /'\ )LFN)L]\O/'\ (P)-helix
Toluene 7a-d

Scheme 30. Synthesis of achiral and chiral poly(n-hexyl isocyanate)s 5a-e, 6a-d, 7a-d.

The synthesis of achiral and chiral poly(n-hexyl isocyanate) (PHIC) was performed via
titanium-catalyzed coordination / insertion polymerization with slight modifications according
to literature procedures of Novak! "% and Satoh!*” using titanium-alkoxide catalysts (see
Scheme 30). A typical polymerization procedure was as followed. A dry Schlenk flask with a
magnetic stir bar and a septum was charged with CpTiCL (1.0 equiv.) in a drybox, which was
then dissolved in dry toluene (5 mL) and propargyl alcohol or R- / S-butyn-2-ol (1.2-2.5 equiv.)
was added by Eppendorf pipette. The solution was stirred for three hours at room temperature
and then the solvent was removed under vacuo. The red solid was redissolved in one or two
drops of toluene and the monomer was added under stirring at 0 °C. The mixture turned orange
and the magnetic stir bar seized up after about 90 minutes. The monomer was allowed to
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diffuse further for 15 hours at 4 °C. The polymerization was quenched by the addition of an
excess of acetic anhydride and boron trifluoride ethyl etherate (10.0-20.0 equiv.) for 24 hours.
The polymer was collected by centrifugation, dissolved in chloroform and again precipitated in
methanol. This process was repeated two times. The product was dried at high vacuum and
analyzed with GPC, '"H-NMR spectroscopy and mass spectrometry.

Table 10. Experimental details for the synthesis of PHICs.

il vedls
>a 144 ool 216 ol .56 manol 20 1.8 24
5b° 03896 rrrlllr%lol 0.6t0rLlrI;101 2.;) Eir?rﬁol / / 19
> o.ézomnrlfol 1.0630;121;101 13.%’2 rr;lanol 16 17 59
5d o.zgomnrlfol 1.3870;121;101 13.%’2 rr;lanol 22 2.2 75
oe 0.1378 ol o.3iOrL1rLrlol 3.‘(1).35rglriol 16 0.9 66
6a 151 el 81 mmol .56 manol 20 1.8 27
6b o.ggomnrlfol 1.;3 éinlﬁol 13.2i(3) rrrrllr];lol 22 2.2 83
6 O.é‘s)omnrlfol 1.0?&2101 13.2i(3) rrrrllr];lol 16 17 81
od 0.1238 rrr?r%lol O.Sion}”llrl;lol 3.255rrr1r1ri01 20 0.4 75
a l.zgomnrlr%ol 1612 (:n%ol 6.;.60rrr1nriol 20 . 40
7b O.zgomnrlr%ol 1.;3;%01 13.27.2 rrrrllrl;lol 22 2.2 85
7e O.lzfrrrrllriol 0";2-&};&01 3.2-35“?1;01 20 0.4 72
7d 0.220mnr1§ol 1.022£fnol 13.272 rrrrllr];ml 16 17 77

¢ Synthesized during master thesis and used for HPLC measurements.

Achiral PHIC 5:

'"H-NMR (400 MHz, CDCls): § (ppm) 4.78 (s, 2H, OCH,), 3.69 (bs, NCH,, r.u.), 2.53 (s, 1H,
C=CH), 2.28 (s, 3H, CHs), 1.62 (bs, CH,CH;N, r.u.), 1.29 (bs, CHy, r.u.), 0.88 (bs, CHjs, r.u.).
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®C-NMR (100 MHz, CDCl3): & (ppm) 156.9 (NCO), 48.7 (NCHy), 31.6, 28.6, 26.4, 22.7 (CH,), 14.1
(CHa).

ESI-TOF-MS (THF / MeOH 9:1) m/z: CoH30(C7H3NO)33C3H30Na” [My3+Na]®, calc.: 3045.323,
found: 3045.174; C,H30(C7H 3N0)30C3H30Na,”" [Mso+2Na]*", cale.: 1979.506, found: 1979.418.

Chiral PHIC 6, 7:

'"H-NMR (400 MHz, CDCls): 6 (ppm) 5.44 (d, ¥ = 5.0 Hz, 2H, OCH), 3.69 (bs, NCH, r.u.), 2.53 (s,
1H, C=CH), 2.28 (s, 3H, CHs), 1.62 (bs, CH,CH;N, r.u.), 1.29 (bs, CH,, r.u.), 0.88 (bs, CHjs, r.u.).
BC-NMR (100 MHz, CDCls): & (ppm) 156.9 (NCO), 48.7 (NCH,), 31.6, 28.6, 26.4, 22.7 (CH,), 14.1
(CHa).

4.4.2 Homo- and copolymerization of 2-chloroethyl isocyanate (CIC) and HIC

cIC o) o) 8

cl
N ) ON
1) CpTiCl,(OCH,CCH) bc'

2) Ac,0, BF;OEt, o o 9a-e
NCO )%\é
C|/+\/ mstat
/\/\/\
N
co R = COCHj (8, 9a, 9b)
HIC R =H (9¢c-99)

Scheme 31. Synthesis of homo- and copolymers of CIC and HIC.

The synthesis of poly(2-chloroethyl isocyanate)s (PCIC) and random copolymers with HIC was
performed similar to the polymerization of HIC as shown in Scheme 31. The synthesis of 9¢-9g
was performed by using a stock solution of the catalyst. Therefore, a dry Schlenk flask with a
magnetic stir bar and a septum was charged with CpTiCls (50 mg, 0.23 mmol, 1.0 equiv.) in a
drybox, which was then dissolved in dry toluene (5 mL). Propargyl alcohol (26.5 pL, 0.46 mmol,
2.0 equiv.) was added by Eppendorf pipette. The solution was stirred for three hours at room
temperature and then amounts of the solution corresponding to the desired amount of catalyst
as indicated in Table 11, were transferred to separate Schlenk tubes and the solvent was
removed under vacuo. The premixed monomers were added to the catalyst under stirring at
0°C and after solidification the reaction proceeded for 15 hours at 4 °C. Quenching was
achieved by addition of of an excess of acetic anhydride and boron trifluoride ethyl etherate
(10.0-20.0 equiv.) for 24 hours (8, 9a, 9b). All other polymerizations were stopped after one
hour by the addition of methanol (9¢-9g).
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Table 11. Experimental details for the synthesis of PCIC and PCIC-PHIC copolymers.

. Ac,0 BF;0Et, Isolated
Entry CpTiCl Alcohol CIC HIC [mL] [mL] Yield [mg]
8
53 mg 27.9 pL 0.4 mL

0.24 mmol 0.48 mmol 4.7 mmol / 113 06 361
9a 46.1 mg 24.4 L 33.3 L 573 L 9.9 0.5

0.21 mmol 0.42mmol  0.39 mmol 3.9 mmol 306
9b 46.1 mg 24.4 L 205.0 pL 350 L 9.9 0.5

0.21 mmol 0.42 mmol 2.4 mmol 2.4 mmol 384
9¢ 6.7 mg / 42.7 L 291.4 L / /

30.7 pmol” 0.5 mmol 2.0 mmol 13
9d 5.5 mg / 85.3 L 236.6 L / /

25.1 pymol” 1.0 mmol  1.86 mmol 17
9e 10.2 mg / 170.6 pL 2545 pL / /

46.6 pmol” 2.0 mmol 2.0 mmol 14
of 7.1 mg / 1587 L 127.18 L / /

32.4 ymol” 1.86 mmol 1.0 mmol 13
9g 6.0 mg / 170.6 pL 65.6 L / /

27.5 pmol” 2.0 mmol 0.5 mmol 23

A stock solution of the catalyst (10 mg / mL) was prepared and the desired amount was transferred into separate

Schlenk tubes, in which the polymerization was performed.

8:
'H-NMR (400 MHz, CDCls): § (ppm) 4.90 (s, 2H, OCHa), 4.13-3.89 (m, NCH,CH,Cl,r.u.), 2.32 (s,
3H, CHs).

MALDI-TOF-MS m/z: C;H30(CsH5NO);5C3H30Na” [M;5+Na]”, calc.: 1703.987, found: 1704.581;
H(C5H5NO)31C3HgONa22+ [M31+2Na]2+, calc.: 1686.464, found: 1687.992; H(C5H5N0)31C3H3OH22+
[Ms;+2H]*", calc.: 1664.482, found: 1664.146.

9:

'"H-NMR (400 MHz, CDCls): § (ppm) 4.81 (s, 2H, OCH,), 4.11 (bs, CHyCl, r.u.), 3.76 (bs,
NCH,CH,C], r.u.), 3.69 (bs, CH;N, r.u.), 2.56 (s, 1H, C=CH), 2.34+2.29 (s, 3H, CH;), 1.64 (bs,
CH,CH;N, r.u.), 1.30 (bs, CHy, r.u.), 0.88 (bs, CHs, r.u.).

®C-NMR (100 MHz, CDCls): § (ppm) 156.9 (NCO), 49.1 (NCH,, HIC), 41.4 (CH,, CIC), 31.6, 28.6,
26.3, 22.7 (CH,, HIC), 20.6, 14.1 (CHs)
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Determination of copolymerization parameters:

Five copolymerizations of 2-chloroethyl isocyanate (CIC) and n-hexyl isocyanate (HIC) were
performed using different feed ratios as indicated in Table 12. The polymerizations were
stopped after low conversion and the copolymer composition was determined from integration
of NMR spectra.

Table 12. Monomer composition in feed and in copolymers.

Feed composition CIC / HIC Copolymer composition*

Conversion
Entry %]
CIC (M) HIC (M,) [% CIC (my) HIC ()
9c 0.20 0.80 4 0.13 0.87
9d 0.35 0.65 5 0.23 0.77
9e 0.50 0.50 3 0.34 0.66
of 0.65 0.35 4 0.55 0.45
9g 0.80 0.20 8 0.74 0.26

“ determined via "H-NMR: integration of resonances of HIC at 0.88 to 1.64 ppm and of CIC at 4.10 ppm.

[28

The copolymerization parameteres were determined according to Fineman-Ross 5] and Kelen-

Tiidos®™” equations and the corresponding parameters are listed in Table 13.

Table 13. Finemann-Ross and Kelen-Tiidos parameters of CIC-HIC copolymer system.

Entry F = My/M, f=my/m, G=@FF1))/f  H=F/f  n=Gla+H)' &=H/(a+H)
9c 0.25 0.15 -1.45 0.43 -1.58 0.46
9d 0.54 0.30 -1.28 0.98 -0.87 0.66
9e 1.00 0.52 -0.93 1.93 -0.39 0.80
9f 1.86 1.24 0.36 2.79 0.11 0.85
9g 4.00 2.82 2.58 5.68 0.42 0.92

"o = \[Hpin - Hpax = V0432 % 5.682 = 1.56

. 288
F1nemann—Ross:[ ]

F(f-1) F?
G i f

F(f-1) _  F?

—> Plot of G against H > =nTS

y = 0.80x — 2.04
88



34 9 T'CIC = 080, rHIC = 204‘

y =a+ b*x

Value Standard
Error
-2,0414 0,2259
Intercept

11|siope 10,8032 0,0754

(F(f-1)) / f

G=

Figure 56. Fineman-Ross plot for the determination of copolymerization parameters for CIC-HIC copolymers 9.

Kelen-Tiidos: %>

- _¢ . §= A
05- N=wS =~ arn
y=a+b* .
. T T
ool Value |Standard . - Plot of n against { > n = [r1 + ;2] §- ;2
' Intercept ~3:6600 0,2969
T Slope 43342 03929  m
% 051
g y = 4.334x — 3.660
) .
e 0T x=1>y =1y = 0.67
15 x=0>y=—"=-3660
0.4 0.6 08 10 9 THIC =Qa- 3660 = 181
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Figure 57. Kelen-T1dos plot for the determination of copolymerization parameters for CIC-HIC copolymers 9.

4.4.3 Copolymerization of functional isocyanates and HIC

R3=H, COCH
HC — A|kyne 3 3 O O

B [ Tyt
NCO R
------ Aly| 3
+ 4 HN JINT ) o R,
N 1) CPTICI,(OCH,Ry) w st

- 2) AC2O, BF30Et2
7 \/\Ns AzIC 10a-b (Ry=AzIC, Ry=Alkyne) Ry
Ry = 11 (HIC, Ry=Allyl)
""" == AKkIC 12a-d (R;=AKIC, R,=Allyl)

Scheme 32. Synthesis of copolymers of functional isocyanates (AIKIC/AzIC) and HIC.
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The synthesis of random copolymers of functional isocyanates (AlkIC, AzIC) and HIC was
performed similar to the polymerization of HIC (see Scheme 32). Polymerizations 12a-12¢ were
quenched by the addition of methanol instead of acetic anhydride, resulting in an unprotected
N-H terminal group.

Table 14. Experimental details for the synthesis of PHIC copolymers.

. Ac,0 BF;0Et, Isolated
Entry CpTiCls Alcohol Copolymer HIC [mL] [mL] Yield [%]
Azide
46.1 mg 24.4 L 572.7 pL
10a 0.21 mmol 0.42 mmol 60.1 mg 3.9 mol 99 0-5 2
0.4 mmol
Azide
46.1 mg 244 L 291.0 pL
10b 0.21 mmol 0.42 mmol 308.3 mg 2.0 mmol 99 0-5 /
2.0 mmol
Allyl
11 35.0 mg 11.0 pL / 460.0 pL 7.6 0.4 43
0.16 mmol 3.2 mmol
0.16 mmol
12a 26.8 mg 143 L f;ugyr?le 291.4 L ) ) 3
0.12 mmol 0.25 mmol -0 mg 2.0 mmol
0.5 mmol
oh 24.0 mg 12.8 pL 11;(1)k2y ne 72.8 pL ) ) )
0.11 mmol 0.22 mmol “M& 45 mmol
2.0 mmol
1 29.2 mg 15.1 pL ﬁéksyrrf 218.4 L ) ) )
¢ 0.13 mmol 0.26 mmol - mg 1.5 mmol
1.5 mmol
Alkyne
107.2 mg 57.0 pL 1.17 mL
12d 0.49 mmol 0.98 mmol 190.4 mg 8.0 mmol 200 18 1
2.0 mmol
10a:

'H-NMR (400 MHz, CDCls): 6 (ppm) 4.79 (m, 2H, OCHz), 3.69 (bs, CH:N, r.u.), 3.25 (m, CH;Nj3
r.), 2.51 (m, C=CH + CH,CH,N r.u.), 2.28 (s, 3H, CHs), 1.91 (m, 1.64, CH,CH,N3), 1.63 (bs,
CH,CH;N, r.u.), 1.30 (bs, CHy, r.u.), 0.88 (bs, CHs, r.u.).

11:

'"H-NMR (400 MHz, CDCls): 8 (ppm) 5.93 (m, 1H, CH=CHy), 5.35 (m, 2H, CH=CH,), 4.67 (m, 2H,
OCH,), 3.69 (bs, NCH,, r.u.), 2.28 (s, 3H, CHs), 1.64 (bs, CH,CH;N, r.u.), 1.30 (bs, CH,, r.u.), 0.88
(bs, CHs, r.u.).

MALDI-TOF-MS (m/z): One series is visible with a maximum corresponding to the sodium
adduct of the product containing 23 repeating units: C;H30(C7H13NO),3C3H50 [M+Na]", calc.:
3047.338, found: 3048.079.
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12d:

'H-NMR (400 MHz, CDCLs): & (ppm) 5.94 (m, 1H, CH=CHS,), 5.35 (m, 2H, CH=CH,), 4.68 (m, 2H,
OCHjy), 3.69 (bs, CH:N, r.u.), 2.58 (bs, 4H, CH,C=CH), 2.31 + 2.28 (s, 3H, CH;), 1.93 (bs, 2H,
C=CH), 1.64 (bs, CH,CH;N, r.u.), 1.30 (bs, CH,, r.u.), 0.88 (bs, CHs, r.u.).

ESI-TOF-MS (m/z): Four single charged series appear around a maximum of m/z = 2920.0121

and four double charged series appear around a maximum of m/z = 1964.3534. The general
molecular formular is: C;H30(CsHsNO)(C7H;3NO),C3H50.

Table 15. Overview about different series observed in the ESI-TOF-MS spectrum of 12d.

m/z m/z 1 1

measured  simulated X Y Molecular formula
1916.829 1916.964 0 29 C,H;0 (C;H;3NO);39 C3H50Na,
1900.806 1900.933 1 28 C,H;0 (CsHsNO), (C;H,3NO),0 C;HsONa,
1884.779 1884.902 2 27 C,H;0 (CsH5NO), (C;H,3NO),o CsHsONa,
1868.748 1868.871 3 26 C,H;0 (CsHsNO); (C;H,3NO),5 C3HsONa,
3175.182 3175.441 0 24 C,H;0 (C;H;3NO),4 C3H5;0Na
3143.122 3143.378 1 23 C,H;0 (CsHsNO); (C7H;3NO)z3 C3HsONa
3110.062 3110.313 2 22 C,H;0 (CsHsNO), (C;H,3NO),, C3HsONa
3206.102 3206.353 3 22 C,H;0 (CsHsNO); (C;H,3NO),, C;HsONa

! %, y: Number of AIKIC and HIC units

The highest intensity peaks can be attributed to chains lacking the alkyne-functional monomer,
while copolymers bearing one to three alkyne isocyanate groups can also be assigned. More
than three functional groups in one chain have not been detected, confirming the results from
NMR spectroscopy which indicated an average number of two functional groups per polymer

chain.
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4.4.4 “Click”-reaction of side chain functional polyisocyanate
O 0} (o} N3 )LR M )%
)5%\0/\/ N N O/\/

)LRN)%N
stat -
THF, Cul, DIPEA
‘ ‘ 12d 7N 12e
i

s

Scheme 33. “Click” reaction of PHIC-PAIKIC copolymer 12d and benzyl azide.

The “click” reaction of side chain functional polyisocyanate 12d and benzyl azide was
performed according to a general literature procedure.[lgs] A Schlenk-flask equipped with a
magnetic stir bar was heated under vacuum and flushed with nitrogen several times.
Copolymer 12d (25 mg, 5.2 pmol, 1.0 equiv.), benzyl azide (12.5 pL, 0.1 mmol, 2.0 equiv.) and dry
THF (2 mL) were added and the solution was degassed by purging with nitrogen for 30
minutes. Cul (0.1 mg, 0.5 pmol, 0.1 equiv.) and DIPEA (17.5 pL, 104.0 pmol, 2.0 equiv.) were
added and the solution was degassed by three freeze-pump-thaw cycles. The mixture was
heated to 40 °C for three days, the polymer was precipitated in methanol and analyzed via GPC,
NMR and MALDI-TOF-MS.

12e:

'H-NMR (400 MHz, CDCls): é (ppm) 7.44 (m, 1H, C=CH triazole), 7.35-7.23 (m, 5H, Harom), 5.94
(m, 1H, CH=CHy,), 5.47 (m, 2H, CHy,-C¢Hs), 5.35 (m, 2H, CH=CH), 4.69 (m, 2H, OCH), 3.67 (bs,
CHLN, r..), 3.09 (CHyCuiazole), 2.28+2.24 (s, 3H, CHz), 1.93 (bs, 2H, C=CH), 1.64 (bs, CH,CH,N,
r.u.), 1.30 (bs, CH,, r.u.), 0.88 (bs, CHjs, r.u.).

MALDI-TOF-MS (m/z): Single charged series with a maximum at 2792.972 Da belongs to
unfunctionalized PHIC: C,H30(C;H;3NO)y;CsHs0Na [HIC,;+Na]”, simulated 2793.139 Da.
Several double charged series could be assigned, with the general molecular formula:
C,H30(C12H12N40)(C7H13NO),C3Hs0

Table 16. Overview about different series observed in the MALDI-TOF-MS spectrum of 12e.

meZ;:fred simrz]/;ted x' Y1 Molecular formula
1916.864 1916.965 0 29 C,H;30 (C,H;, N4O), (C7H3NO),9 CsH5ONa,
1903.817 1903.915 1 27 C,H;30 (C,H;; N4O); (C7H3NO),; C3HsONa,
1890.302 1890.866 2 25 C,H;30 (C,H;, N4O), (C;H3NO),5 CsHsONa,
1876.357 1877.818 3 23 C,H;0 (C,H;; N4O)3 (C7H3NO),4 CsHsONa,

! %, y: Number of functionalized units and unfunctionalized HIC units .
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Synthesis of f-turn mimetic PHIC conjugates

Scheme 34. Synthesis of -turn mimetic polymer-conjugates via CuAAC “click” reaction.

The procedure was adapted from general literature procedures.[lgs] A Schlenk flask was
charged with PHIC (5¢, 6b, 7b; 1.0 equiv.) and BTD 1 (1.1 equiv.) or BTD 2 (0.45 equiv.). THF
(4 mL) was added and the solution was degassed by purging with nitrogen for 30 minutes. Cul

(0.05 equiv.) and DIPEA (2.0 equiv.) were added under a counterflow of nitrogen and the

solution was further degassed for 15 minutes. The reaction mixture was stirred at 35 °C for four

days, then the solvent was removed under vacuo and the crude product was purified by column

chromatography on silica. Unreacted PHIC was removed by using n-hexane/EA 10:1.
Functionalized PHICs (13, 14, 15) were obtained by gradually switching to n-hexane / EA 2:1.

Table 17. Experimental details for the synthesis of f-turn mimetic PHIC conjugates.

Entr PHIC (5), (6), (7) BTD 1 BTD 2 Cul DIPEA Yield
y Maum) m; n (1.1 equiv.) (0.45 equiv.) (0.1 equiv.) (2.0 equiv.) [mg; %]
. 130 mg 10.0 mg 0.6 mg 10.0 pL _
13-4 29 pmol 32 pmol / 2.9 pmol 58 pmol 65; 46
5¢
14-A 4.5 kDa 405 mg ; 16.0 mg 1.8 mg 30.6 pL 10;3
15-A 90 pmol 41 pmol 9.0 pmol 180 pmol 7.2
) 200 mg 13.0 mg 0.7 mg 12.6 pL )
13-R 37 pmol 14 pmol / 3.7 pmol 111 pmol 28; 13
6b
14-R 5.4 kDa 256 mg / 8.2 mg 0.9 mg 16.0 pL 135
15-R 47 pmol 21 pmol 4.7 pmol 94 pmol 83
. 260 mg 17.2 mg 0.9 mg 16.7 pL _
13-§ b 49 pmol 54 pmol / 4.9 pmol 98 pmol 40; 15
14-§ >3 kDa 315 mg ) 10.4 mg 1.1 mg 20.0 pL 14,4
15-S 59 pmol 27 pmol 5.9 umol 118 pmol 9:3
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13-A:

'H-NMR (400 MHz, CDCls): § (ppm) 8.14 (s, 1H, CHyyiazole), 6.18 (s, 1H, H-6), 5.74 (s, 1H, H-9a),
5.34 (s, 2H, H-11), 5.08 (s, 1H, H-3), 4.40-4.23 (m, 4H, H-7, H-8, H-9), 3.68 (bs, CELN, r.u.), 3.32 (s,
2H, H-2), 2.27 (s, 3H, H-12), 1.62 (bs, CH,CH;N, r.u.), 1.29 (bs, CH,, r.u.), 0.88 (bs, CHs, r.u.).

13-R, -S:

'"H-NMR (400 MHz, CDCls): § (ppm) 8.07 (s, 1H, CHyriazole), 6.18 (s, 1H, H-6), 6.07 (s, 1H, H-11),
5.76 (s, 1H, H-9a), 5.11 (s, 1H, H-3), 4.41-4.22 (m, 4H, H-7, H-8, H-9), 3.67 (bs, CELN, r.u.), 3.32 (s,
2H, H-2), 2.27 (s, 3H, H-12), 1.62 (bs, CH,CH;N, r.u.), 1.29 (bs, CH,, r.u.), 0.88 (bs, CHs, r.u.).

4.6 Synthesis of TEG- / PEG-PHIC copolymers

4.6.1 Synthesis of azide-functional TEG / PEG

o o)

HO(\/\ }CHa THF, NaOH, 0°C, 2h- g_o{/\/o%

% Q I n
_ < >7 o)

n=3, 12 C—%

Scheme 35. Synthesis of tosyl-TEG / PEG.

The synthesis of azide-functional TEG was performed in two steps according to literature.***

) In a 100 mL Schlenk flask with septum, triethylene glycol (TEG, 10.0 g, 60.9 mmol,
1.0 equiv.) was dissolved in THF (25 mL). The solution was degassed by purging with nitrogen
for 20 minutes and was cooled to 0 °C. 6 M NaOH (20.3 mL, 121.8 mmol, 2.0 equiv.) was added
and a degassed solution of p-toluenesulfonyl chloride (22.1 g, 115.7 mmol, 1.9 equiv.) in THF
(20 mL) was added dropwise under stirring. The reaction mixture was stirred for one hour at
0°C and then for one hour at room temperature. The aqueous phase was extracted with
diethylether (two times 50 mL), the combined organic phases were washed with 1 M NaOH and
water, separated and dried over Na,SO4. After filtration and removal of the solvent, tosyl-TEG
was obtained as a colorless liquid (19.0 g, 60.0 mmol, 98 %).
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Poly(ethylene glycol) (PEG) monomethyl ether (550 g/mol, 10 g, 18.2 mmol), NaOH (6.1 mL,
36.4 mmol), p-TsCl (6.6 g, 34.6 mmol); Yield of tosyl-PEG: 11 g, 16 mmol, 88 %.

ﬁ 1 o 3 3 o
6 s—o” N MOW N n=1,10
I 2 3 4
n
o)

n = 1 (tosyl-TEG):

"H-NMR (400 MHz, CDCLs): & (ppm) 7.74 (d, J = 8.5 Hz, 2H, H-arom), 7.29 (d, 7= 7.9 Hz, 2H,
H-arom), 4.14-4.08 (m, 2H, H-1), 3.65-3.62 (m, 2H, H-2), 3.57-3.53 (m, 6H, H-3), 3.49-3.46 (m,
ZH, H—4), 3.31 (S, 3H, OCHg), 2.39 (S, 3H, CHg)

BC-NMR (100 MHz, CDCl3): § (ppm) 144.8, 133.0, 129.8, 127.9 (C-arom), 72.0 (C-4), 70.6, 70.4
(C-3), 69.2, 68.6 (C-1, C-2), 58.9 (C-5), 21.5 (C-6).

n = 10 (tosyl-PEG):

'"H-NMR (400 MHz, CDCLs): & (ppm) 7.77 (d, J = 8.3 Hz, 2H, H-arom), 7.32 (d, 7= 8.5 Hz, 2H,
Harom), 4.15-4.12 (m, 2H, H-1), 3.73-3.49 (m, 45H, H-2, H-3, H-4), 3.35 (s, 3H, OCHs), 2.42 (s,
3H, CH).

BC-NMR (100 MHz, CDCls): & (ppm) 146.8, 133.0, 130.2, 127.0 (C-arom), 71.9 (C-4), 70.8-70.4
(C-3), 69.3, 68.7 (C-1, C-2), 58.9 (C-5), 21.7 (C-6).

Q o NaNs, DMF
S_O%\/ 9\ ? N /\/O\éﬂo%CHs n=211
(u) n+l  70°C, 24 h 3 n

TEG-Azide / PEG-Azide

Scheme 36. Synthesis of azide-functional TEG / PEG.

In the second step, Tosyl-TEG (19.4 g, 60.8 mmol, 1.0 equiv.) was dissolved in DMF (60 mL)
and degassed by purging with nitrogen for 20 minutes. Sodium azide (11.8 g, 182.4 mmol,
3.0 equiv.) was added under a counterflow of nitrogen and the reaction mixture was heated
under stirring to 70 °C for 24 hours. Water (200 mL) was added and the solution was extracted
with DCM (three times 100 mL). The combined organic phases were washed with brine and
water (two times 50 mL), dried over Na,SO, and after filtration the solvent was removed under
vacuum to yield 8.2 g (43.3 mmol, 69 %) of TEG-Azide as a colorless liquid.

PEG-Azide:

Tosyl-PEG (11.1 g, 15.8 mmol, 1.0 equiv.), DMF (60 mL), NaNs (3.1 g, 47.4 mmol, 3.0 equiv.).
Yield of PEG-Azide: 7.3 g, 13.3 mmol, 84 %.
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n = 1 (TEG-Azide):

"H-NMR (400 MHz, CDCls): & (ppm) 3.68-3.64 (m, 8H, H-2, -3), 3.56-3.53 (m, 2H, H-4), 3.39-
3.37 (m, 5H, H-1, H-5).

BC-NMR (100 MHz, CDCls): & (ppm) 72.1 (C-4), 70.8-70.7 (C-3), 70.2 (C-2), 59.1 (C-5), 50.8 (C-1).
ESI-TOF-MS (MeOH) m/z: C;H;sN303Na" [M+Na]’, calc.: 212.1006, found: 212.0994.
IR [cm™']: 2873 (m), 2099 (s, azide), 1452 (w), 1249 (m), 1107 (s).

n = 10 (PEG-Azide):

"H-NMR (400 MHz, CDCls): 6§ (ppm) 3.67-3.61 (m, 44H, H-2, H-3), 3.54-3.52 (m, 2H, H-4), 3.38-
3.36 (m, 5H, H-1, H-5).

BC-NMR (100 MHz, CDCls): § (ppm) 72.1 (C-4), 70.8-70.6 (C-3), 70.1 (C-2), 59.1 (C-5), 50.8
(C-1).

4.6.2 Synthesis of PEG-PHIC copolymers

o O. =N
ll\l O\// N OJ\( O m
\”/* \H/t‘ Cul, DIPEA, TBTA i
0 0 I% 35°C, 4d (o) (0] R 2

16-A, -R,-S:m
17-A, -R, -S: m =11

R = H (5d); —=CHj (R, 6b); “"miCH; (S, 7b)
Scheme 37. Synthesis of TEG- / PEG-PHIC copolymers 16-A, -R, -S and 17-A, -R, -S.

The procedure for the synthesis of TEG / PEG-PHIC copolymers was adapted from general
literature procedures.[lgs] A Schlenk flask was charged with PHIC (1.0 equiv.) and TEG/PEG-
azide (2.0 equiv.). THF (4 mL) was added and the solution was degassed by purging with
nitrogen for 30 minutes. Cul (0.05 equiv.), DIPEA (2.0 equiv.) and TBTA (0.05 equiv.), were
added under a stream of nitrogen and the solution was further degassed for 15 minutes. The
reaction mixture was stirred at 35 °C for two days, then the solvent was removed under vacuo
and the crude product was purified by column chromatography on silica. Unreacted PHIC was
removed by using n-hexane /EA 10:1 or CHCls. Functionalized PHICs were obtained by
switching the solvent mixture to n-hexane / EA 2:1 (Rf = 0.4 (TEG-PHIC); 0.1 (PEG-PHIC)) .
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Table 18. Experimental details for the synthesis of TEG- / PEG-PHIC copolymers.

PHIC (5), (6), (7) TEG / PEG- Cul DIPEA TBTA Isolated
Entry Azide (0.05 equiv.) | (2.0 equiv.) | (0.05 equiv.) yield
Moom | mn | (20 equiv) [me] (L] [mg] [mg / %]
TEG
16-A 500 mg 22 mg 80; 27
60 pmol
5d 120 pmol
0.57 20 1.6
5.0 kDa PEG
17-A 633 0 rrnnfl 66 mg 150; 45
K 120 pmol
TEG
16-R ;1;)0 e 29 mg 8; 2
6b K 148 pmol
5.4 kDa PEG 0.73 26 2.0
17-R ;120 Irnnfl 84 mg 11;3
K 148 pmol
TEG
16-S ;l;) 0 r‘:fl 29 mg 6; 2
7b K 150 pmol
5.3 kDa PEG 0.72 26 2.0
17-S ;1;)0 Irnnfl 83 mg 7;2
K 150 pmol
16-A:

"H-NMR (400 MHz, CDCls): § (ppm) 7.84 (s, 1H, C=CH), 5.32 (s, 2H, OCHy), 4.55 (t, J= 4.7 Hz,
2H, NCH,), 3.88 (t, = 5.0 Hz, 2H, NCH,CH,0), 3.80-3.54 (bs, CH,CH,0, r.u.and CH:N, r.u.), 3.37
(s, 3H, OCHs), 2.27 (s, 3H, CHs), 1.62 (bs, CH,CH,N, r.u.), 1.29 (bs, CHy, r.u.), 0.88 (bs, CHjs, r.u.).

16-R, -S:

"H-NMR (400 MHz, CDCls): § (ppm) 7.74 (s, 1H, C=CH), 6.06 (s, 1H, OCH), 4.55 (m, 2H, NCH)),
3.88 (t, J = 5.1 Hz, 2H, NCH,CH,0), 3.80-3.50 (bs, CH,CH0O, r.u. + CHN, r.u.), 3.38 (s, 3H,
OCHs), 2.28 (s, 3H, CHs), 1.62 (bs, CH,CH;N, r.u.), 1.29 (bs, CH, r.u.), 0.88 (bs, CHs, r.u.).

17-A:

"H-NMR (400 MHz, CDCls): 6 (ppm) 7.82 (s, 1H, C=CH), 5.32 (s, 2H, OCHy), 4.55 (t, J = 4.9 Hz,
2H, NCH,), 3.88 (t, 7 = 5.0 Hz, 2H, NCH,CH,0), 3.70-3.54 (CH,CH,O, r.u. + CHN, r.u.), 3.37 (s,
3H, OCHs), 2.27 (s, 3H, CHs), 1.62 (bs, CH,CH;N, r.u.), 1.29 (bs, CHy, r.u.), 0.88 (bs, CHs, r.u.).
®C-NMR (100 MHz, CDCls): & (ppm) 156.9 (NCO), 70.7 (OCH,), 59.2 (OCHs), 48.7 (NCH,), 31.6,
28.6, 26.4, 22.7 (CH), 14.1 (CHs)
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ESI-TOF-MS: Several high molecular weight double charged series appear with a distance of
63.6 Da around a maximum of m/z = 2355.083. Several low molecular weight triple charged
series appear with a distance of 42.4 Da around a maximum of m/z = 1592.412. The series can be
assigned to products containing different numbers of EO units and HIC units. Examples of

assigned series are given below:

m/z m/z Number of EO Number of HIC
. . . Molecular formula
measured simulated units units
1576.087 1576.507 7 33 Ci06H371N3;030Na,
1578.080 1578.167 10 32 Ci06H371N3;030Na,
1579.075 1579.492 13 31 Cy04H357N330,9Na,
17-R, -S:

"H-NMR (400 MHz, CDCls): & (ppm) 7.73 (s, 1H, C=CH), 6.05 (s, 1H, OCH), 4.54 (m, 2H, NCH,),
3.88 (t, J = 5.2 Hz, 2H, NCH,CH;0), 3.80-3.54 (CH,CH:O, r.u. + CHoN, r.w.), 3.38 (s, 3H, OCHj),
2.28 (s, 3H, CHjs), 1.62 (bs, CH,CHN, r.u.), 1.29 (bs, CHy, r.u.), 0.88 (bs, CHs, r.u.).

4.7 Synthesis of rhodamine-labeled PHIC

4.7.1 Synthesis of azide-functionalized rhodamine

NaN3

HO™ >"gy HO/\/\N3

Scheme 38. Synthesis of 1-azido-3-propanol.

The synthesis of 1-azido-3-propanol was performed according to literature.*”! 1-Bromo-3-
propanol (3.2 g, 2.1 mL, 23.0 mmol, 1.0 equiv.) was dissolved in DMF (20 mL) and sodium azide
(4.5 g, 69.0 mmol, 3.0 equiv.) was added. The reaction mixture was heated under stirring to
50 °C for 24 hours. Afterwards, the mixture was filtered and the solvent was removed under
vacuo. The resulting liquid was dissolved in EA (100 mL) and washed with water (100 mL) and
brine (100 mL). The organic phase was dried over Na;SOy, filtered and the solvent was removed

under vacuum, yielding a colorless liquid (1.6 g, 16.0 mmol, 70 %).

"H-NMR (CDCls, 400 MHz): 6 (ppm) 3.75 (bs, 2H, CH,OH), 3.45 (t, ¥ = 6.6 Hz, 2H, CH,N3), 1.83
(p, j =6.5 HZ, 2H, CH2CH2CH2), 1.63 (bS, 1H, OH)

®C-NMR (CDCls, 100 MHz): & (ppm) 60.2 (CH,OH), 48.7 (CH,), 31.6 (CH;N3).
IR [cm™']: 3349 (b), 2947 (w), 2882 (w), 2092 (s, azide), 1259 (w), 1049 (w).
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Scheme 39. Synthesis of 1-azido-3-propylrhodamine ester (18).

The reaction was performed similar to a previously reported literature.”””” In a Schlenk-flask,
rhodamine B (2.0 g, 4.2 mmol, 1.0 equiv.) was dissolved in dry DCM (50 mL) under an argon
atmosphere. 1-Azido-3-propanol (460 mg, 4.6 mmol, 1.1 equiv.) and DMAP (48 mg, 0.4 mmol,
0.1 equiv.) were added, and the solution was cooled to 0 °C. DCC (1.74 g, 8.4 mmol, 2.0 equiv.)
was added and the solution was stirred and warmed to room temperature overnight. The white
precipitate was filtered off, DCM (50 mL) was added and the organic phase was washed with
NaHCOs (two times 100 mL) and water (100 mL). The organic phase was dried over NaySOy,
filtered and the solvent was removed in vacuo. The resulting dark violet solid was purified
using silica gel column chromatography (DCM / MeOH = 20:1; Ry = 0.2). After removal of the
solvent, a dark violet solid was obtained (1.5 g, 2.9 mmol, 70 %).

"H-NMR (CDCls, 400 MHz): & (ppm) 8.27 (dd, J = 7.9, 1.0 Hz, 1H, H-12), 7.82 (td, J = 7.5, 1.3 Hz,
1H, H-9), 7.74 (td, J = 7.7, 1.3 Hz, 1H, H-10), 7.33 (dd, = 7.9, 1.2 Hz, 1H, H-11), 7.06 (d, J =
9.5 Hz, 2H, H-3), 6.89 (dd, 7 = 9.5, 2.4 Hz, 2H, H-2), 6.87 (d, J = 2.4 Hz, 2H, H-6), 4.11 (t, 2H, H-
15), 3.59 (q, J = 7.2 Hz, 8H, H-18), 3.16 (t, J = 6.6 Hz, 2H, H-17), 1.70 (p, 2H, H-16), 1.32 (t, ] =
7.1 Hz, 12H, H-19).

®C-NMR (CDCls, 100 MHz): § (ppm) 165.1 (C-14), 158.7, 157.9, 155.7 (C-7, C-1, C-5), 133.6 (C-9),
131.5 (C-12), 131.3 (C-3), 130.6 (C-10), 130.5 (C-11), 129.9 (C-8), 114.4 (C-2), 113.6 (C-4), 96.7 (C-6),
62.7 (C-15), 48.1 (C-17), 46.2 (C-18), 28.1 (C-16), 12.8 (C-19).

ESI-TOF-MS (MGOH) m/z: C31H36N503 [M-Cl]+, calc.: 5262818, found: 5262807, C29H34N503
[M-CI-C;H,]", calc.: 498.2505, found: 498.2505 (Cleavage of one ethylene group); Cy7H32N505
[M-CI-2(C2H,)]", calc.: 470.2192, found: 471.2591 (Cleavage of two ethylene groups).

IR [cm']: 3433 (b), 2973 (W), 2923 (w), 2097 (m, azide), 1772 (m), 1718 (m), 1590 (s), 1415 (s),
1339 (m), 1181 (m), 1132 (w), 1074 (w).
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4.7.2 “Click” reaction of rhodamine-azide with PHIC

19
(@] (@]
)L& N)L}O 7 N
/\NCN /\/\Rhodamine

W

Scheme 40. Synthesis of rhodamine-labeled PHIC 19.

The procedure was adapted from a general literature procedure[lgs] according to Scheme 40. A

dry Schlenk flask was charged with PHIC 5c¢ (200.0 mg, 4.5 kDa, 44.0 pmol, 1.0 equiv.) and
rhodamine-azide 18 (29.7 mg, 53.0 pmol, 1.2 equiv.). THF (4 mL) was added and the solution
was degassed by bubbling with nitrogen for 30 minutes. Cul (0.9 mg, 4.4 pmol, 0.1 equiv.) and
DIPEA (16.0 pL, 88.0 pmol, 2.0 equiv.) were added under a stream of nitrogen and the solution
was further degassed for 15 minutes. The reaction mixture was stirred at 35 °C for 24 hours,
then the solvent was removed under vacuo and the crude product was purified by silica gel
column chromatography (DCM / MeOH 100:1, Rr = 0.2) to obtain 19 as a violet solid product
(25 mg, 11 %).

"H-NMR (CDCls, 400 MHz): § (ppm) 8.30 (bs, 2H, H-12, H-20), 7.78-7.76 (m, 2H, H-9, H-10), 7.29
(m, 1H, H-11), 7.11 (d, J = 9.5 Hz, 2H, H-3), 6.90 (dd, = 9.5, 2.4 Hz, 2H, H-2), 6.83 (d, J = 2.4 Hz,
2H, H-6), 5.29 (bs, 2H, H-22), 4.38 (bs, 2H, H-15), 4.13 (t, J = 6.0 Hz, 2H, H-17), 3.69 (bs, CELN,
r.u), 3.62 (q, J = 7.5 Hz, 8H, H-18), 2.27 (s, 3H, COCHs), 2.14 (p, J = 6.5 Hz, 2H, H-16), 1.61 (bs,
CH,CH:2N, r.u.), 1.31 (m, H-19, overlapping), 1.28 (bs, CH,, r.u.), 0.87 (bs, CHs, r.u.).

BC-NMR (CDCls, 100 MHz): § (ppm) 165.0 (C-14), 159.9, 157.9, 155.8 (C-7, C-1, C-5), 156.9
(NCO), 131.5 (C-12, C-3), 130.7 (C-10, C-11), 114.5 (C-2), 113.7 (C-4), 96.6 (C-6), 48.7 (C r.u.), 46.2
(C-18), 31.6 + 28.5 + 26.4 + 22.7 + 14.1 (Cr.w.), 12.7 (C-19).

MALDI-TOF-MS (m/z): C,;H30(C7H;3NO),;,C34H30N504 [M-CI]", calc.: 4058.017, found:
4057.218.
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4.8 Synthesis of f-turn mimetic peptide conjugates

The synthesis of APy and of peptide conjugates containing AP4 and APi6-35 sequences was
performed with standard Fmoc solid-phase peptide synthesis (SPPS) on a CEM microwave
peptide synthesizer LibertyBlue. Therefore, PHB-TentaGel resins (0.19 mmol/g) were used on a
0.05 mmolar scale. The Fmoc-protecting groups were removed using 20 % piperidine in DMF
(0.1 % Oxyma, 1.5 min, 90 °C). Then, washing with DMF and subsequent coupling with the
desired amino acid (3 equiv.) was performed, using N,N’-diisopropylcarbodiimide (DIC,
3 equiv.) as coupling agent and ethyl 2-cyano-2-(hydroxyimino)acetate (Oxyma, 3 equiv.) as
additive. Couplings were performed at elevated temperature (90 °C) for three minutes (ten
minutes for His, Gly) and Arg couplings were performed twice.

Introduction of the B-turn mimetics was achieved outside of the synthesizer, using DMF as
solvent with a slightly modified procedure. Coupling was achieved in 12 hours at room
temperature under gentle stirring, using HOBt (3 equiv.), DIC (3 equiv.) and the desired Fmoc-
protected turn mimetic (3 equiv.). As coupling of Fmoc-4-ABA failed with the standard
procedure, coupling was performed using DCM as solvent and DIC (3 equiv.) as coupling
reagent.

After confirmation of the successful coupling by MALDI-TOF-MS, the remaining amino acids
were coupled as described above. Final side chain deprotection and cleavage from the resin was
achieved at room temperature in three hours using a mixture of TFA, triisopropylsilane, water
and phenol (92.5 : 2.5: 2.5: 2.5 Vol%).

Purification of the peptides was performed using preparative reversed phase HPLC with water
(A) and acetonitrile (B) as mobile phases, both containing 0.1 % TFA. The sample were dissolved
in DMSO and eluted with a linear gradient from 5% B to 90 % B in 90 minutes. The final
peptide was characterized by HPLC (Dionex Ultimate 3000) using a PLRP-S column and the
same gradient used for preparative HPLC with a time range of 15 minutes. Furthermore,
MALDI-TOF-MS was conducted showing the single charged [M+H]" peak and the double
charged [M+2H]** peak as summarized in Table 19. Coupling with turn mimetic 4 resulted in
higher yields than coupling with turn mimetic 3.
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Table 19. Overview about synthesized peptide conjugates 20-24.

Entry Replaced Peptide Turn [M+H]" [M+H]" [M+2H]™ [M+H]"
amino acids ~ sequence Structure measured simulated measured simulated

20a G25-526 APy 3 4455.410 4456.175 2228.724 2228.592
20b G25-526 APi6-35 3 2235.848 2236.158 1118.364 1118.583
20c S526-N27 APy 3 4398.351 4399.154 2200.243 2200.080
20d N27-K28 APy 3 4357.400 4358.091 2179.796 2179.549
21a G25-526 APy 4 4447.539 4448.193 2224.807 2224.600
21b G25-526 APis-35 4 2227.980 2228.176 1114.421 1114.592
21c S26-N27 APy 4 4390.484 4391.172 2196.119 2196.090
21d V24-G25 APy 4 4435.520 4436.157 2218.311 2218.582
22 G25-526 Ay 5-AVA 4284.522 4285.176 2142.810 2143.092
23 G25-526 Ay 4-ABA 4304.237 4305.145 2152.623 2153.076
24 G25-526 Ay 3-ABA 4305.240 4305.145 2153.078 2153.076
APy / APy / 4329.839 4330.162 2165.575 2165.584
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5 Summary

In the scope of this thesis, f-turn mimetics bearing different functional groups were designed to
be used for the attachment of polymers and the embedding into peptides, enabling further
structural investigations concerning chirality of polymer conjugates and aggregation behavior
of the peptide conjugates.

Helical polyisocyanates with different molecular weights (M, = 2200-12500 g/mol; PDI = 1.08—
1.23), helicity and side chain functionality were synthesized by titanium-catalyzed coordination
polymerization, enabling the introduction of an alkyne moiety and a chiral center on one side,
while quenching with acetic anhydride and boron trifluoride resulted in an acetyl end-capped
polymer (see Scheme 41, 5-7).
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N
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il /\ 5 (2.2-10.2 kDa) 10 1 m>
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..... "CHj3 (R, 6, 4.4-12.5 kDa) d N
—=CH3 (S, 7, 5.3-6.5 kDa) 4
&

Scheme 41. Synthetic pathway for the B-turn mimetic polymer conjugates (13-15). Alkyne-functionalized poly(n-

nnnn

hexyl isocyanate)s (PHICs) (5-7) with different chirality were synthesized via titanium-catalyzed polymerization.
Subsequent “click” reaction with B-turn mimetics 1 or 2 yielded the final polymer conjugates 13-15.

B-Turn mimetics 1 and 2 containing a rigid bicyclic structure and either one or two azide
functionalities for further modification were synthesized and subsequently linked to PHICs of
different helicity via CuAAC “click” reaction to yield conjugates 13-15. The successful
coupling was shown by HPLC, GPC, NMR-spectroscopy and mass spectrometry methods. As a
comparison to the B-turn mimetic PHICs and to investigate whether a simple hydrophilic linker
provides similar structural effects as a rigid hydrophilic B-turn mimetic, linkage to triethylene
glycol (TEG) or poly(ethylene glycol) (PEG) was performed to obtain amphiphilic block-
copolymers 16 and 17. Furthermore, side chain functional PICs were synthesized to investigate
the ability for modifications in the side chain. Copolymerizations of HIC with 2-chloroethyl
isocyanate (CIC) and an alkyne-functional monomer were successfully conducted and the
copolymerization parameters of the former were determined. Furthermore, “click” coupling in
the side chain was successful.
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Helical PHICs, their -turn mimetic conjugates and block-copolymers bearing ethylene oxide
chains were investigated in view of their helicity and were thus subjected to circular dichroism
studies. A molecular weight influence on the helicity of pure PHIC was observable in THF,
revealing the dynamic nature of the helix. Thus, one chiral end group is sufficient to induce
helicity in the polymer chain up to about 5 kDa. Furthermore, chirality induction of the p-turn
mimetic on the polymer chain was investigated in different solvents. Achiral PHIC exhibited
helicity upon linkage to the B-turn mimetic via a triazole moiety (15-A, see Scheme 42). The
resulting signal in CD spectroscopy was much stronger than for the pure P-turn mimetic,
indicating that the sergeant and soldiers principle applies and thus one chiral linker in a
distance of about 7 A is sufficient to induce chirality in the polymer chain.

Chirality induction
’ EI eH13 NgN\N
M\MNW Y,

O ! o S P-helix (right-handed) in THF

H s M-helix (left-handed) in DCM

C6H13 N=N A~14A N
\/‘/ o)

W W’) Weak induction effects via a flexible linker

Induction of helicity transmitted via
the triazole ring: conjugate 13

>
l

N

>

||||||n|

conjugate 14
Weak chirality induction

Scheme 42. Induction effects in B-turn mimetic polymer conjugates. A rigid triazole moiety linking the B-turn
mimetic and helical PHIC transmits chirality and induces a preferred helical sense in the polymer chain depending
on the solvent. In THF a right-handed helix is obtained, while in DCM a left-handed helix is obtained. Only a weak
influence on chirality is observable upon attachment via a flexible linker and longer distance between the chiral
B-turn mimetic and the polymer backbone.

Additionally, the attachment of a polymer chain to the f-turn mimetic via a flexible linker with
a distance of 14 A results in a preferred handedness of the helix. However this effect is only
visible in DCM, whereas in THF only weak induction effects occur, which can be attributed to a
donor effect in THF. Interestingly, also chiral PHICs were influenced by the B-turn mimetic,
resulting in a right-handed helix in THF and a left-handed helix in DCM for all one-arm
conjugates 13 attached to the B-turn mimetic via the short triazole linker. However,
introducing a flexible linker in between the B-turn mimetic and the polymer chain (conjugates
14) and thus increasing the distance to the chiral center, results in weak induction effects.

Moreover, also amphiphilic copolymers with TEG /PEO units revealed solvent-dependent
behavior. In THF, weak signals were observed in CD spectra of the copolymers, thus indicating
the vanishing of a preferred helical sense, while this effect was less pronounced in DCM.
Interestingly, in n-hexane an inversion of the signal occurred, which can relate to the low
solubility of the EO chains in this solvents, inducing an inversion of the helical sense in the
copolymers.
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Further investigations were carried out at the air / water interface recording surface pressure-
area isotherms using a Langmuir-Blodgett trough. At low surface pressures, the surface area
per molecule could be correlated with the helix of PHIC lying flat on the surface, while at
higher surface pressures multilayers are formed. Helices standing straight on the surface could
be excluded according to the obtained values for the surface area per molecule. Attachment of
hydrophilic B-turn mimetics or ethylene glycol chains resulted in a higher stability of the
monolayer, indicated by a higher surface pressure that is reached in comparison to pure PHIC
due to the anchoring to the water surface by the hydrophilic molecules. Furthermore, a
rhodamine-labeled PHIC dye was synthesized for epifluorescence measurements at the
air / water interface. The images taken during compression of a monolayer reveal a more
homogeneous distribution of the dye for the B-turn mimetic conjugates in comparison to the
pure PHIC due to the attachment of a hydrophilic moiety.

In the peptide approach (see Scheme 43), amyloid p (1-40) peptide sequences were synthesized
via solid phase peptide synthesis (SPPS), followed by peptide coupling with B-turn mimetics
and further elongation via SPPS to yield the final f-turn mimetic peptide-conjugates, which
were analyzed via HPLC and MALDI-TOF mass spectrometry after purification.

H
N
%Q 3 Fmoc~
O’/«, f S
N /N 20-24
Fmoc 5 4 n 7
amino acids H[“ \& N
Fmoc 0 OOH
N ° N (% rooc ) SPPS
Jo © SPPS, — Peptide coupling L, .
Q
o 5-AVA et 3-/4-ABA % 5
ke W e W T
" {)rcoon 5
Fmoc HT
Fmoc

Scheme 43. Synthetic pathways for the f-turn mimetic peptide-conjugates (20-24). Peptides were synthesized by
Fmoc solid phase peptide synthesis (SPPS) followed by introduction of the p-turn mimetics 3, 4, 5-AVA and 3-/4-
ABA and further elongation by SPPS yielding peptide conjugates 20-24.

B-Turn mimetic peptide conjugates were investigated regarding their aggregation behavior.
Therefore, ThT assays were performed, revealing the influence of turn structure on the
fibrillation propensity. Thus, B-turn mimetic conjugates 21a-d, containing an aromatic TAA
turn mimetic 4, showed fast aggregation and high fluorescence intensity, indicating that the
formation of B-sheet structure is facilitated. In contrast, B-turn mimetic conjugates 20a-d,
containing a bicyclic BTD turn mimetic 3 lacked the ability to fibrillate, as shown by a low
fluorescence in ThT assays and random coil structure in CD spectroscopy. Furthermore,
implementing a flexible linker as in conjugate 22 resulted in a fast aggregation, whereas rigid
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aromatic linkers introduced in conjugates 23 and 24 increased the lag time. Hence, the rigidity,
hydrophobicity and exact structure of the turn affect the fibrillation propensity of amyloid f
peptides and should thus also influence the B-sheet structure of the formed fibrils. This was
further investigated using circular dichroism spectroscopy, revealing slight shift in the
minimum around 218 nm which can be attributed to the formation of B-sheet. Moreover,
mixtures of B-turn mimetic peptides and wild type AP4 were investigated to reveal whether
inhibition of aggregation can be induced using these modified peptides as additives.
Interestingly, both synthesized B-turn mimetics 3 and 4 showed the same position effect upon
investigation in mixtures, revealing the strongest inhibition upon replacement of positions
Gly25-Ser26 in conjugates 20a and 21a. Two other artificial peptides (21c, 21d) containing the
triazole turn mimetic 4 possessed no inhibition effect as it was expected from their fast
aggregation. Replacement of two other positions with the BTD turn mimetic 3 resulted also in
inhibition of fibrillation (conjugates 20c, 20d), but to a smaller extent than the one at position
Gly25-Ser26.

a) moﬁfmer oligomer fibril C) racceleration
21a-d retardation
---------------------------------- > \‘ 22 —
o wio / 23
modification 4 modification inhibition
10 20 o § : S —AN S—
D,-Y,, EVHHQKLVFF AEDV 0 5 10 15
G
, e o > inhibition? time / h
” N -l
VVGGVMLGII ASK
40 30
b) Turn mimetic 3
7/\0 > 20a-d N=N — D
), 3 N 5-AVA>22 O
O A S . /\/\)J X/
“N HN
HN™ N Turn mimetic 4 H i 4-/3-ABA
J o HN\ - 21a-d 720 > 23,24

Scheme 44. a) Turn modification of APy, in the region of V24-K28 was performed to investigate the influence on
aggregation of AP. b) Structures of p-turn mimetics 3, 4, 5-AVA and 4-/3-ABA introduced into peptide conjugates
20a-d, 21a-d and 22-24. c) Aggregation investigations using ThT assays and CD spectroscopy revealed
accelerated aggregation for conjugates 21a-d and 22, retardation for conjugate 23 and complete inhibition of
aggregation for conjugates 20a-d.

With these promising results in mind, a structure reduction of the conjugates with the best
inhibiting properties, namely 20a and 21a, was performed. Therefore, only the short segment
of ABi6-35 was used, containing the two major -sheet sequences of the full-length peptide, as
well as the turn region in which positions Gly25-Ser26 were replaced by BTD 3 or TAA 4,
yielding conjugates 20b and 21b. While 21b provided no inhibiting effect, 20b retained some of
the inhibiting properties of its full-length analogue 20a as shown by ThT assays and confirmed
by CD measurements.
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The present work provides insights into the possibility to inhibit amyloid aggregation by turn
modification. Especially for conjugates 20a and 20b precise structural analysis e.g. via NMR
spectroscopy would be of great interest to deduce the influence of such modifications on the

overall fibrillar structure. This remains an open topic for future investigations.
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6 Appendix

Figure A2. ESI-TOF-MS of BTD 2.
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Figure A4. ESI-TOF-MS (top) and BC-NMR spectrum (bttom) of BTD 3.
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Figure A9. "C-NMR spectrum of PHIC-PCIC 9b.
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Figure A11. 'H- and PC-NMR spectrum of 1-azido-5-isocyanatopentane AzIC.
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Figure A14. MALDI-TOF-MS spectrum of PHIC-Allyl 11.
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Figure A29. HPLC traces of f-turn mimetic peptide conjugates 20a-20d.
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Figure A30. HPLC traces of f-turn mimetic peptide conjugates 21a-21d.
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Figure A31. HPLC traces of f-turn mimetic peptide conjugates 22-24 and of APq,.
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Figure A32. MALDI-TOF-MS of peptide conjugates 20b, 20c.
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Figure A33. MALDI-TOF-MS of peptide conjugates 20d, 21a, 21b, 21c.
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Figure A34. MALDI-TOF-MS of peptide conjugates 21d, 22, 23, 24.
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Figure A35. MALDI-TOF-MS of ABy,.
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Figure A36. ThT assay of mixtures of Af4 with a) 20c and b) 21c.
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Figure A37. ThT assay of mixtures of AP, with 24.
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