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Abstract

Amphiphilic peptide-based biomaterials are of great interest for pharmaceutical and
biomedical applications and mainly associated with pronounced biocompatibility and
biodegradability. In fact, introducing fluorine-containing amino acids into peptides &
proteins offers an unique opportunity to enhance their biophysical properties such as
membrane permeability. Through its influence on hydrophobicity and polarity, the
degree of fluorination dictates the extent of fluorine-specific interactions on peptide
folding and stability, intermolecular interactions, and biological activity.

The first study of this doctoral thesis describes the folding, self-assembly, and
hydrogelation of single-strand amphipathic peptides with different degrees of
fluorination on the amino acid side chains by the iterative incorporation of
monofluoroethylglycine (MfeGly), difluoroethylglycine (DfeGly), and
trifluoroethylglycine (TfeGly). A combination of experimental and theoretical approaches
proved a higher degree of side chain fluorination to promote 3-sheet formation and the
rheological stability of peptide-based hydrogels in physiological conditions, whereas
secondary structure formation was inhibited at a low fluorine content due to fluorine-
induced polarity.

In a follow-up study, the selective modification of antimicrobial peptides (AMPs) by
fluorinated amino acids was investigated. A -hairpin-forming peptide motif, whose
amphipathic structure enables the targeted disruption of bacterial cell membranes, was
therefore examined. Extensive MIC screening with Gram-negative and Gram-positive
bacteria confirmed highly fluorinated amino acids such as trifluoroethylglycine (TfeGly)
or pentafluoropropylglycine (PfpGly) to strengthen the bioactivity of the AMPs through
enhanced intrinsic hydrophobicity without causing a simultaneous increase in toxic &
hemolytic properties.

Numerous studies on the singular incorporation of fluorinated amino acids have been
published to date, whereas synthetic peptides with larger or exclusive amounts of these
building blocks remained unexplored. That drove the motivation for the herein-described
development and characterization of so-called "fluoropeptides”. In brief, 3-sheet to a-
helix or fluorine-induced PPII-helix transitions were observed in SDS-supplemented
buffer (pH 7.4). In situ SEIRAS experiments with POPC:POPG-based membrane models

functioned to investigate the fluoropeptide’s lipid insertion and (re)folding. Thus, the
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highest a-helical secondary structure content was found for the nonfluorinated
homooligopeptide and decreased in the order of tri-, di-, and mono-fluorination of the side
chains.

An important focus of this doctoral thesis was the evaluation of biodegradability for
especially higher polyfluorinated sequences. In fact, all peptides prepared in this work
could be hydrolyzed by various proteases regardless of the fluorine content. In
cooperation with the University College Dublin, first data on the microbial digestion of
fluorinated peptides and individual amino acids could be generated. The enzyme-
catalyzed cleavage of the C-F bond on the side chain for both kind of substrates was, for
instance, proven by detection of released fluoride ions in solution.

The results of this work will contribute to the rational design and potential application of
polyfluorinated peptides, whose enzymatic degradability is going to be of great interest

for the future development of fluorinated biomaterials.
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Kurzzusammenfassung

Amphiphile peptidbasierte Biomaterialien sind vom grofden Interesse fiir
pharmazeutische und biomedizinische Anwendungen und tiberzeugen zumeist durch
ihre Biokompatibilitit und Bioabbaubarkeit. Die Einfilhrung von fluorhaltigen
Aminosduren in Peptide & Proteine bietet hierbei die einzigartige Moglichkeit, ihre
biophysikalischen Eigenschaften wie etwa die Membranpermeabilitit zu verstarken.
Insbesondere der Fluorierungsgrad spielt eine entscheidende Rolle, da er durch seinen
Einfluss auf die Hydrophobie und Polaritit die Gesamtheit fluor-spezifischer
Wechselwirkungen auf die Peptidfaltung und -stabilitit, intermolekularen
Wechselwirkungen und biologische Aktivitat steuern kann.

Die erste Studie dieser Doktorarbeit beschreibt die Faltung, Selbstassemblierung und
Hydrogelierung von einzelstrangigen amphipathischen Peptiden mit unterschiedlichen
Fluorierungsgraden der Aminosdureseitenketten durch den iterativen Einbau von
Monofluorethylglycin (MfeGly), Difluorethylglycin (DfeGly) und Trifluorethylglycin
(TfeGly). Mittels einer Kombination aus experimentellen und theoretischen Ansatzen
konnte gezeigt werden, dass bei physiologischen Bedingungen ein hdoherer
Fluorierungsgrad die Bildung von B-Faltblattstrukturen und die rheologische Stabilitat
der peptid-basierten Hydrogele fordert, jedoch diese Sekundarstruktur von Peptiden mit
niedrigem Fluorgehalt durch die fluor-induzierte Polaritat inhibiert wird.

In einer weiteren Studie wurde die gezielte Modifizierung der biologischen Eigenschaften
antimikrobieller Peptide (AMP) durch den Einbau fluorierter Aminosauren untersucht.
Hierzu wurde ein B-Hairpin bildendes Peptidmotiv ausgewahlt, dessen amphipathische
Struktur die zielgerichtete Disruption bakterieller Zellmembrane erméglicht. Die
ermittelten minimalen Hemmkonzentrationen (MHK) gegen verschiedene Gram-negative
und Gram-positive Bakterien zeigen, dass hochfluorierte Aminosduren wie
Trifluorethylglycin (TfeGly) und Pentafluorpropylglycin (PfpGly) die Bioaktivitat
antimikrobieller Peptide durch Erhohung der intrinsischen Hydrophobie selektiv
verstirken konnen, ohne eine gleichzeitige Zunahme toxischer & hamolytischer
Eigenschaften zu verursachen.

Zahlreiche Studien zum singuldren Einbau fluorierter Aminosdauren wurden bis dato
veroffentlicht, wahrend synthetische Peptide mit grof3eren bzw. ausschliefdlichen Mengen

dieser Bausteine unerforscht blieben. Dies war die Motivation zur Entwicklung und
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Charakterisierung sogenannter "Fluoropeptide". In SDS-beinhaltenden Puffer (pH 7.4)
wurden, unter anderem, Ubergéinge von B-Faltblatt Strukturen zu a-Helices oder Fluor-
induzierte PPII-Helices beobachtet. In-situ SEIRAS-Studien mit POPC:POPG-basierten
Membranmodellen dienten zum Studium der Lipidinsertion und (Riick-)-Faltung der
Fluoropeptide in Abhdngigkeit zum gesamten Fluoranteil. Hierbei wurde der hochste
Gehalt an a-helikaler Sekundarstruktur fiir das nichtfluorierte Homooligopeptid
bestimmt, welcher in der Reihenfolge der Tri-, Di- und Monofluorierung der Seitenkette
abnahm.

Ein wichtiger Schwerpunkt dieser Doktorarbeit war die Bewertung der biologischen
Abbaubarkeit fiir insbesondere hoher polyfluorierte Sequenzen. Tatsachlich konnten alle
in dieser Arbeit hergestellten Peptide unabhadngig vom Fluorgehalt durch verschiedene
Proteasen hydrolysiert werden. In Zusammenarbeit mit dem University College Dublin
konnten zudem erste Daten zum mikrobiellen Verdau fluorierter Peptide und
Aminosauren generiert werden. Die enzymkatalysierte Spaltung der C-F-Bindung an der
Seitenkette flir beide Substratarten wurde beispielsweise durch den Nachweis von
freigesetzten Fluorid-lonen in Losung nachgewiesen.

Die Ergebnisse dieser Arbeit werden zum rationalen Design und potenzieller
Anwendbarkeit neuartiger polyfluorierter Peptide beitragen, deren enzymatische
Abbaubarkeit von grofiem Interesse fiir die kiinftige Entwicklung fluorhaltiger

Biomaterialien sein wird.
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Introduction

1 Introduction

B-Sheet formation is ubiquitous in peptide & protein-based structures and intermolecular
oligomerization, as well as in biological materials such as silk.2 Thus, the de novo design
of advanced (-sheet systems hold immense potentials in pharmaceutical and biomedical
research. Engineering the hierarchical self-assembly of supramolecular [-sheet
hydrogels, for example, lays the foundation for the tailor-made design of peptide
biomaterials with broad applicability in biomedicine.3 On the other hand, optimizing the
structural and functional features of synthetic [-hairpin-based antimicrobial peptides
(AMPs) is of particular interest for treating a multitude of bacterial infections, but also for
overcoming the growing antimicrobial drug resistance by novel therapeutic approaches.*
Fluorine, despite its high abundance in our planet’s crust, has been foremost neglected by
biochemical evolution and is only found in very few natural organic compounds. While
the first chemical synthesis of elemental fluorine was reported by Karl O. Christe in 1986,
this element has been successfully exploited over decades for the development of novel
bio-persistent materials as well as therapeutic drugs.> ¢ In peptide and protein
engineering, the incorporation of artificial amino acids bearing the highly stable and polar
C-F bond is a powerful tool to impart often beneficial effects on folding stability and
biological activity, but understanding its impact on peptide and protein properties is yet

not complete.”




B-Sheet forming peptides

2 B-Sheet forming peptides

B-Sheets belong to the most common secondary structure elements found in peptides and
proteins.8 They are formed by lateral arrangements of single (3-strands in an either
parallel or antiparallel orientation which are stabilized by numerous non-covalent forces
like hydrogen bonding (between the amide (N=H) and carbonyl (C=0)), hydrophobic or
van der Waals interactions. Both alignments differ by an either analog (parallel) or
opposite (antiparallel) direction of the B-strands. In parallel 3-sheets, the main hydrogen
bonds are in an angled shape but perpendicular to the axis of antiparallel 3-sheets. The
latter case is energetically more favorable and, therefore, for the most part present in
native proteins.? 10 Tsutsumi et al. suggested the statistical amounts on purely parallel 8-
sheets in proteins to be relatively poor whereas mixed proportions of both parallel and
antiparallel are reasonably abundant.10. 11

The main characteristics of B-sheet assemblies are illustrated in Figure 2.1. In general,
intramolecular-formed -sheets mainly contribute to protein folding and stability as
indispensable criterion for biomolecular recognition and activity.1?2 For example, nature
has evolved the 3-turn motif as constitutional signature of antimicrobial peptides (AMPs)
like Gramicidin S and Tyrocidine.13 14 In contrast, intermolecular 3-sheet interactions are
not only associated with beneficial protein-protein interactions, but also with protein
misfolding and aggregation.> Their spontaneous [(-sheet assembly into dense
amyloidogenic plaques in various tissues is widely associated with neurodegenerative
disorders like Parkinson’s, Alzheimer’s and type II Diabetes (T2D). Moreover, these
protein filaments are stated as highly organized due to the cross-f3-sheet structure, where
the (3-strands are aligned perpendicularly to the fibril axis and individual 3-sheets along
the fibril axis.16-18 Similar supramolecular architectures are remarkably formed by
amphiphilic self-assembling peptides (SAPs). Such fiber networks receive paramount
interest as next-generation biomaterials, owing to their ability to form peptide hydrogels
with wide ranges of pharmaceutical and biomedical applications like tissue engineering

or wound healing.19 20
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o Structural hallmark of amyloid fibrils

(associated with neurodegenerative disorders)

Figure 2.1: Main characteristic of parallel and antiparallel -sheets, B-hairpins and the cross-f3 motif.

Created with BioRender®.13
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2.1 Self-assembly of amphipathic 3-sheet peptides

It has been known for decades that sequential polypeptides with an alternating pattern
and higher molecular weight (= 5000 Da) can form [(-sheets under physiological
conditions. First reports in 1975 by Brack et al. described poly(Val-Lys) to form [3-sheet
structures at pH 8.8, but to remain disordered at acidic conditions. The necessity of
negatively charged salt ions as a shielding effect on the positively charged Lys residues
became evident for (-sheet formation. Otherwise, electrostatic repulsions between
opposing B-strands can inhibit hydrophobicity-driven self-assembly and maintain the
polypeptide in a random coil conformation.2! Analog conformational tendencies were
reported for alternating polypeptides like poly(Tyr-Lys) and poly(Glu-Ala).21-24

The field of self-assembling peptides (SAPs), nevertheless, has undergone a substantial
growth by 1990 after Zhang et al. located a continuous octad repeat of alternating Ala
residues and charged amino acids (Lys and Glu) in the Z-DNA binding yeast protein
Zuotin.2> Although its global structure comprises a bundle of four a-helices, examination
of a synthesized 16-meric Zuotin3io-326) by CD spectroscopy revealed the formation of
distinctive (-sheet structures. This led to the serendipitous discovery of a naturally

occurring SAP which was named EAK-16 (Figure 2.2).26

Zuotin
(Saccharomyces cerevisiae, Baker's yeast)
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Figure 2.2 Global structure and sequence of Zuotin (PDB ID: 2LWX). Examination of a continuous
repeating unit derived from this protein (highlighted in blue) led to the discovery of the first ever reported
SAPs EAK-16 and, subsequently, RADA-16.26.27

In further reports from 1995, Zhang et al. reported on the de novo designed [(-sheet

hydrogelator RADA-16 (with arginine R and aspartic acid D), whose structural
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composition was inspired by the ubiquitous integrin receptor binding site RGD. Both
peptides form highly regular nanofibers. Once formed, these macroscopic matrices can
entrap large amounts of aqueous solutions (up to 99% (w/v)), are stable towards
chaotropic salts and digestive enzymes. Also, these peptide materials can withstand high
temperatures up to 90 °C in 1% SDS-solution and, most interestingly, are suitable for the
attachment of mammalian cell types.26. 28

The self-assembly into extended B-sheet fiber structures, although being a widespread
phenomenon in nature (e.g. curli fibrils in E. coli), remains not fully understood till date.2?
During the supramolecular fibrillization of amyloidogenic peptides, [B-strands are
proposed to first self-associate into [-sheets stabilized by hydrogen bonding,
hydrophobic, - and coulombic interactions and, subsequently, into supramolecular and

insoluble fibrils comprising the cross-f3 motif (Figure 2.3a).30-33

PuraMatrix™
- Application -
» cell growth (cell culture)

« stem cell differentiation

Self-assembled
B-sheet fibrils

« stem cell proliferation

Monomer

« tissue regeneration

Figure 2.3 a) Proposed model of B-sheet self-assembly based on an amphipathic motif: A monomeric SAP
associates into -sheets and, ultimately, a fibrillary network entrapping large amounts of water (left).
PuraMatrix™ peptide hydrogel composed of 1% RADA-16 solution (w/v) (right). b) Formation of RADA-16
based nanofibers: 1. Self-assembly of a multitude of B-sheet layers 2. Self-association of a dense fibrillary
network (SEM micrograph) into a transparent hydrogel scaffold. Adapted in a modified version from Gelain
etal. (license: CC BY 4.0). Created with BioRender®34-36

In case of amphipathic peptides, the hydrophobic residues are proposed to be buried in
the interior of (B-sheet bilayers while the hydrophilic side chains are exposed to the
aqueous medium; this provides a high fluidity and water-content of hydrogel matrices
(Figure 2.3b). In terms of ionic self-complementary peptides, stabilization of aggregates

is driven by ionic interactions between the positively (Glu, Asp) and negatively charged
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residues (Lys, Arg). These fibrillary networks offer a broad applicability as biocompatible
materials in tissue engineering and wound healing.37 38 For example, a 1%-solution of
RADA-16 (w/v) in buffer is commercially available (PuraMatrix™) as extracellular matrix
(ECM) mimic for cell culture experiments to support cell growth and differentiation

(Figure 2.3a).28, 34
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Figure 2.4 a) The cationic amphiphilic peptide MAX1 by Schneider et al. undergoes ordered -sheet
assembly (illustrated as paradigmatic CD spectra) into amyloid-like fibrils after addition of ionic strength.
TEM micrograph adapted from Ozbas et al. with permission (Copyright © 2004 American Chemical

Society).3? b) Main driving forces of 3-sheet formation and supramolecular assembly (hydrogelation).
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A further prominent example of a peptide-based hydrogel is MAX1, a cationic amphiphilic
20-residue sequence described by Schneider and co-workers. This peptide contains a
VpPPT-f-turn sequence flanked by two (Val-Lys)-repeating units. At neutral or low pH, it
exists in a highly soluble but disordered state due to electrostatic repulsion between the
charged Lys residues. Application of an exogenous stimulus like a higher pH (about 9.0)
or physiological salts (400 mM NaCl) leads to self-triggered peptide folding and assembly
into B-sheet structures. Minimizing unfavorable side chain - side chain interactions by
ionic strength, therefore, is required to enable the association into highly crosslinked
hydrogel networks composed of amyloid-like fibrils as illustrated by TEM micrographs
(see Figure 2.4a).39-41

Amphipathic peptides have been widely studied for investigating the relationship
between peptide (3-sheet assembly and hydrophobic properties, sequence length and net
charge (Figure 2.4b). Bowerman et al. probed, for example, the influence of increasing
hydrophobicity on a (FKFE)2 motif by global replacement of Phe with either Ala, Val, Leu,
or cyclohexylalanine (Cha) (Table 2.1).42

Table 2.1 Peptide sequences, folding pattern (CD) and rheological properties [(XKXE)z] - Bowerman et al.#2

Sequence I12 (residue) (0)) 2 G’ (Pa)?* G”(Pa)z*
Ac-AKAEAKAE-NH:? 0.31 random coil
Ac-VKVEVKVE-NH: 1.22 [-sheet
Ac-LKLELKLE-NH:z 1.70 [B-sheet
Ac-FKFEFKFE-NH> 1.79 [B-sheet 208.7 £ 23.9 47.0+9.0
Ac-ChaKChaEChaKChaE-NH23" 2.72 [3-sheet 217.7 £ 255" 29.9 £2.51

1*CD spectroscopy: 4 mM peptide dissolved in water / 2*Rheology: 4 mM peptide dissolved in 40 mM NaClag,

3*Peptide was dissolved in a 5% HFIP-water solution to facilitate complete solvation of the Cha-variant.

Secondary structure analysis, microscopic imaging of fibrils, and rheometric analysis of
hydrogel formation revealed a correlation between hydrophobicity and assembly
behavior. Phe — Ala mutation maintained the peptide as sole random coils, but all
remaining sequences formed (3-sheet structures. Only the two most hydrophobic variants
owning Phe or Cha residues served to form peptide hydrogels, for which higher values of
rigidity were determined for the nonaromatic mutant due to the amino acids’
hydrophobicity.42

In 2012, Geisler et al. provided significant insights into the effects of varying sequence

lengths on -sheet hydrogelation. An extending peptide length by successive elongation
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of a single (Val-Lys)-repeating unit led to steady enhancements in 3-sheet formation and

hydrogelation (see Table 2.2).43

Table 2.2 Peptide sequences, folding pattern (CD) and rheological properties [(VK)-motif] - Geisler et al.*3

Name Sequence (6 2 (6)) 2 G’ (Pa)3*
VK9 H2N-VKVKVKVKV-NH2 random coil random coil 1542 + 143
VK10 H2N-VKVKVKVKVK-NH2 random coil random coil <30
Ac-VK10 Ac-VKVKVKVKVK-NH2 random coil B-sheets ~250
VK11 H2N-VKVKVKVKVKV-NH2 random coil B-sheets 1267 £ 48
VK12 H2N-VKVKVKVKVKVKV-NHz  random coil random coil <30
VK13 H2N-VKVKVKVKVKVK-NH2  random coil B-sheet 6136 £ 254

1*CD spectroscopy: 2 wt% peptide dissolved in water. / 2*CD spectroscopy: 2 wt% peptide dissolved in BTP buffer (pH 7.4).
3* Rheology: 4 wt% peptide dissolved in BTP buffer (pH 7.4).

It becomes apparent that the peptides VK10 and VK12 formed hydrogels with shallow
rigidity. The C-terminal Lys residues in both cases were proposed to disturb
supramolecular accumulation of 3-strands by charge repulsions between the terminal
strands. This hypothesis was supported by experimental data obtained for the N-terminal
capped Ac-VK10, which formed both (-sheets and comparably stiffer gels than VK10.
Significantly larger G’ values for VK13-based hydrogels as compared to VK9 and VK11
emphasized a sequence-length dependent self-assembly behavior that facilitates higher
amounts of intermolecular contacts and fibrillary cross-links.

The local net charge of an amphipathic peptide plays a tremendous role on its self-
assembly behavior. Cationic amphiphilic peptides like MAX1 with an estimated isoelectric
point above 12 are highly soluble in aqueous solution and appropriate amounts of salt are
required to mask the positively charged Lys residues for inducing peptide assembly.*4
On the other hand, ionic self-complementary peptides (e.g. RADA-16) possess equal
amounts of positively and negatively charged residues, resulting into an isoelectric point
of 6.1. In consequence, these SAPs are very prone towards (-sheet fibrillization at a

physiological pH range (6-8) and are also less soluble.*> 46
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2.2 Antimicrobial activity of peptide-based 3-hairpins

Peptides can adopt a multitude of biologically active conformations as a key element for
biomolecular recognition. The B-turn motif is one of the most common structural
hallmarks in peptides and proteins and allows a stabilization of its pattern by a nearly
180° reverse turn.47.48 Typically, the formation of a 3-turn is based on a minimum of four
consecutive amino acids (residue i to residue i+3) and possesses a characteristic hydrogen
bond between the N-H and C=0 of residues i and i+3.4° Common variants of this motif are
classified as type I and type I that differ in the torsion angles of the peptide bond between
residues i+1 and i+2 (see Figure 2.5a).50 Stabilization of the turn-segment is provided by
amino acids with a high (-sheet propensity (Asn, Asp, Trp, Phe) or branched & cyclic
structures (Leu, Pro). For instance, the D-Pro-L-Pro (i+1 & i+2) sequence, which is also
part of Schneiders’ MAX1, forms a type Il B-turn structure. Further examples of turn-
forming sequences are Asn-Gly, D-Pro-Gly, Aib-Gly and Aib-D-Pro.>1 In general, the
incorporation of a Gly or Ala residue imparts flexibility of the turn structure by decreasing
sterically hindrance between adjacent side chains.52 53 A detailed analysis about the
overall B-turn potentials of proteinogenic amino acid was published by Hutchinson et al.
in 1994.53

The B-hairpin conformation comprises two antiparallel 3-strands connected through a 3-
turn, often containing D- and L-amino acids. Disulfide bridges, cyclization, N-methylation
and a,a-dialkylation were located in a large variety of natural occurring 3-hairpins to
provide protection towards proteolysis.>* The structural composition of 3-hairpins bears
main biofunctionality in protein-protein and protein-DNA/RNA interactions.55-5° The
helicase of bacteriophage T7 (gp4), for instance, contains a highly conserved B-hairpin
with high proportions of positively charged amino acids that, by binding to the negatively
charged phosphate backbone of oligonucleotides, is supposed to act as major site upon
intermolecular unwinding in phage DNA replication.®® In recent efforts, Nishimura et al.
developed a RGD-containing peptide with a pH-controlled switch from a disordered state
into a bioactive & rigid 3-hairpin structure for distinctive internalization to tumor cells
enabled through their specific pH.61

Antimicrobial peptides (AMPs) are a widespread group of small peptides that play a major
role in the innate immune defense system of all multicellular organisms, microorganisms,

plants, and animals by providing a primary defense against bacterial and viral
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infections.?2 They can be defined as short (10-50 amino acids) amphiphilic peptides with
an overall positive charge (generally +2 to +9) and significant amounts (230%) of
hydrophobic residues.®3 ¢4 High proportions of cationic residues (e.g. Arg, Lys, His) are
designated to mediate electrostatic interactions with bacterial lipids. On the other hand,
hydrophobic residues (e.g. Trp, Phe, Leu) can penetrate and, therefore, disorganize the

lipid tail region.>
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Figure 2.5 a) The structure and classification of B-turns. Type I’ and II' B-turns are mirror images of the
backbone conformations of type I and type II. The B-turn, thus, is constituted as core segment of a 3-hairpin
conformation [as shown for Protegrin-1 [(PDB ID: 1PG1)].6 67 b) Examples of naturally occurring (3-
hairpin AMPs.

A multitude of naturally occurring AMPs possesses the (-hairpin conformation (Figure
2.5b). Tyrocidine A and Gramicidin S were firstly discovered in 1940 through isolation
from Bacillus brevis. Both peptides form a (-hairpin structure via a D-Phe-Pro unit.66 68 A
proposed model on the structure-based activity of both peptide antibiotics was provided
by Cocklin and co-workers. By means of X-Ray crystallography, the authors identified
amphipathic dimers whose hydrophobic patches are oriented towards the membrane
interior and the charged residues upward to the aqueous phase.é8

The illustrated AMPs Rhesus Theta Defensin-1, Protegrin-1, Tachyplesin-1, and
Polyphemusin-1 are cyclized either by head-to-tail cyclization and/or disulfide bridges.
As illustrated in Figure 2.5b, vast majority of these peptides are highly conserved in their
amino acid sequence and (-turn units.67. 69,70 Several classes of AMPs were also found to
form a-helical structures (e.g. human LL-37 or magainins), but also disordered shapes

(e.g. indolicidin) or loop conformations linked by disulfide bridges (e.g. bactenecin).”% 72
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The mode of action of AMPs can be generally attributed to three key steps: Attraction,
Attachment, and Insertion, resulting in the lysis of the bacterial cell membrane (see Figure
2.6). The Attraction of AMPs to the pathogenic species takes place by allocation of the
positively charged residues on the polyanionic microbial cell surfaces. Subsequent
permeability of an AMP through the outer cell envelope differs significantly by the
microbial species. Attachment to the microbial membrane occurs by electrostatic

interactions with the anionic components of glycol- and phospholipid head groups.
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Figure 2.6 Schematic modes of action for bacterial killing mechanisms by AMPs. The outer electrostatic
region of the bacterial cell envelopes serves as a primary barrier to AMPs. Several models on perturbation
& disruption of the cytoplasmic membrane including pore and carpet formation describe cell lysis by AMP
partition into the membrane. Created with BioRender®.73. 74

The cytoplasmic membrane of Gram-negative bacteria is surrounded by a thin
peptidoglycan cell wall and an outer membrane containing a variety of
lipopolysaccharides (LPS) functioning as electrostatic network. Gram-positive bacteria
lack an outer membrane but are protected by dense layers of cross-linked peptidoglycans.
This thick matrix contains negatively charged (lipo)teichoic acids which enable the

diffusion of the AMPs by charge attractions. Insertion of the AMPs occurs by disruption of
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the physical integrity of the cytoplasmic bilayer through hydrophobic interactions with
the hydrocarbon-rich lipid-tail region. The partition of the AMP causes membrane pore
formation, for which several mechanisms are discussed leading to subsequent cell lysis
and death of the pathogenic species.”>77 The “Toroidal-Pore” model describes the
embedding of the AMPs in the cell membrane followed by formation of ring holes through
systemic accumulation with average diameters of 1-2 nm. Second, the “Barrel-Stave”
model proposes AMPs to penetrate the lipid bilayers as self-associated bundles.
Hydrophobic surfaces are interacting with the lipid core of the membrane and their
hydrophilic surfaces point inward producing an aqueous pore forming channels for
cytoplasmic outflow. The “Toroidal-Pore” model, however, foresees the peptides to be
always associated with the lipid headgroups even when they are perpendicularly inserted
into the lipid bilayer.”8 In terms of the “Carpet” model, the AMPs are arranged parallel to
the cell membrane and, once reaching a threshold concentration, disintegrate the lipid
bilayer by formation of micellular composites.”3-75 79 Beside membrane disruption and
subsequent cell lysis, AMPs can also operate on intramolecular mechanisms like

inhibition of protein & DNA synthesis with fatal consequences for the bacterial species.”3

12



-Sheet forming peptides

2.3 The D-Phe-[2]Abz -turn motif

The development of rigid B-turn mimetics as novel frameworks in biological systems
plays a tremendous role in designing synthetic AMPs. The establishment of
peptidomimetic turn segments containing D- or $-amino acids, for example, is a frequent
approach to improve proteolytic and conformational stability.80

In 2017, the research group of Vijayalekshmi Sarojini studied a series of tetrapeptides
containing 2-aminobenzoic acid [2]Abz by X-Ray crystallography and NMR spectroscopy.
Their rational design was based on the structural composition of the cytotoxic and
antiviral cyclic peptide Asperterrestide A in which this -amino acid has been located in
the turn-region.81. 82 The de novo designed linear sequence D-Leu-D-Phe-[2]Abz-D-Ala
was found to adopt a planar (-turn stabilized by three hydrogen bonds. Interestingly, the
standard i—i+3 hydrogen bond was further stabilized by an i—i+2 hydrogen bond, as well
as an unique intramolecular bond between the amide and carbonyl moiety of [2]Abz

(Figure 2.7) .82

Asperterrestide A

(Aspergillus terreus)
-Qietal. -

cyclo([3(S)-OH-N-Me-Phe]-[2]Abz-D-Ala-lle]

i+33

HN OH
0

@\{;- i H D-Phe-[2]Abz
: N i (ptum mimetic e=sHydrogen bond
N - Sarojini et al. -
:j+1 O >\ Y’V\O’L\T Fl)/V\O Lo f
©/ Q\N/f\F,[Z]AbZ f< L/ ,[2]Abz

H,N-D-Leu-D-Phe-[2]Abz-D-Ala-COOH  Tyrocidine A - derivative "1" Gramicidin S - derivative "2"

Figure 2.7 Chemical structures of Asperterrestide A and the D-Phe-[2]Abz unit. The crystal structure of the
linear tetrapeptide (PDB ID: 6ANM) revealed three hydrogen bonds (highlighted in blue) to maintain this
structure in a B-turn-like conformation. Replacement of the D-Phe-Pro (-turn in Tyrocidine A and
Gramicidine S with the D-Phe-[2]Abz unit retained the -hairpin structure and antimicrobial activity.8? 82

Unlike traditional B-turn motifs, the rigid and planar framework of the D-Phe-[2]Abz motif
serves as an universal tool to establish 3-hairpin libraries. In a further report, the authors
substituted the D-Phe-Pro 3-turn of both cyclic antimicrobial peptides Tyrocidine A and
Gramicidin S with the D-Phe-[2]Abz turn motif (see Figure 2.7) . Whereby the -hairpin
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conformation was retained for both synthetic analogs, significantly lower hemolytic
activities (up to 30-fold) and comparable antimicrobial activities than for Tyrocidine A
(Table 2.3) were determined. However, the poor solubility of both derivatives “1” and “2”

posed a significant problem for therapeutic appplicability.83

Table 2.3 Antibacterial activity of Tyrocidine A, AMP analogs “1” and “2” & the acyclic amphiphilic -
hairpins Peptide “2” and “3” - Cameron et al.83 84

MIC (M)
Compound E. coli P. aeruginosa S. aureus
Tyrocidine A 25 100 1.56
Derivative “1” (2017) 50 100 6.25
Derivative “2” (2017) 12.5 25 1.56
Peptide “2” (2018) 3.12 6.25 0.39
Peptide “3” (2018) 25 6.25 0.78

In 2018, Sarojini et al. successfully prepared two amphiphilic acyclic B-hairpin peptides
(peptide “2” and “3”) bearing the D-Phe-[2]Abz motif and high amounts of Arg residues.
CD spectroscopy confirmed an existing mixture of disordered structures as well as a
distinctive (-hairpin conformations. This was an interesting finding since both peptides,
as illustrated in Figure 2.8, are devoid of cyclic constraints. Moreover, both peptides
provided non-hemolytic properties up to 500 to 800-fold enhanced concentrations than
respective MIC values determined for E. coli, P. aeruginosa and S. aureus.8* A follow-up
work in 2020 focusing on cyclized variants came to somewhat similar structural

properties and biological features.8>

Detection of B-hairpin conformation
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Figure 2.8 Structure of acyclic peptides “2” and “3”. CD spectroscopy in phosphate buffer and
trifluoroethanol TFE revealed B-hairpin conformation for peptide “2”. TEM micrographs indicated bacteria
death (S. aureus) through AMP-induced membrane lysis. Adapted from Sarojini et al. with permission
(Copyright © 2018 European Peptide Society and John Wiley & Sons, Ltd).84
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3 Fluorine - a unique element in peptide engineering

Over the last decades, fluorine chemistry has sparked major interest and a continuous
growth in novel organofluorine compounds was registered by the Chemical Abstracts
Service (CAS).8¢ Marked by a peculiar combination of polarity, nonpolarizability, and
hydrophobicity, the C-F bond served in several cases for the development of both very
reactive and almost inert compounds and materials with increasing leverage on the
multidisciplinary interface of chemistry and biology.8” For example, new fluorinated
compounds with potential application as electrocatalysts for oxygen reduction reactions
or conducting salts were recently reported.88-20 In pharmaceutical research, fluorine is
introduced into drug molecules routinely for improving their metabolic stability and
binding affinities, but also as a diagnostic probe. The positron-emitting
radiopharmaceutical 2-deoxy-2-18F-fluoro-B-D-glucose (18F-FDG), for example, is
frequently used in positron emission tomography (PET) for the early detection of tumor
cells.?1

The site-specific incorporation of fluorinated amino acids into peptides and proteins has
generally positive outcomes on their physicochemical properties and biological activity.?2
Thus, this chapter is devoted to summarizing the main properties of the C-F bond as well
as a brief listing of applications, followed by an introduction to fluorinated bioproducts
and pharmaceuticals, but also involving the biodegradation aspect of fluorine-containing
compounds. The unique potential of fluorinated amino acids as versatile tools in peptide
and protein engineering was extensively explored by the Koksch laboratory and others
and will be discussed, including recent approaches on fluorine-directed supramolecular

assembly, antimicrobial activity, and proteolytic stability (Section 4).7.93-96
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3.1 The nature of the C-F bond - fundamentals and application

Fluorine is a small atom (van der Waals radius: 1.47 A) and the most electronegative
element in the periodic table (xp: 3.98). In the case of monofluorinated compounds, the
steric constellations compared to carbon-bonded hydrogen are isosteric. The
replacement of carbon-bonded hydrogen with a fluorine atom causes only minimal steric
perturbations. Also, the van der Waals radius of fluorine is in a similar range as that of an

oxygen (1.52 A) and a hydrogen atom (1.20 A) (Table 3.1).97.98

Table 3.1: Atomic parameters of the fluorine atom compared to other elements.?7- 99,100

Ionization  Electron Atom C-XBond gy Pauling’s
Atom Potential Affinity Polariozability Strength Raodii Electronegativity

(kcal/mol) (kcal/mol) (A3) (kcal/mol) (A) Ow)
H 313.6 17.7 0.66 98.8 1.20 2.20
401.8 79.5 0.55 105.4 1.47 3.98
Cl 299.0 83.3 2.18 78.5 1.75 3.16
Br 272.4 72.6 3.05 65.9 1.85 2.96
I 241.2 70.6 4.70 57.4 1.98 2.66
C 240.5 29.0 1.76 83.1 1.70 2.55
o 314.0 33.8 0.82 84.0 1.52 3.44

In a C-F bond, the halogen atom uses a p-orbital to overlap a sp3-hybrid orbital from the
carbon atom. The bond strength and length follow an inverse proportional trend: As the
van der Waals (vDW) volume increases from F < CI < Br < I, so does the bond length
increase, but the bond strength decrease. Consequently, the C-1 bond is the weakest and
longest carbon-halogen bond and the halogen itself is a preferred leaving group in, e.g., Sx
reactions. The C-F bond, on the other hand, is one of the strongest bonds in organic
chemistry.87 Due to the high electronegativity of fluorine, the C-F bond is highly polarized,
thus undergoing electrostatic or dipolar interactions with surrounding functional groups.
Fluorine exerts electronic effects on neighboring groups by withdrawing electron density,
leading to changes in pKa value, Lewis’s acidity, and stability of the overall structure. For
example, ethanol has a pKa value of 15.93, while its fluorinated analog 2,2,2-

trifluoroethanol (TFE) possesses a value of 12.93. Analogously, trifluoroacetic acid (TFA)
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has a smaller pkavalue (0.23) compared to acetic acid (4,76).9>97.101, 102 Because of high
electrostatic attractions between the C8*- and Fé--atom, the C-F bond has a relatively low
polarizability and is accordingly determined as a weak hydrogen bond acceptor.
Therefore, F---H-bridges show with 2.0 to 3.2 kcal/mol significantly lower energy values
than O---H-bridges (5 to 10 kcal/ mol).103, 104

The spatial demand of alkyl residues increases significantly with a growing extent of
fluorine substitution. Thus, the vdW volume of a trifluoromethyl group (39.8 A3)
corresponds to that of an ethyl residue (38.9 A3).95.105 Furthermore, (H — F)-substitution
on an aromatic ring leads to an increase in hydrophobicity, whereas terminal mono-, di-,
or tri-fluorination of saturated alkyl groups can result into a less lipophilic character.101
Carreira and Miiller, for instance, determined lower LogP values for fluorinated oxetane,
propylbenzene and 5-methoxyindole derivatives than for the non-fluorinated analogs
(Figure 3.1a). 106 107 The decrease in lipophilicity is caused by the fluorine-induced
molecular dipole, which is schematically illustrated for fluoromethane CH3F,
difluoromethane CH2F2 and trifluoromethane CHF3 in Figure 3.1b. The decrease in
polarity by higher amounts of fluorine can be rationalized due to a loss of an alternating
H-F pattern. This interplay of polarity and lipophilicity are among the most important

effects of fluorination and described as “polar hydrophobicity” in literature.92 108,109

a) NMe,| R=F LogP =2.0 b) H F F/ F - E
R=H LogP = 2.4 (':/H I(':/H \(':»/F (':/F (';/F
HSH H™H H"H HF ETF
dipole
o) moment 0 1.81 1.91 1.58 0
R=CH,F LogP=3.0 [Debyel vdW volume
R=CHF, LogP=31 A  ~~77TTTToTTTTTTToommmmmmeeoes >
R =CF; LogP = 3.3 2
R=CH; LogP=37 - g
5 —_—
R=CH,F LogP=2.8 g —_—
A\ R=CHF, LogP=2.9 3 -
N R=CF; LogP=3.1 Yo
MeO H R=CH; LogP=3.3 Ty

Figure 3.1 a) Chemical structures and reported LogP values for fluorinated and non-fluorinated oxetane,
propylbenzene and 5-methoxyindole derivatives. b) Calculated gas-phase dipole moments (vector
representation) of methane CHs, fluoroethane CHsF, difluoroethane CH:F>, trifluoroethane CHF3 and
tetrafluoroethane CFs. Experimental and theoretical values were adapted from Miiller et al.106, 107

Perfluorocarbons (PFCs, CxFy), e.g. tetrafluoromethane CFs, possess a net-zero dipole
moment because the individual C-F bond’s dipoles cancel each other. The low
polarizability of the fluorine atom translates relatively weak intermolecular cohesive
forces, low surface energies and refractive indices in fluorinated materials. Thus, PFCs are
both hydrophobic and lipophobic and the immiscibility of fluorocarbons with both

organic and aqueous solvents is defined as “fluorous phase”. 110-113 [n fact, the application
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of PFCs has been well acclaimed in a wide range of fields as the textile industry, material
development (e.g. perfluorinated surfactants in firefighting foams)!14 and clinical
treatments (e.g. fluorous-tags in drug delivery).115 116

Polytetrafluoroethylene (PTFE) (Teflon™) is the most popular fluoropolymer till date.11?
First discovered in 1938 by DuPont, this material is now frequently used for
superhydrophobic coatings, electrical insulation or water separation/purification by
specific PTFE membranes.118 Further examples of commonly used fluoropolymers in
material and biomedical science and application are Kynar® (polyvinylidene difluoride
(PVDF)) and Teflon™ PFA (perfluoroalkoxy alkanes) (Figure 3.2). In general, the degree
of fluorination and structural pattern of these materials regulates, for instance, the

melting temperature, dielectric properties, and polymer mesh size (density).119 120

K& }i* NG " teflon pan
A n AT
or
o e P &W/[ﬁ PTFE cable material
Teflon™ Kynar® Teflon™ PFA

Common applications
* Coatings + Wearables

 Electronics * Healthcare

PTFE-coated garments

Figure 3.2 Chemical structures of PFTE, PVDF and PFA which are commonly used for ubiquitous industrial
applications.!1?

PFCs have also shown to associate into cellular membranes and, therefore, are widely
used as part of carrier systems in the mediated transfer of biomacromolecules like nucleic
acids or proteins.112 121

An impressive breakthrough in fluoroalkyl-based protein delivery was achieved by Cheng
and co-workers in 2018. The authors reported on the fabrication of nanoparticles via co-
assembly of fluoroamphiphiles and albumin (BSA), but also 3-galactosidase and saporin.
For preparation of protein cargos, polyethylenimine (PEI) was grafted with a wide range
of alkanes, cycloalkanes and fluoroalkanes before mixing with FITC-tagged BSA for
yielding non-covalent polymer-peptide nanocomplexes. Incubation with HeLa cells
resulted in enhanced cellular uptake of fluoroalkyl-decorated cargo systems and confocal

images revealed the partition of fluorinated nanocomplexes into the cytosol (Figure 3.3).
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Figure 3.3 a) Fluoroamphiphiles for the non-covalent complexation of BSA-FITC into nanocomplexes. b)
Cellular uptake was determined by an enhancement of mean fluorescence intensity of HeLa cells transfected
with nanocomplexes after trypan blue treatment for quenching BSA-FITC physically adsorbed on the cell
membranes. Also, confocal images of HeLa cells treated with polymer/BSA-FITC validated cytosolic protein
delivery. In fact, trypan blue quenching resulted into an 80-90% retainment of fluorescence intensity when
using fluorinated cargos, but a loss of 40% for the non-fluorinated analogs resembling an allocation within
the outer membrane. Favorable cytosolic delivery for the fluorinated cargos and a decay of hydrocarbon-
conjugated species derived due to superior miscibility with the hydrophobic lipid tail of cellular membranes
was suggested by the authors. Adapted in a modified version from Zhang et al. (license: CC BY 4.0).122
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Moreover, the non-fluorinated analogs were located at the cellular membrane caused by
early release of encapsulated proteins. As a proof-of-concept, trypan treatment of the cell
revealed a retainment of FITC-based FL intensity of the fluorinated cargo systems (F3, F4)
but a significant decrease in FL (about 40%) for the hydrocarbon-equipped complexes
(A3, A4).122

In organic chemistry, the narrow miscibility of fluorinated solvents like perfluorohexane
(FC-72) with conventional organic solvents received particular interest for developing
novel synthetic strategies. Compounds functionalized with perfluorinated groups
preferentially dissolve in fluorous solvents and their partition throughout an organic
phase became a standard liquid-liquid extraction technique.123.124 [n 2001, Curran and
co-workers introduced a fluorous-tagging strategy by reporting the selective isolation of
a library of compounds after multi-step syntheses with prior attached fluoroalkyl-tags
through fluorous chromatography (FPSE).125 126 [n 2008, Pohl and co-workers utilized
this approach to describe the solution-phase synthesis of mannose tetrasaccharides with
a previously reported (CsFi7)-fluorous-tag (Figure 3.4).127 After glycosylation, the
reaction mixture was transferred on a FPSE-column with selective adsorption of the

fluorous-tagged saccharides and subsequent isolation of the desired product by elution

with MeOH.128
FSPE §

4’S|

|:| fluorous silica gel
|:| organic fraction

- fluorous fraction

wwnjﬂ .
T Y

1) coupling
(TMSOTf, DCM)
H 2) filter (FSPE) Ac

fluorophobic pass
fluorophilic pass

BnO O m BnO 0 =14

FFFFFFFFO/P FFFFFFFFO/P

FE FFEFFF FE FEFFFF

1 ) deprotection
(NaOMe, MeOH)
2) filter (FSPE)

Figure 3.4 Overview of the coupling cycle and strategic selection of protecting groups, fluoroalkyl-linker,
anomeric leaving groups and FSPE-based purification for the iterative solution-phase synthesis of
mannosides (Pohl et al.).128

Prior to fluorine-supported carbohydrate synthesis, Mizuno et al. demonstrated the
synthesis of either C-terminal carboxyl or amidated peptides on a fluorous support.
Peptide coupling proceeded under standard Fmoc-strategy and the C-terminal amino acid
was conjugated to a 4-hydroxymethylphenoxyacetyl (HMPA)-type support with a

hexakisfluorous chain-type amine (Hfa). This fluorous-support is developed for the
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synthesis of C-terminal carboxyl-groups. After Fmoc deprotection, the Hfa-tagged peptide
was selectively isolated through ‘fluorous (FC-72) /organic (ACN)’ extraction, for which
excess reagents remained in the organic solvent. Acidic cleavage from the fluorous
support (95% agq. trifluoroacetic acid TFA) finalizes, as demonstrated by the authors, the
synthesis of the bioactive peptide Leu-enkephalin Tyr-Gly-Gly-Phe-Leu in notable yields
(Figure 3.5).129,130
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= = 5
o/\n/Hfa C4FOEt-DCM oﬁr”f"
rt, 24h .
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Figure 3.5 Concept of peptide synthesis using fluorous chemistry for the selective extraction of Hfa-linked
sequences (Mizuno et al.).130
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3.2 Fluorine in natural compounds and drug development

Fluorine is the 24th most abundant element in the universe.13! In contrast, the distribution
of elements on our planet is somewhat different: Fluorine comprises up to 0.054% of the
Earth’s crust and is the 13th most common element, more than three times as abundant
as chlorine and carbon (both about 0.02%). This element is mostly bound in minerals like
CaF2 (fluorspar), fluorapatite (Cas(PO4)3F) and cryolite (NasAlFs). Despite its high
abundance, fluorine rarely occurs in biomolecules of natural origin, presumably due to
the extremely low aqueous solubility of fluorine-containing minerals. For instance,
chlorides are much more common in sea water than fluorides (19,000 vs. 1.3 ppm). It is
not surprising that, although about 3500 natural occurring organohalogens are reported,
only a few organofluorine compounds are identified in the biosphere till date (see Figure
3.6).132-136

Fluoroacetate (i.) was the first-ever discovered fluorine-containing natural product. It
was initially found in South Africa (1943) as poison in the prostrate shrub Dichapetalum

cymosum and since then located in several plants in tropical regions.137
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Figure 3.6 Organofluorine compounds i. fluoroacetate, ii. (2R,3R)-fluorocitrate, iii. 4-fluorothreonine, iv.
w-fluorooleic acid, v. fluoroacetone & vi. nucleocidin with schematic metabolic pathways for ii. and iii.138

The high toxicity of this compound is based on the inhibition of the enzyme aconitase in
the tricarboxylic acid cycle and its reactive metabolites. Biotransformation of
fluoroacetate into fluoroacetyl-CoA and, ultimately, (2R,3R)-fluorocitrate (ii.) leads to
disturbances in citrate transport with fatal consequences for the citrate cycle.139 4-

fluorothreonine (iii.), the only fluorous amino acid of natural origin discovered so far, was
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found in the Gram-positive bacterium Streptomyces cattleya but its relevance to metabolic
pathways is still unknown. Interestingly, its’ in vitro antimicrobial activity was discovered
in 1986.140, 141 The biosynthetic steps leading to this amino acid have been elucidated by
Murphy and co-workers. It comprises the conversion of S-adenosyl-L-methionine (SAM)
into 5’-fluoro-5’-deoxyadenosine (5’-FDA) by a fluorinase enzyme which catalyzes the
release of L-methionine by a Sn2-type nucleophilic substitution with fluoride ions at the
Cs’-residue of SAM. Further metabolization of 5’-FDA into monofluoroacetaldehyde takes
place and the latter substrate is, subsequently, converted by the enzyme 4-fluorothreonine
transaldolase (4FTase) into 4-fluorothreonine and monofluoroacetic acid (fluoroacetate)
as secondary metabolite.142 143

In 1964, Ward et al. isolated w-fluorooleic acid (iv.) from the seeds of the West African
shrub Dichapetalum toxicarium; these w-fluoro fatty acids are metabolized in the body to
produce monofluoroacetic acid (fluoroacetate), and slight exposure can lead to human
death. A further fluorinated compound, fluoroacetone (v.), was found as a volatile
constituent of the native Australian plant Acacia georginae.1** 145 The last example is
nucleocidin (vi.), an antimicrobial analogue of adenosine but inappropriate for clinical
use due to its cytotoxicity. It was detected in 1956 in culture extracts from the Indian soil
bacterium Streptomyces calvus and its biosynthetic pathway was described in 2015 by
Zhu and co-workers.146

In contrast to the toxicological potential of fluorinated bioproducts, fluorine-containing
pharmaceuticals have been attracting attention for more than half of a century due to a
multitude of beneficial effects in drug design and development. As depicted in Figure 3.7,
systematic fluorination is used on a routine basis to improve and fine-tune
pharmaceutical parameters like the pKa, binding affinity, membrane permeability and
metabolic stability. Several excellent reviews by Meanwell and co-workers covering the
bigger picture of fluorine in pharmaceuticals have been published during the last few
years.100. 147, 148 Flyoro-phamaceuticals containing fluorine atoms or fluorinated
functional groups (e.g., trifluoromethyl “CF3”) receive an increasing medicinal importance
and belong to the key players in global marketed drugs (about 20%) for several
decades.14? One example describing the outstanding impact of fluorine substitution in
medicinal chemistry deals with the development of the cholesterol-absorption inhibitor
SCH 58235 (Ezetimibe) (A). Comparing to the moderately potent compound SCH 48461,
the decoration of two phenyl rings with fluorine substituents proved to circumvent the

metabolism of labile sites by Cytochrome P450 monooxygenases.
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Application of fluorine in medicinal chemistry
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Figure 3.7: The impact of fluorine on medicinal chemistry. A generous number of beneficial effects on
physicochemical properties resulted into the successful approval of fluorine-containing drugs by the FDA
in the past and present. The implementation of fluorine into drug scaffolds caused a boost in
biofunctionality for (A) the pharmaceutical agent Ezetimibe and (B) a thrombin-inhibitor studied by

Diederich and co-workers.100, 102,147, 148,150-157

This lead optimization contributed significantly to the metabolic stability and intrinsic

potency of Ezetimibe in hamster models.192 Diederich and co-workers studied the
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aromatic substitution of a thrombin inhibitor (B) with varying degrees of fluorination.
Only the para-fluorophenyl mutated inhibitor revealed superior activities than the non-
fluorinated drug. X-ray crystal structure analysis of enzyme-inhibitor-complexes revealed
favorable dipolar interactions of the C-F group with electrophilic residues in the enzyme’s
active site as main origin of enhanced activity. In brief, complexation of the 4F-mutant
with thrombin generated a close contact of the fluorinated residue with a positively
polarized carbon atom (C=0) and the crucial H-Ca atom of Asn98 in the D-pocket.154 158
The successful history of fluoro-pharmaceuticals started in 1954 with the FDA approval
of Fludrocortisone and Fluorouracil in 1962.150 A recent example of fluorine-assisted drug
development is constituted by Nirmatrelvir, a peptidomimetic inhibitor of the severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) main protease 3CLrre developed
by Pfizer. In 2021, the FDA issued an emergency use authorization (EUA) on a combined
formulation (Paxlovid™) of Nirmatrelvir and Ritonavir, a HIV-1 protease and CYP3A
inhibitor, for the treatment and post-exposure prophylaxis of COVID-19.153.159, Upcoming
drug candidates like Selgantolimod!52 or Iclepertin!>! may open novel therapeutic
approaches for the treatment of chronic hepatitis B and schizophrenia.

The development of peptide and protein-based drugs as biocompatible diagnostic agents
is becoming increasingly valuable. In 2015, over 220 therapeutic proteins and peptides
and 64 antibody-derived drugs were reported to be available on the global
pharmaceutical market.48 160 As fluorine substitution is a widespread approach for fine-
tuning physicochemical and pharmacokinetic properties in a modality which cannot be
achieved by any other element, fluorine-containing amino acids bear promising potentials
in drug research.150. 161, 162 Qne example is the anticancer drug Melflufen, a fluorous
peptide-drug conjugate (Figure 3.8a) supposed for the treatment of multiple myeloma
(MM).163 Preclinical in vitro studies with ovarian cancer (OC) cell lines revealed a
significant enhancement of bioactivity than the historical predecessor Melphahan upon
introduction of 4-monofluorophenylalanine (OEt-protected).164 However, Melflufen was
provisionally withdrawn from the US market in 2021 after excess deaths in a phase III
confirmatory trial.16> For Ulimorelin, a cyclic-peptide-based ghrelin agonist and
prokinetic agent, several structural modifications were tested via structure-activity
relationship (SAR) screenings and substitution of D-Phe with its 4-fluorinated derivative
optimized its pharmacological activity significantly.166. 167 When incorporating the
aliphatic fluorinated amino acid DfeGly into a prototype inhibitor of the hepatitis C virus

NS3, Matassa et al. proposed this derivative to act as a potential cysteine-mimetic agent.168
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Figure 3.8: a) Optimization of pharmacological properties for Melphalan and a prototype GRLN agonist by
introduction of fluorinated phenylalanine derivatives. b) Optimization of a de novo designed HCV NS3
protease inhibitor by accommodation of the substituted fluorinated aliphatic amino acid DfeGly into the P1-
pocket of the enzyme as suggested by Matassa and co-workers.168

They assumed the CF2H residue as appropriate proton donor with its acidic proton to be
closely located to the carbonyl oxygen of Lys136 via hydrogen bonding and F--H-bridges
with the para-hydrogen atom of Phe154 (Figure 3.8b).168

In summary, the modification of peptides and proteins with fluorinated analogues of

canonical amino acids, as shown in given examples, holds great potentials to confer
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3.3 Biodegradation of fluorinated compounds

Despite their beneficial physicochemical properties and definite advantages in chemical
& biological applications, the chemical inertness and biological persistence of per- and
polyfluoroalkyl substances (PFASs) causes an increasing exposure into the biosphere
with fatal consequences on ecological and health concerns.16% 170 For instance, Ochoa-
Herrera et al. studied the microbial degradation and toxicity of a diverse range of PFASs
like triuoropentanoic acid, perfluoropropanoic acid and perfluorooctane sulfonate. Only
minor inhibition of hydrogenotrophic methanogens in anaerobic biomass up to a PFAS
concentration of 500 mg L-1 (resembling barely toxic properties) were detected. However,
all selected PFASs were found to be persistent towards microbial degradation over
several weeks expect for triuoropentanoic acid which indicated at least 3% total release
of fluoride ions.171

Several decades ago, the presence of fluoroacetate in nature and it’s in vivo toxicity raised
the question of its biodegradation and biotransformation. In fact, the main class of
bacterial proteases catalyzing hydrolytic defluorination is called fluoroacetate
dehalogenase. The first of its kind was found in 1965 by Peter Goldman in P. aeruginosa
and achieved the hydrolytic cleavage of fluoroacetate into glycolate and fluoride ions.172
Further dehalogenases have been also isolated from the soil microbes F. solani, P.
fluorescens and D. acidovorans.173 Liu et al. suggested a two-step reaction mechanism of
digestive C-F bond cleavage. It includes an enzyme-acyl complex between a nucleophilic
Asp and the C-fluoroalkylated residue of fluoroacetate followed by the release of fluoride
ions. This ester intermediate is then hydrolyzed by a water molecule activated via a basic
His to generate the free enzyme and 2-hydroxyacetic acid as digesting product (Figure
3.9a).174A further defluorinating enzyme, fluoroacetate-specific defluorinase, has been
found in mammalian animals (e.g. mice & rats) that live in the same area of fluoroacetate-
producing plants. Upon lead exposure, fluoride ion release occurs via a glutathione-
dependent detoxication of fluoroacetate (Figure 3.9b).173.175

Only few case studies on the enzymatic defluorination of fluorinated amino acids have
been reported. Donelly et al. determined the enzyme-catalyzed C-F bond cleavage from 4-
fluoro-L-glutamic acid in cell extracts of Streptomyces cattleya. Analog concentration of
fluoride and NH3 were measured upon digestion, suggesting a deaminase-activity within

the cell extract that would contribute to the amino acid’s metabolic excretion.176
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Figure 3.9 a) Hydrolytic defluorination of fluoroacetate through fluoroacetate dehalogenase via an Asp-His-
Asp catalytic triad. b) Further examples of enzyme-catalyzed C-F bond cleavage: (i.) fluoroacetate-specific
defluorinase and (ii.) 4-fluoroglutamate dehalogenase/deaminase - adapted from Murphy and co-
workers.173.177

Similar conclusions on deamination were reported by O’Connor et al. when studying the
metabolism of racemic TfVal by B. subtilis. Interestingly, the authors did not observe any
fluoride ion release from the trifluoromethylated side chain, but the substrate rather to
be catabolized to 4,4,4-trifluoro-2-hydroxy-3-methylbutanoic acid.17”

The environmental fate of organofluorine compounds is a crucial variable to be evaluated
for preventing hazardous outcomes on the worldwide ecosystem. However, only few
numbers of living organisms possess suitable mechanisms for the metabolic degradation
of fluorinated compounds, which would allow a continuous biological cycling of
mineralized fluorides. In fact, nature has been exposed with these chemicals for a
comparatively short era of the earth's history and, therefore, requires a much longer

period for the evolution of suitable biodegradable processes.136.178
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3.4 The role of fluorine in peptide and protein science

Peptides and proteins own a myriad of natural functions and are responsible for
regulating, for instance, biomolecular catalysis, cell signaling and metabolism. Their
complex three-dimensional structures and physiological properties are determined by
their amino acid sequence. For expending the overall entity of canonical amino acids, the
site-specific incorporation of non-natural and synthetic derivatives belongs to the most
common approaches in peptide and protein engineering. Fluorinated amino acids have
emerged as valuable building blocks for implementing unique tailor-made properties, like
a high chemical & thermal stability. The amount and local position of the fluorinated
amino acid in the primary sequence, its spatial demand, and the specific degree of side
chain fluorination determines its influence on peptide hydrophobicity, secondary
structure formation, supramolecular self-assembly and bioactivity (see Figure 3.10).7-92
For estimating the hydrophobic nature of fluorinated amino acids, the Koksch laboratory
established a RP-HPLC based scale for these synthetic building blocks (Figure 3.11).17°

In this plot, the retention time (rt) acts as a dimension of hydrophobicity.180. 181
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Figure 3.10 Effects of fluorinated amino acids on the intrinsic hydrophobicity, polarity, folding & assembly
propensity as well as biological activity of peptide and proteins.%2
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Figure 3.11 Systematic evaluation of (A) aliphatic and (B) aromatic amino acids (Fmoc-protected for UV
detection) and their fluorinated derivatives through a RP-HPLC-based hydrophobicity assay. Retention
times of respective Fmoc-amino acids are plotted against the van der Waals volume of the side chains. Types
of amino acids are subdivided into aliphatic & aromatic (grey), fluorinated aliphatic (green) and fluorinated
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Fluorine substitution on aromatic amino acids generally increases the intrinsic
hydrophobicity. In the case of aliphatic fluorination, the amino acids Val, Ile and Leu were
particularly studied and their non-polar character was mostly enhanced with few
exceptions found for monofluorinated side chains (Figure 3.11).183

The fluorinated amino acids MfeGly, DfeGly and TfeGly derived from the non-natural
amino acid Abu are of particular interest since the systematic sequence of terminal side-
chain fluorination resembles the series of prior-discussed fluoromethanes (Section 3.1).
A decrease in non-polar character for MfeGly compared to Abu is stated, whereas DfeGly
& TfeGly show enhanced hydrophobicity. Thus, this library of fluorinated Abu comprises
isosteric C-H to C-F substitutions (Abu/MfeGly) as well as a CF3-containing derivative
(TfeGly) with similar hydrophobic character and spatial demand than for Val.

For elucidating the effects of fluorination on peptide folding and assembly, coiled-coils
were frequently used as model peptides (Figure 3.12a). Kumar et al, for example,
replaced four Leu residues (a position) and three Val residues (d position) with 5,5,5-
trifluoroleucine (TfLeu) and 4,4,4-trifluorovaline (TfVal) in the coiled-coil GCN4 and

measured much improved thermodynamical stabilities for the fluorous peptide.184

a)
_'é 20 :=:E|it(|,\:ﬁ13ted GCN4-H Thermal denaturation
LY L WCRCNCNC COOH j/\rCOOH T,(H)=47£1°C
g, <l = NH, NH, T (F)=6241°C
Né . o GCN4-F Chemical [Gnd=HCI] denaturation
g COOH FiC cooH AG®,o (-H) = 10.50 + 0.42 keal ol
%-20. NH, mz AG®,, (-F) =11.42 £ 0.34 kcal mol'
190 200 210 220 230 240 250
A [nm]
b ) Thermal denaturation

- Substitution at Position 53 -

Gly (T =47.7+0.2°C)

Ala (T, =59.2 0.2 °C)
Abu (T_=62.1+0.6 °C) TfeGly (T, =64.9 + 0.9 °C)
Leu (T,=63.3+0.7 °C) HfLeu (T, =65.9+0.9 °C)

Phe (T_=67.5+0.6 °C) [2.3.4.5.6F]Phe (T _=71.1£0.8°C)

Figure 3.12 a) Replacement of Val and Leu with TfVal and TfLeu within a GCN4-derived peptide enabled
higher thermal and chemical stability.18¢ b) The protein GB1 domain with experimentally determined
melting temperatures (Tm) of the main domain (Ala53) and its native & fluorinated derivatives by Cheng
and co-workers (PDB ID: 1PGA).185 186

Several attempts have been made for understanding the effect of fluorinated amino acids

on (-sheet formation & stability. In 2009, Chiu et al studied the changes in protein
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stability of the B-sheet GB1 domain (56 residues) by fluorination of the solvent-exposed
position 53 (Ala) of the internal B-cross-strand. Thermal folding & unfolding experiments
revealed the incorporation of TfeGly, HfLeu, and [2.3.4.5.6F]Phe to moderately enhance
the thermal stability of this protein when comparing to their native counterparts Gly, Ala,
Abu, Leu or Phe (Figure 3.12b).186

B-Sheet based intermolecular interactions are of main relevance in amyloid formation.
The fibrillary plaques derived from the human islet amyloid polypeptide (hIAPP), for
example, have been identified as potential causing agent in case of T2D.187 [n 2020, the
Koksch laboratory focused on the amyloid core-containing sequence NFGAIL, a fragment
derived from hIAPP (residue 22-27) (Figure 3.13a). A library of fluorinated NFGAIL
variants with varying degrees of aromatic side-chain fluorination was established to
probe the role of hydrophobicity and m-m-interactions during amyloid self-assembly.
Systematic fluorination enhanced the hydrophobicity of the Phe residues and, at the same
time, led to alterations in the electrostatic potential within the aromatic side chains. This
approach served to elucidate the necessity of both the hydrophobic nature of the Phe
residue and favorable m-stacking geometries (face-face/edge-face) through possible
perturbations during peptide self-assembly. Experimentally determined lag times by real-
time monitoring of NFGAIL amyloid formation revealed a synergy between enhanced
hydrophobic properties and accelerated peptide fibrillation, indicating an independency
towards m-stacking geometries (Figure 3.13b). TEM micrographs confirmed amyloid
formation for all sequences with each unique morphologies and fibril diameters (Figure
3.13c). The difluorinated mutant N-[3.5F]Phe-GAIL, most interestingly, owned the by far
longest lag time (18.16 * 1.10 h), thereby hinting an elongation of NFGAIL self-assembly
upon fluorination. Molecular modelling experiments for [3.5F]Phe and [2.3.5.6F]Phe
depicted a facilitated ability of surrounding water molecules to act as both hydrogen bond
acceptor and donor. Particularly for [3.5F]Phe, these binding modes result into strong
interactions with the aqueous buffer and, therefore, could cause a retardation of amyloid
aggregation by diametrical effects based on fluorine-enhanced polarity (Figure 3.13d).183
In 2015, Ye et al. probed the impact of fluorine-specific interactions on protein-protein
interactions between the bovine pancreatic trypsin inhibitor (BPTI) and the protease (3-
trypsin. Their main approach was the substitution of the BPTIs’ crucial Lys15 for enzyme
inhibition with Abu, DfeGly and TfeGly. In brief, replacement of Lys with Abu (BPTI(abu15))
reduced the inhibitory activity, which was comparably restored in case of BPTI(pfecly15)

and BPTI(rfecly15).188
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Figure 3.13 Amyloid formation of fluorinated NFGAIL variants: a) Chemical structure of the hexapeptide
NFGAIL and fluorinated Phe derivatives for probing hydrophobicity and m-m—interactions in amyloid self-
assembly. b) Thioflavin T based fluorescence assays on amyloid formation with peptides N-[4F]Phe-GAIL
[4 mM], N-[3.5F]Phe-GAIL [4 mM], N-[2.3.5.6F]Phe-GAIL [4 mM] and N-[2.3.5.6F]Phe-GAIL [3 mM]
dissolved in 10 mM ammonium acetate buffer containing 20 uM fluorescent dye, pH 7.0 and incubated at
37 °C. ¢) TEM micrographs of NFGAIL solutions after amyloid assembly: i. N-[4F]Phe-GAIL, ii. N-[3.5]Phe-
GAIL, iii. N-[2.3.5.6F]Phe-GAIL and iv. N-[2.3.5.6F]Phe-GAIL. d) Calculated 5-water clusters for [3.5F]Phe
and [2.3.5.6F]Phe based on optimized water-binding geometries. Adapted in a modified version from
Chowdhary et al. with permission (Copyright © 2020 John Wiley & Sons, Ltd).183

In this case, fluorine-induced interactions within the enzymes’ active site had beneficial
effects on its biofunctionality.158 188 Follow-up investigations by Leppkes et al. expanded
the library of fluorinated amino acids for the replacement in BPTI at position 15 and
probed their inhibitory activity towards the serine protease a-chymotrypsin.18% Again,
BPTI(abu1s) had a reduced activity than the wild type (Figure 3.14b). Comparably
enhanced activities found of BPTI(rfecly1s) and BPTIpsaly1s) indicated steric and

hydrophobic properties upon side chain fluorination to promote the inhibitor’s activity.
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Figure 3.14 a) Site-specific substitution of the P1 position in bovine pancreatic trypsin inhibitor (BPTI)
with artificial amino acids possessing either a partially fluorinated (MfeGly, DfeGly, DfpGly) or fully
fluorinated fluoroalkyl group (TfeGly, PfpGly). b) Inhibition of a-chymotrypsin with fluorinated BPTI
variants. Comparison of Ki [uM] reveal enhanced inhibitory activity for BPTI variants bearing both
hydrophobic and polar amino acids DfpGly and DfeGly. Adapted from Leppkes et al. in a modified version
with permission (license: CC BY-NC 3.0) .18°

On the other hand, BPTIprealy15) and BPTI(pfpaly15) revealed the highest activities among
this work. Apparently, the origin of fluorine-induced enzyme-inhibition was considered
as a coaction of hydrophobic and polar interactions. Both side chains are more hydrophilic
when comparing to TfeGly or, ultimately, PfpGly. Therefore, the superior polarity of
partially fluoroalkyl groups in comparison with fluorocarbon (TfeGly) or hydrocarbon
derivatives (Abu) was also extensively discussed in recent computational studies by Vila

Verde and co-workers.189-191
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3.5 Synthesis of fluorinated amino acids MfeGly, DfeGly & TfeGly

In this chapter, the standardized synthetic protocols of Fmoc-protected MfeGly, DfeGly
and TfeGly are discussed. A selection of synthetic strategies for obtaining fluorinated o-
amino acids has been otherwise reviewed in depth by Moschner et al. in 2019.192

The first enantioselective synthesis of Fmoc-protected MfeGly on the gram scale was
published by Leppkes et al. in 2020 and comprises an eight-step synthetic route. The
synthesis starts with a C-terminal tert-butyl protection of N-protected Asp, followed by
the hydrogenolysis of the OBn-protecting group of the side chain. This approach enables
the selective reduction of the side chain’s carboxylic acid to a hydroxyl group through a
two-step approach including the preparation of mixed anhydrides with ethyl
chloroformate and subsequent treatment with the reducing agent sodium borohydride
(NaBHa4). The key step of this strategy is constituted by the nucleophilic fluorination of the
tosyl-protected homoserine-derivative for which various fluorination strategies with up
to 98% yields (TASF (5 equiv.), EtsN - 3 HF (1.5 equiv.) in THF/DCM) were tested. At last,
the global deprotection of the acid-labile tert-butyl and Boc-functionality followed by the
N-terminal Fmoc-protection in basic conditions leads to the isolation of Fmoc-MfeGly-OH
in overall yields of up to 50% (Scheme 3.1).193

For synthesizing the difluorinated variant Fmoc-DfeGly-OH, Burger and co-workers
introduced in 1996 a six-step approach starting with the reaction of Asp with
hexafluoroacetone HFA to form 2,2-bis(trifluoromethyl)-1,3-oxazolidin-5-one
accompanied by the protection of both N- and C-terminal group. Further treatment with
thionyl chloride affords the corresponding acid chloride, which is transformed into an
aldehyde with Pd/BaSO4. Again, a nucleophilic fluorination takes place with
diethylaminosulfur trifluoride (DAST) as fluorine source, followed by hydrolysis of the
HFA-protecting group and Fmoc-protection (Scheme 3.2).194

In 1988, Tsushima et al. described a chemoenzymatic five-step approach for obtaining
Fmoc-TfeGly-OH. The fluorinated side chain is incorporated at first by reaction of diethyl
N-acetamidomalonate with 2,2,2-trifluoroethyl trifluoromethanesulfonate with prior
deprotonation (potassium tert-butoxide KOtBu).19> Hydrolysis of this intermediate leads
to racemic TfeGly, subsequently treated by N-terminal acetylation. This step is crucial for
the enantioselective isolation of L-TfeGly through Acylase I. Subsequent ion-exchange

chromatography and Fmoc-protection results in Fmoc-TfeGly-OH (Scheme 3.3).195
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Scheme 3.3 Synthesis of trifluorinated Abu-derivative Fmoc-TfeGly-OH by Tsushima et al..195

Due to equal proportions of the D-entantiomer, however, the enzyme-assisted isolation
of L-TfeGly has a theoretical maximum yield of only 50% (Scheme 3.3).19>

Most studies focusing on fluorinated peptides or proteins applied the incorporation of
only one or a few fluorinated amino acids. This raises the simple but crucial question why
synthetic peptides with higher or even exclusive proportions of these building blocks
have not been described so far. The most likely answer, as can be taken from the above-
discussed protocols for obtaining fluorinated Abu derivatives, is the limited accessibility
of tailor-made amino acids. In fact, vast majority of these compounds are not
commercially available and require complex multi-synthetic strategies.

Being aware of the emerging necessity on fluorous amino acids, Soloshonok et al
developed a series of chiral Ni(II) complexes for the stereoselective synthesis of such
building blocks like, for example, Fmoc-protected TfeGly.196-201 As a general procedure,
the amino acid Pro is alkylated with 3,4-dichlorobenzyl chloride. To selectively alkylate
the amine-moiety, the reaction is carried out in a basic KOH / iPrOH solution. In a further
reaction, the intermediate reacts with PCls to form an acid chloride, which enables the
formation of an amide bond with the amine-moiety of 2-amino-5-chlorobenzophenone.
The formation of the Schiff base as a chelating ligand occurs through the reaction with the
amino acid Gly, nickel acetate tetrahydrate and the base DBU. The key step comprises the
asymmetric alkylation of the chiral Ni-ligand with a fluorinated alkyl iodide as desired
side chain of the amino acid (e.g. CzH2F3l for TfeGly). Hence, X-ray diffraction experiments
exposed an unique conformation of the Ni(Il) ligand by strong electrostatic attractions

between the two chlorinated aromatics in close proximity (Scheme 3.4).
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Scheme 3.4 Synthesis of Fmoc-MfeGly-OH, Fmoc-DfeGly-OH and Fmoc-TfeGly-OH through an asymmetric
and Ni(II)-complex mediated stereoselective synthesis reported by Soloshonok et al. and Hohmann et al.
The enantioselective alkylation of the Ni(II) complex was further supported by X-ray crystallographic
structure determination (shown for the synthesis of MfeGly and DfeGly). The X-ray structures were adapted
from Hohmann et al. with permission (Copyright © 2022 American Chemical Society).197. 198,200,202

This conformation contributes to the main formation of the (S)-isomer and steric
interferences for the energetically unfavorable (R)-alkylation.201 Subsequent disassembly
in acidic conditions and simultaneous Fmoc-protection finally leads to the isolation of
desired products. Recently, the Koksch laboratory extended this approach for obtaining
enantiomerically pure Fmoc-protected aliphatic fluorinated amino acids MfeGly, DfeGly,
DfpGly, PfpGly, (25,35)-TfVal, (25,3R)-TfVal, 53-(25,3R)-Tflle and 53-(25,35)-Tflle.202 In
fact, the recovery and recycling of chiral ligands allows an efficient and practical two-step

strategy for the generous fabrication of these building blocks on the gram-scale.
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3.6 Fluorinated peptide-based B-sheet hydrogelators

The influence of side chain fluorination on peptide (-sheet assembly and hydrogelation
has been predominantly studied by substitution of aromatic amino acids with, for the
most part, commercially available flourous counterparts. Surprisingly, the sum of studies
is limited to fluorinated Fmoc-functionalized amino acids, di-, tri- and very few
oligopeptides. Two pioneers in this field of research, Bradley L. Nilsson and Hsin-Chieh
Lin, have particularly studied low molecular-weight (3-sheet hydrogelators for exploring
the structure-activity relationships upon fluorination with main focus on supramolecular

assembly and potential applicability (Table 3.2).94 203

Table 3.2 Rheological properties of fluorinated Phe-based hydrogelators (G’'= storage modulus; G” = loss
modulus). Non-fluorinated peptides (highlighted in yellow) are listed for comparison.

Hydrogelator c (wt%) G’ (Pa) G”(Pa) Source
Fmoc- Fs-Phe ~0.2 3056+ 71 320+ 12 B. L. Nilsson (2000)204
Fmoc-2F-Phe ~0.2 2185 +59 154 +20 B. L. Nilsson (2010)205
Fmoc-3F-Phe ~0.2 4219 + 209 404 £ 39 B. L. Nilsson (2010)205
Fmoc-4F-Phe ~0.2 443 +85 35+16 B. L. Nilsson (2010)205
Ac-(Cha-Lys-Cha-Lys)2-NHz 0.95 (8 mM) 75.6 +10.1 24.6+55  B.L. Nilsson (2011)206
Ac-(Phe-Lys-Phe-Lys)2-NH> 0.93 (8 mM) 1642.9+19.3 131.7+7.1 B.L. Nilsson (2011)206
Ac-(Fs-Phe-Lys-Fs-Phe-Lys)2-NH2 1.21 (8 mM) 1961.1+78.6 191.7+6.4 B.L. Nilsson (2011)206
Fmoc- Phe ~0.2 393 51 B. L. Nilsson (2016)207
Fmoc-4F-Phe ~0.2 102+7 9+3 B. L. Nilsson (2016)207
Fmoc-Phe-DAP 1.5 (33.7 mM) 383 +100 59+ 17 B. L. Nilsson (2019)208
Fmoc-3F-Phe-DAP 1.5 (33.7 mM) 21311 +2057 3973+419 B.L. Nilsson (2019)208
Fmoc-Fs-Phe-DAP 1.8 (33.7 mM) 10776 £ 902 2273 +209 B.L. Nilsson (2019)208
Fmoc-Phe-DAP + Fmoc-Fs-Phe-DAP 1.7 (33.7 mM) 17109 +1925 2279+163 B.L. Nilsson (2019)208
Fmoc-2F-Phe-DAP 0.46 (10 mM) 212 33%0.2 B. L. Nilsson (2022)209
Fmoc-4F-Phe-DAP 0.46 (10 mM) 1289+ 110 121 +£11 B. L. Nilsson (2022)209
PFB-Phe 1.0 3.0*103 1.5*102 H.-C. Lin (2014)210
PFB-Phe-Gly 1.0 1.2*104 1.5*103 H.-C. Lin (2014)210
PFB-Phe-Phe 1.0 3.4 %104 8.0*103 H.-C. Lin (2014)210
PFB-Phe + PFB-Phe-Phe [1:1] 1.0 3.0*103 2.0*102 H.-C. Lin (2015)211
benzyl-Phe-Phe <5.0 - - H.-C. Lin (2015) 212
4-fluorobenzyl-Phe-Phe 2.0 ~5700 ~1500 H.-C. Lin (2015)212
PFB-(FFRGD) (Ca*) 2.0 4.7 *10* 8.6 *103 H.-C. Lin (2022)213

2F: ortho-F; 3F: meta-F; 4F: para-F; Fs: perfluorinated “[2.3.4.5.6f]Phe”; PFB: perfluorbenzyl

In 2010, the Nilsson group reported side chain fluorination of Fmoc-Phe to support

intermolecular assembly via hydrophobic and dipole interactions between the aromatic
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residues. The degree of aromatic fluorination as well as the local position on the benzyl
ring (ortho, meta, para) has been evaluated to specifically strengthen the hydrogel
stiffness.204 205,207 [n a further report, global incorporation of [2.3.4.5.6]Phe into a (Phe-
Lys)-repeating unit led to higher aggregation rates and rheological stability. Interestingly,
cyclohexylalanine (Cha) was found to provide the highest value of peptide hydrophobicity
in this work, but also a dramatic loss in hydrogel stability. This circumstance rather
indicated -t interactions than hydrophobicity of each peptide to promote the rigidity of
entangled hydrogel networks (Figure 3.15a)206,
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Figure 3.15 a) Trends in hydrophobicity and gel stiffness determined for amphipathic X-Lys sequences (X:
Phe, [2.3.4.5.6F]Phe, Cha).2%¢ b) Chemical structures, proposed m-m stacking and cell viability data of PFB-
Phe, 4-fluorobenzyl-Phe-Phe and benzyl-Phe-Phe. Adapted from Hsu et al. and Wu et al. in a modified
version.210.212

C-terminal modification of Fmoc-Phe with diaminopropane (DAP) has shown to provide
rapid hydrogel formation upon addition of physiological salts. Thus, a 1:1 co-assembled
hydrogel of Fmoc-Phe-DAP and perfluorinated Fmoc-F>Phe-DAP displayed higher G’

values than the gels composing of exclusively one component, a potential consequence of
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attractive m—m interactions by alterations on the electrostatic quadrupole of Phe (Table
3.2). Similarly, encapsulation of the aromatic drug Diclofenac yielded the lowest level of
drug release for the hydrogel composed of Fmoc-F>Phe-DAP. This supramolecular fluoro-
hydrogel, furthermore, succeeded in drug delivery into mouses.208, 209

The Lin group worked on perfluorobenzene (PFB)-based hydrogelators (Figure 3.15b).
These peptide scaffolds were specially designed for exploiting parallel stacking of PFB and
the benzyl side chain of Phe, leading to peptide oligomerization, fibril, and hydrogel
formation. The rheological strength of the PFB-capped Phe moiety and several dipeptide
derivatives of Phe are strongly dependent on both aromaticity and hydrophobicity of the
C-terminal amino acid. Further work by Wu et al. on 4-fluorobenzyl & benzyl-capped
diphenylalanine revealed the fluorinated compound to form a rigid and less toxic
hydrogel than the native counterpart which, much more, failed to form stable hydrogel
matrices (Table 3.2).212

In summary, the effects of fluorine on supramolecular 3-sheet assembly, whether based
on enhanced hydrophobicity or beneficial alterations in the ESP of an altered o-
framework, has yet been studied for a limited range of aromatic SAPs. The influence of

aliphatic fluorinated amino acid on 3-sheet hydrogelation, however, has not been studied.
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3.7 Fluorinated antimicrobial peptides

The future development of synthetic AMPs is crucial to successfully combat the
progressive evolvement of antimicrobial resistances. Therefore, the utilization of
fluorinated amino acids may anticipate as an useful approach to enhance membrane
permeability and, thus, strengthen the non-specific AMP targeting onto the bacterial
envelope.214

In one of the first-ever reports on fluorinated AMPs, Gimenez et al. prepared a library of
amphipathic pentapeptides (FKFKF) bearing the fluorinated aromatic derivatives
[4F]Phe (fF) and [4-CF3]Phe (cf3F). Fluorination was found to intensify the antibiotic
potency of this peptide against E. coli and S. aureus, which was attributed to the increased

hydrophobicity of the fluorinated derivatives. (Table 3.3).215

Table 3.3 Hydrophobicity and antibacterial activity of the alternating pentapeptide “FKFKF” and its
fluorinated derivatives - Gimenez et al.215

tr (RP-HPLC) MIC (png/mL)
Compound
(min) E. coli S. aureus
H-FKFKF-NH:2 15.0 50 75
H-(fF)K(fF)K(fF)-NHz 16.9 37.5 25
H-FK(cf3F)KF-NH: 18.1 37.5 25
H-(cf3F)KFK(cf3F)-NH: 20.5 37.5 18.75
H-(cf3F)K(cf3F)K(cf3F)-NH: 22.6 18.75 4.68

fF: [4]Phe = para-fluoro-Phe; cf3F: [4-CF3]Phe = para-trifluoromethyl-Phe

Gottler et al. reported on the replacement of all Val and Ile residues in the a-helical AMP
Pexiganan (MSI-78, H-GIGKFLKKAKKFGKAFVKILKK-OH) with HfLeu (Table 3.4). The
fluorinated peptide (fluorogainin-1) had a significantly less helical content, somewhat
similar activities towards a panel of both Gram-positive and Gram-negative strains and
omitted blood-cell hemolysis up to a concentration of 250 pg/mL. Contrary results were
obtained when substituting both residues Vall4 and Vall6 in Protegrin-1 (PG-1, H-
RGGRLCYCRRRFCVCVGR-NH2) with HfLeu. Here, fluorination was found to preserve the
structural conformation but causing mainly decreased AMP activities, respectively. Also,
higher rates of hemolytic activity (100% hemolysis, 7.81 pg/mL) than for the native
sequence (44% hemolysis, 7.81 pg/mL) were evaluated. Notably, increased AMP

activities against K. pneumoniae and S. aureus were determined in both studies.216.217
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Table 3.4 Antibacterial activity of Pexiganan (MSI-78), Protegrin-1 (PG-1) and their HfLeu-containing
derivatives Fluorogainin-1 and PG-1-FF - Gottler et al.216.217

MIC (ng/mL)

Strain
MSI-78 fluorogainin-1 PG-1 PG-1-FF
B. subtilis <4 8 25 > 200
K. rhizophila <4 8 25 > 200
E. aerogenes > 250 > 250 6.25 12.5
P. mirabilis > 250 > 250 > 200 > 200
S. aureus 61 16 25 6.25
K. pneumoniae > 250 16 - 50
S. sonnei 16 32 12.5 12.5

In 2007, the Kumar laboratory examined a series of HfLeu-substituted versions of the a-
helical AMPs buforin-2 (BII1, H-TRSSRAGLQFPVGRVHRLLRK-OH) and magainin-2 (M2,
H-GIGKFLHALKKFLKAFLAELMNS-NH2) (Table 3.5). A library of synthetic AMP
derivatives was  established, including the buforin-mutant BII1F2 (H-
TRSSRAGLQFPVGRVHR-HfLeu-HfLeu-RK-OH) and the magainin-mutant M2F5 (H-
GIGKF-HfLeu-HA-HfLeu-KKF-HfLeu-KAF-HfLeu-AE-HfLeu-MNS-NH2).218  Secondary
structure analysis revealed higher a-helical contents in both fluorinated buforin and
magainin peptides. MIC data of buforin-2 and its variants emphasized the increase in AMP
potency to originate from stabilizing effects on peptide folding by fluorine-enhanced
hydrophobicity. With regards to the magainin-2 series, exceeding a threshold of
hydrophobicity by fluorination resulted in lower MICs and an undesirable increase in
hemolytic activity.218

Recent studies focused on incorporating fluorinated aromatic amino acids into AMP
scaffolds but came to controversial outcomes as well. For example, Setty et al. studied a

series of fluoro-phenylalanine variants of the AMP Temporin L (TL).21°

Table 3.5 Antibacterial activity of (fluorinated) buforin and magainin-mutants - Meng et al.218

% (9:1 ACN/H:20 + TFA) MIC (pg/mL) HCso (ng/mL)
Compound
(RP-HPLC)* E. coli B. subtilis (50% lysis of hRBCs)
BII1 31.0 20 10 400
BII1F2 37.0 5 2.5 400
M2 56.5 2.5 2.5 175
MZ2F5 85.8 40 10 11

1* Percentages of solvent mixture serves as indicator of hydrophobicity.

43



Fluorine - a unique element in peptide engineering

Table 3.6 Antibacterial activity of Temporin L (TL) and its fluorinated derivatives - Setty et al.21°

MIC (uM) Helicity
Peptide Sequence

E.coli S. aureus (%)

TL H-FVQWFSKFLGRIL-NH2 ~ 3.12 6.25 36.59
TL-2 H-[2.6F]PheVQWFSKFLGRIL-NH2  3.12 12.5 7.95
TL-3 H-FVQW[2.6F]PheSKFLGRIL-NH2  3.12 25 7.19
TL-4 H-FVQWFSK[2.6F]PheLGRIL-NH2  6.25 25 2.29
TL-5 H-[2.6F]PheVQW][2.6F]PheSK[2.6F]PheLGRIL-NH2>  12.5 25 0.37

As depicted in Table 3.6, their MIC data indicated a synergy between antimicrobial
potency and folding propensity.21? This trend is accompanied by a decrease of a-helical
contents through higher degrees of aromatic fluorination. In comparison with native TL,
the fluorinated peptides failed to fold into stable helical structures and revealed higher
MICs.219 Glossop et al. came to opposite conclusions on fluorine-imparted AMP potency
after investigating the bactericidal activities of fluorophenylalanine-substituted
derivatives from the antimicrobial pentapeptide Battacin. All sequences were found to
form disordered structures in solution, whereas their antibacterial efficiency was mainly

governed by the degree of aromatic fluorination as shown in Table 3.7.220

Table 3.7 Antibacterial activity of (fluorinated) Battacin derivatives - Glossop et al.220

MIC (pg/mL)

Residue
o Peptide motif E. S. P. C
coli aureus aeruginosa albicans
Phe NH, 50 6.3 100 >100
H (0] H (0] R H o}
[4F]Phe MNﬁN N\E)LH/Q(N\E)LNHZ 50 6.3 50 100
(0] o < (0] '\
[2.3.4.5.6F]Phe NHz Y NH; 12.5 3.1 25 >100

In conclusion, the incorporation of side chain fluorinated amino acids has shown to alter
the inhibitory activity of AMPs against a wide array of pathogenic species with clinical
relevance but in varying magnitudes. In fact, current state-of-the-art in this field of

research relies on a limited stock of scientific reports published till date.
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4 Effects of fluorinated amino acids on the proteolytic

stability of peptides

Due to a growing acceptance of synthetic peptides as potential therapeutics together with
routinely based fluorine screening on drug candidates, the incorporation of fluorine-
containing amino acids into self-assembling or antimicrobial peptides bears exciting
perspectives for pharmaceutical applications. The considerably low bioavailability of
peptide-based drugs arises from rapid proteolysis.?221 Among all peptidases, serine
proteases are perhaps the most extensively studied class till date. The spatial structure
of a multitude of these proteases owns a pronounced similarity in their active site bearing
the so-called catalytic triad “Ser-His-Asp”. Adjacent to the catalytic triad, the subsite
pockets are responsible for enzyme-substrate recognition. According to Schechter &
Berger nomenclature, C-terminal residues of the scissile bond are defined as P1', P2', P3'
[...] and residues of the N-terminal side are defined as [...] P3, P2, P1. The S-subsites on
the protease are listed accordingly. The P1 and P1' residues (accommodated in the S1/51’
subsites) bear the scissile amide bond (Figure 4.1, top).222 223 During enzymatic
degradation (Figure 4.1, center), the close proximity of the negatively charged Asp to the
electron rich His strengthens the basicity of the imidazole nitrogen that promotes the
nucleophilic attack of an activated Ser on the substrate’s carbonyl carbon (i.). This results
into a first tetrahedral intermediate (ii.) and, subsequently, a covalent acyl-enzyme (iii.)
with release of the C-terminal fragment. Stabilizing the negative charge formed on the
tetrahedral transition state is performed by the so-called oxyanion hole which are main-
chain NH groups alongside the nucleophilic Ser. A further nucleophilic attack by a water
molecule causes the generation of a second tetrahedral intermediate (iii.). Release of the
N-terminal fragment finally leads to the regeneration of the catalytic site (iv.).224 225

The specificity of each serine protease is defined by the substrate-binding site's topology
in the active center and primarily achieved by substrate recognition in the P1 position. In
the S1 subsite of the pancreatic enzyme -trypsin, for example, the carboxylate group of
Asp189 is decisive for substrate binding of cationic charged P1 residues like Lys or Arg
(Figure 4.1, bottom).226 In case of the pancreatic a-chymotrypsin, the S1 pocket (Ser189,
Gly216, and Gly226) is tailored for large, lipophilic side chains, preferentially
accommodating aromatic residues (Phe, Tyr, Trp) as P1 counterparts. The narrow S1 of

elastase suits for hydrophobic side chains such as Ala and Val (Figure 4.1, bottom).226
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enzyme binding sites
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Figure 4.1 Schematic representation of enzyme-substrate interaction according to Schechter & Berger
nomenclature (top).223 The catalytic mechanism of serine proteases governed by the catalytic triad is
subdivided into: i. first tetrahedral state, ii. enzyme-acyl complex, iii. second tetrahedral state, iv. substrate
release and regeneration of the active site (center). The unique S1 pockets of a-chymotrypsin, B-trypsin,
and elastase determines the enzymes’ substrate specificity (bottom).225
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Few studies reported on the importance of adjacent P1’-S1' interactions. In 1994,
Schellenberger et al. accomplished the first large investigation on characterizing the S'
subsite specificities of homologous serine proteases including a-chymotrypsin and f3-
trypsin. Increasing the spatial demand of the P1’ residue has shown to favor P1’-S1’
interactions in case of a-chymotrypsin. Hydrophobic and unbranched side chains like Met
were found to be better accommodated by the S1’ subsite than the branched Ile or bulky
aromatic amino acids (Trp). Highest rate constants were observed for the cationic amino
acids Lys and Arg, explained by electrostatic interactions with the residues Asp35 and
Asp64 in the S1’ pocket of a-chymotrypsin.227.228 The S1’ specificity of B-trypsin is very
broad, but with a pronounced preference for hydrophobic residues in P1’. The S3’ subsite
of both proteases displays a manifold of substrate compatibilities and accommodate D-
amino acids as well. Hence, the S3’ subsite is reported to overlap the S1’ site so that large
amino acid residues at P1’ or P3’ position probably form contacts with both S-pockets.
This explains the subsite-similarity in S1’ and S3’ specificities for both digestive
enzymes.227, 228

The incorporation of non-natural amino acids in high proportions is a commonplace
strategy to address protease degradation. D- or 3-amino acid substitution is frequently
reported for disturbing and also prohibiting enzyme-substrate-binding by antagonistic
stereochemistry properties. For example, Swanekamp et al. determined significantly
enhanced rates of proteolytic stability for a (FKFE)2 hygrogelator sequence against a-
chymotrypsin and 3-trypsin when substituting L-Phe and L-Lys with their D-enantiomers
(Figure 4.2).22°
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Figure 4.2 Proteolytic degradation of amphipathic peptides L-(FKFE): and D-(FKFE)2 monitored via RP-
HPLC over five days. As reported by Swanekamp et al, the utilization of D-amino acids promoted
significantly enhanced stability over proteolytic degradation.22?
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In a further study, Mangelschots et al. achieved a beneficial enzymatic resistance (up to
120-fold) of a Phe-based hydrogelator by incorporation of f-homophenylalanine.230 Till
date, various design strategies like terminal modifications (acetylation, amidation, N-
methylation), lipidation, cyclization, glycosylation, and the implementation of
peptidomimetics were successfully probed to mask the potential cleavage sites of
(bioactive) peptides, thereby impeding the active site of the protease and, finally,
proteolytic digestion.231

Replacing an oxidizable C-H group by a strong C-F group onto metabolically labile sites
has proven in several cases to increases the bioavailability of drug molecules in vivo.148
In the context of fluorinated amino acids, however, a wide range of published papers
focusing on this topics are available till date, describing both an enhanced stability of
fluorous peptides against proteolysis as well as rapid digestion rates in comparison to
their native counterparts.231. 232 First attempts in 1997 by Koksch et al. explored the site-
specific incorporation of C*-(fluoro)alkylated amino acids in five different positions
relative to the predominant cleaving site of a-chymotrypsin. Unsubstituted model
peptides Z-Ala-Phe-Leu-NH2 & Z-Phe-Ala-Ala-NH2 were rapidly hydrolyzed, whereas o,a-
disubstituted P1 mutants remained persistent under enzymatic conditions. The steric
constraints of both a-methylated and a-trifluoromethylated (aTfm) side chains led to
pronounced retardation of proteolysis by substitutions with both at P2’, P2 and even P3.
When owning the P1’ position, notably, the (§,RS)-diastereomer of aTfmAla was
hydrolyzed rapidly, but the (S,S,5)-diastereomer remained persistent similar as the Aib-
substituted peptide. Molecular modeling experiments exposed the fluorous side chain of
(S,RS)-aTfmAla to function as electron pair donor for the catalytic Ser195, thereby
promoting substrate binding and peptide proteolysis, while the (S,S,5)-diastereomer
prohibits these favorable interactions by sterically hindrance. The absolute configuration
of the P1’ aTfm group towards the active site was found to direct enzyme-substrate
interactions by polarization effects originating from the aTfm group (Figure 4.3).233, 234
Follow-up work by the Koksch laboratory focused on the 10-amino acid model peptide
FA (Figure 4.4a) to probe the substrate specificities (P2, P1’, P2’) of several proteases by
site-specific incorporation of aliphatic fluorine-containing amino acids. Several
parameters were stated to significantly affect proteolytic stability like the steric bulk &
hydrophobicity of the fluoroalkyl side chain, its proximity to the predominant cleavage
site, electrostatic interactions within the enzyme’s active site and the specific type of

enzyme.235237
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Figure 4.3 Summarized results of the a-chymotrypsin proteolysis study, in which a,a-dimethylated and
fluorinated peptides revealed a prolonged stability towards enzymatic hydrolysis comparing to their
unsubstituted counterparts. Modelling experiments on the (S,5,S)- and (S,R,S)-diastereomers of aTfmAla
emphasized fluorine-driven polarization effects on the catalytic triad to govern peptide proteolysis by
conformational changes. Adapted from Smits et al. (Copyright © 2006 Bentham Science Publishers Ltd.).234

When probing the S1’ specificity of a-chymotrypsin, Asante et al. determined higher rates
of peptide hydrolysis for the unbranched and aliphatic amino acids DfeGly and TfeGly as
P1’ residues than for native Ala (FA). Furthermore, a prolonged proteolytic stability of the
Abu-mutant indicated the emergence of fluorine-induced polarization effects in enzyme-
substrate recognition. Thus, DfeGly and TfeGly functioned as P2 and P2’ residues as
well.236 Consequently, fluorine-induced interactions compiled by increased size of the
linear side chain, hydrophobicity and fluorine-induced polarity affected the rate of
peptide hydrolysis when replacing Ala with fluorinated derivatives from Abu. In contrast,
bulky fluorinated amino acids can help to increase the proteolytic stability of peptides by
protection of cleavage-relevant peptide bonds (Figure 4.4b).237 Incorporating the
branched fluorous amino acid HfLeu as P1’ residue led into higher rates of proteolytic

stability against elastase than for a-chymotrypsin.
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Figure 4.4 a) Substitution of the P1’ residue (Xaa) of FA (P1’: Ala) with diverse substituents. b) Digestion
plots of FA variants with a-chymotrypsin. ¢) Digestion plots of FA variants with [1] a-chymotrypsin and [2]
elastase. Further experiments focusing on the S2 & S2’ specificities were also discussed in depth by Asante
et al. and Huhmann et al. (experimental data were adapted in a modified version) - (Copyright © 2014
Springer-Verlag Wien 2014 & © 2017 Beilstein-Institut).236.237

Placing Leu as P1’ substituent caused complete digestion after 24 h via elastase, while
HfLeu has shown to counteract proteolysis. Nevertheless, HfLeuFA(P1’) was more
susceptible for digestion by a-chymotrypsin, whereas P1’ substituted Leu provided the
best protection during 24 h incubation. A reverse trend was observed for Tflle, since the
peptide TflleFA(P1’) possessed a higher proteolytic resistance towards a-chymotrypsin
than [leFA(P1’), whereas the inverted case was determined for elastase.23” These findings
may interdict a general trend on how fluorinated residues impart into the enzymes’ active
site by P1’-S1’ interactions.

In summary, the introduction of fluorinated amino acids serves as a biorthogonal tool to
generate either favorable or repulsive interactions with the enzyme’s binding site
depending on each type of protease. The complex symphony of steric, electronic, and
physical properties of each fluorine-containing amino acid and its resulting effects on
enzyme-substrate recognition is yet hardly predictable, so that investigations on this

research field should be considered as case-by-case scenarios.
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5 Aim of this doctoral thesis

The overarching goal of this doctoral thesis is the de novo design and characterization of
artificial peptides containing high to exclusive amounts of tailor-made fluorinated amino
acids. A generous fabrication of the fluorous building blocks will be achieved by a Ni(II)-
complex-based stereoselective synthesis. All peptides will be synthesized via SPPS. Initial
studies will focus on elucidating the biophysical properties of such polyfluorinated

peptides including peptide folding, self-assembly and bioactivity (Figure 5.1).

Basic idea

Parameters
Peptide hydrophobicity / polarity
» Secondary structure formation (folding)

Supramolecular self-assembly

Biocompatibility
Biodegradability

Figure 5.1 Initial considerations about the chemical & biological properties of polyfluorinated peptides.

In general, peptide folding & assembly characteristics will be investigated via CD
spectroscopy, Thioflavin T fluorescence spectroscopy and cryo-EM / TEM analysis. These
experimental approaches will be accompanied by pioneering attempts on exploring the

enzymatic degradability of these synthetic & polyfluorinated bio-oligomers.
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6.1.2 Rationale and summary of the project

So far, the impact of fluorine-specific interactions on peptide (3-sheet self-assembly and
hydrogelation is scarcely reported. With this work, the first-ever systematic study on
polyfluorinated and amphipathic 3-sheet SAPs was performed by adjusting the degree of
side chain fluorination via iterative incorporation of either Abu, MfeGly, DfeGly and
TfeGly. This publication provides an extended overview (Figure 6.1) on the folding, self-
assembly and hydrogelation properties, while further results on the enzymatic /
microbial degradability and biocompatibility of the (fluorinated) peptides are discussed
in Section 7. Moreover, this work includes the gram-scale synthesis of TfeGly, whereas
the synthetic protocols for MfeGly and DfeGly were described in follow-up studies

(Section 6.2).202, 238
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Figure 6.1 Schematic illustration of the project’s working plan - “Rational design of amphiphilic fluorinated
peptides: evaluation of self-assembly properties and hydrogel formation”.

For determining an appropriate sequence length to study fluorine-enhanced (-sheet
formation, a library of amphipathic peptides including Abu and Lys with five (AbuK10) to
eight alternating residues (AbuK16) was investigated by CD spectroscopy. In
physiological conditions (pH 7.4), only AbuK14 (Ac-(Abu-Lys)7-[4]Abz-NHz) and AbuK16
(Ac-(Abu-Lys)s-[4]Abz-NH2) formed -sheets (Amin = 214-220 nm) but all other variants
rather polyproline type Il-like helices (PPII) (Amax = 218-228 nm & Amin= 198-205 nm).
Owing to these results, the fluorinated peptides MfeGlyK16 (Ac-(MfeGly-Lys)s-[4]Abz-
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NH:), DfeGlyK16 (Ac-(DfeGly-Lys)s-[4]Abz-NH2) and TfeGlyK16 (Ac-(TfeGly-Lys)s-
[4]Abz-NH:2) were designed (Figure 6.2, left). Chromatographic assays (retention times
0) and theoretical calculations on favorable binding motifs of the hydrophobic side chains
with water molecules (water interactions energies AEint) were conducted to estimate
fluorination-induced changes on peptide hydrophobicity and side chain polarity (Figure
6.2, right). In fact, incorporation of di- and trifluorinated side chains enhances the
hydrophobicity of this scaffold. MfeGlyK16 was found to be more polar, thereby owning
the least values of hydrophobicity. It should be mentioned that the decrease in
hydrophobicity caused by fluorine-induced polarity corresponds to prior findings on

fluorinated methane derivatives discussed in Section 3.1.107

hydrophilic domain
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Figure 6.2 Rational design of fluorinated peptides MfeGlyK16, DfeGlyK16 and TfeGlyK16 based on a
cationic “Abu-Lys”-repeating unit (AbuK16) (left). Retention times o of AbuK16, MfeGlyK16, DfeGlyK16 and
TfeGlyK16 as experimental index of intrinsic hydrophobicity plotted against calculated interaction energies
AEin: (HF/6-31G*) of water with an Abu, MfeGly, DfeGly and TfeGly residue (right). Geometry optimized
structures and ESPs of the hydrophobic amino acids were obtained from quantum mechanical calculations
(MP2/6-31G*). Adapted from Chowdhary et al. in a modified version (license: CC BY-NC 3.0).238

CD spectroscopic measurements revealed DfeGlyK16 (0.25 wt%) and TfeGlyK16 (0.1
wt%) to form (-sheet structures at significantly lower concentrations than the solely
hydrocarbon-based AbuK16 (2 wt%) at physiological conditions (pH 7.4). No evidence of
B-sheet assembly was found for MfeGlyK16 at both physiological and basic buffered
conditions (pH 9.0), indicating adverse effects by the polar side chain of MfeGly (Figure
6.3a). For deeper insights, MD simulations were applied in which the favored
conformational states of two peptide strands of each species at separating inter-peptide

distances were probed. In total, the global minimum of potential mean force (PMF) for
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MfeGlyK16, very different from the observations for AbuK16, DfeGlyK16 and TfeGlyK16,
originates from side chain-side chain interactions of the hydrophobic residues
rationalized by intramolecular contact pairs of the strongly polarized fluorine atom
(MfeGly) and the adjacent amide bond. The intermolecular assembly of two separate
dimers in case of AbuK16, DfeGlyK16 and TfeGlyK16, as illustrated in Figure 6.3b,
appears to undergo peptide oligomerization. For MfeGlyK16, on the other hand,
electrostatic repulsions from the exposing Lys residues on both strands prevent
supramolecular assembly. This finding is interpreted as an inhibition of hydrophobicity-

driven peptide self-assembly by fluorine-induced polarity (Figure 6.3b).
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Figure 6.3 a) CD spectra of AbuK16 (2 wt%), MfeGlyK16 (2 wt%), DfeGlyK16 (0.25 wt%) and TfeGlyK16
(0.1 wt%) in 50 mM Bis-tris propane + 150 mM NaCl (pH 7.4) recorded at 37 °C. Additional measurements
of MfeGlyK16 in basic conditions (pH 9.0) in varying concentrations provided no evidence on 3-sheet
formation (indicated by grey-colored lines). b) MD simulation results for the amphipathic peptides. The
potential of mean force (PMF) per amino acid as a function of inter-strand separation dxyat pH 7 illustrates
the free energy profiles of two interacting peptide strands. The intermolecular dimer complexes for AbuK16
and MfeGlyK16 denote an inhibition of oligomerization in case of MfeGlyK16 by electrostatic repulsions of
the Lys residues. Adapted from Chowdhary et al. in a modified version (license: CC BY-NC 3.0).238

The B-sheet rich aggregates of AbuK16, DfeGlyK16 and TfeGlyK16 were identified by FL

staining experiments using the amyloid-specific dyes Thioflavin T (ThT) and Congo Red
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(CR) (Figure 6.4, top).33 239 When applying ThT fluorescence spectroscopy to a maximum
range of 1 wt% peptide concentration, an up to 180-fold enhancement in FL intensity was
observed for TfeGlyK16 and about 9-fold for DfeGlyK16 suggesting the presence of
amyloid-like morphologies. Similarly, UV-based staining assays (0.5 wt%) with CR
resulted for DfeGlyK16 and TfeGlyK16 to 2.8-fold enhanced values of UV absorbance than
for sole CR. By cryo-EM experiments, the amyloid-like morphologies of AbuK16 (2 wt%),
DfeGlyK16 (0.25 wt%) and TfeGlyK16 (0.1 wt%) were determined as homogeneous
fibrillar strands (Figure 6.4, bottom). SAXS measurements served to elucidate the
mesoscopic properties of peptide fibrils with average diameters (a ¢ b) in nanometer
range (DfeGlyK16 [2 wt%]: 2.9 nm e 4.4 nm / TfeGlyK16 [2 wt%]: 2.9 nm e 3.1 nm).
Apparently, fibrillary morphologies were not detected for MfeGlyK16 samples (< 2 wt%)

which is in absolute agreement to the experimental and theoretical data.
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Figure 6.4 Thioflavin T (ThT) fluorescence assay and Congo Red (CR) UV spectroscopic assay for amyloid-
like fibril detection 1. ThT assays of AbuK16, MfeGlyK16, DfeGlyK16 and TfeGlyK16 (0.1 wt%, 0.5 wt%, 1
wt%) incubated for 24 h at 37 °C in 50 mM Bis-tris propane + 150 mM NaCl (pH 7.4) containing 20 uM ThT
dye. 2. CR assays of AbuK16, MfeGlyK16, DfeGlyK16 and TfeGlyK16 (0.5 wt%) incubated for 15 h at 37 °C
in 50 mM Bis-tris propane + 150 mM NacCl (pH 7.4) containing 50 pM CR dye. Solely buffered solutions are
set as reference samples. For both plots, an increase in FL intensity / UV absorbance (binding to amyloid-
like fibrils) is indicated by black arrows (top). Cryo-EM micrographs of AbuK16 (2 wt%, diluted to 0.2 wt%),
DfeGlyK16 (0.25 wt%) and TfeGlyK16 (0.1 wt%) dissolved in 50 mM Bis-tris propane + 150 mM NaCl, pH
7.4. The scale bar denotes 200 nm (bottom). Adapted from Chowdhary et al. in a modified version (license:
CCBY-NC 3.0).238

Peptide hydrogels were prepared in both physiological (pH 7.4) and basic (pH 9.0)

conditions and their viscoelastic properties were studied by oscillatory rheology.

57



Published work

Calculated plateau storage moduli (Go) revealed at pH 7.4 the least hydrophobic peptide
MfeGlyK16 to form gels with the lowest Go value (0.53 Pa, 0.5 wt%) compared to AbuK16-
hydrogels (4.81 Pa, 0.5 wt%). Both are mainly softer than matrices formed by DfeGlyK16
(15.3 Pa, 0.5 wt%) and TfeGlyK16 (670 Pa, 0.5 wt%) (Table 6.1). This finding is of major
importance, as it draws an analogy between hydrogel stiffness and growing amount of
fluorine-substitution that promotes amyloid-like [B-sheet assembly and hydrogel
crosslinking density (§). Comparison with the positive control LeuK16 (4869 Pa, 0.5 wt%)
assesses TfeGlyK16 to form comparably soft gels with an order of magnitude lower Go
values because of its less hydrophobic properties than LeuK16 (as estimated via ).
Lowering the overall Lys charges through a basic buffered environment (pH 9.0) changes
the macroscopic properties of the peptide hydrogels. In brief, experimentally determined
values of storage moduli G" are much closer than at pH 7.4. The highest increase in Gois
observed for MfeGlyK16 (209 Pa, 0.5 wt%) and becomes weaker with increasing
hydrophobicity (AbuK16, DfeGlyK16). Ultimately, a loss of Go by almost one order of
magnitude is given for TfeGlyK16 (70 Pa, 0.5 wt%) and LeuK16 (564 Pa, 0.5 wt%). These
trends may be attributed, as suggested via MD simulations, to main leverages of side
chain-neutralization on the assembly and hydrogelation behavior of this peptide library.

Table 6.1 Retention times g, water interaction energies AEin, as well as plateau moduli Go and mesh sizes &

measured for all peptide-based hydrogel scaffolds in this project. Adapted from Chowdhary et al. in a
modified version (license: CC BY-NC 3.0).238

Name o [min] AEint (kcal/mol) c(wt%) pH Go (Pa) € (nm)
7.4 4869 + 124 9.83 +£0.08
LeuK16 28.84 +0.025 0.5
9.0 564.4+7.2 20.17 £0.09
s 7.4 670+ 19 19.05+0.18
0.
9.0 70.24+ 1.4 40.4+0.3
TfeGlyK16 23.05+0.031 -1.77
0.25 7.4 8.63£0.79 81325
0.1 7.4 1.09 £ 0.12 161.9+5.7
74 1530+ 1.04 67.14+1.5
DfeGlyK16 18.78 + 0.044 -2.72 0.5
9.0 554 + 15 20.29+0.18
7.4 4.81+0.22 98.72 + 1.54
AbuK16 16.36 £ 0.017 -091 0.5
9.0 264.1+5.1 25.98+0.17
7.4 0.53+£0.02 205.37 £2.53
MfeGlyK16 15.28 + 0.075 -3.94 0.5
9.0 208.8+0.83 28.10 + 0.04

In conclusion, this study constitutes broad principles about the distinct features of

aliphatic & polyfluorinated [3-sheet forming SAPs with future potentials as peptide-based
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biomaterials. A combination of experimental methods, as well as theoretical approaches
acted as foundation to explore fluorine-specific interactions on supramolecular self-
assembly and hydrogelation in dependency to the degree of side chain fluorination. Thus,
fluorine-enhanced hydrophobicity (DfeGly, TfeGly) derived from side chain fluorinated
amino acids was demonstrated to promote peptide fibrillation and serves for the
preparation of physical hydrogels. Further results on peptide proteolysis and microbial

degradation, cytotoxicity and hemolytic activity are discussed in Section 7.238
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Introduction

Rational design of amphiphilic fluorinated
peptides: evaluation of self-assembly properties
and hydrogel formationf

@ Robert Franz Schmidt,® Anil Kumar Sahoo, (2 ¢
@ Boris Schade, (2 ¢
fRoland R. Netz, @2 ¢

Suvrat Chowdhary,
Tiemo tom Dieck,? Thomas Hohmann,
Kerstin Brademann-Jock,” Andreas F. Thiinemann,
Michael Gradzielski ¢ ® and Beate Koksch () *

Advanced peptide-based nanomaterials composed of self-assembling peptides (SAPs) are of emerging
interest in pharmaceutical and biomedical applications. The introduction of fluorine into peptides, in fact,
offers unique opportunities to tune their biophysical properties and intermolecular interactions. In par-
ticular, the degree of fluorination plays a crucial role in peptide engineering as it can be used to control
the characteristics of fluorine-specific interactions and, thus, peptide conformation and self-assembly.
Here, we designed and explored a series of amphipathic peptides by incorporating the fluorinated amino
acids (25)-4-monofluoroethylglycine (MfeGly), (25)-4,4-difluoroethylglycine (DfeGly) and (25)-4,4,4-
trifluoroethylglycine (TfeGly) as hydrophobic components. This approach enabled studying the impact of
fluorination on secondary structure formation and peptide self-assembly on a systematic basis. We show
that the interplay between polarity and hydrophobicity, both induced differentially by varying degrees of
side chain fluorination, does affect peptide folding significantly. A greater degree of fluorination promotes
peptide fibrillation and subsequent formation of physical hydrogels in physiological conditions. Molecular
simulations revealed the key role played by electrostatically driven intra-chain and inter-chain contact
pairs that are modulated by side chain fluorination and give insights into the different self-organization
behaviour of selected peptides. Our study provides a systematic report about the distinct features of
fluorinated oligomeric peptides with potential applications as peptide-based biomaterials.

II H,N-(Ala-Glu-Ala-Glu-Ala-Lys-Ala-Lys),-OH and RADA16-II
H,N-(Arg-Ala-Arg-Ala-Asp-Ala-Asp-Ala),-OH were discovered

Self-assembling peptides (SAPs) are often composed of an
amphiphilic structure motif based on alternating arrange-
ments of hydrophobic and hydrophilic residues.’™ More than
two decades ago the first and most prominent variants EAK16-

“Institute of Chemistry and Biochemistry, Freie Universitit Berlin, Arnimallee 20,
14195 Berlin, Germany. E-mail: beate.koksch@fu-berlin.de

DInstitute of Chemistry, Technische Universitdt Berlin, StrafSe des 17. Juni 124, 10623
Berlin, Germany

‘Department of Physics, Freie Universitdt Berlin, Arnimallee 14, 14195 Berlin,
Germany

Max Planck Institute of Colloids and Interfaces, Am Miihlenberg 1, 14476 Potsdam,
Germany

“Institute of Chemistry and Biochemistry and Core Facility BioSupraMol, Freie
Universitdt Berlin, FabeckstrafSe 36a, 14195 Berlin, Germany

JFederal Institute for Materials Research and Testing (BAM), Unter den Eichen 87,
12205 Berlin, Germany

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d2nr01648f

10176 | Nanoscale, 2022, 14, 10176-10189

by Zhang et al.’ These peptides served as essential motifs to
study the hierarchical construction of p-sheet-based
macroassemblies.>>® Since then, SAPs have attracted para-
mount interest in biomedical research for their biocompatibil-
ity, biodegradability, and biofunctionality. They were utilized
in the field of tissue engineering by functioning as extracellu-
lar matrix mimics for cell proliferation and wound healing.” ™
Their self-assembly is driven by non-covalent interactions such
as hydrogen bonding, electrostatic interactions, hydrophobic
interactions, aromatic interactions (n-n stacking) and van der
Waals forces.">® A promising approach to produce novel
functional peptide-based biomaterials consists of the systema-
tic incorporation of fluorinated amino acids. These non-
natural building blocks turned out to be a powerful tool to
fine-tune biophysical and chemical properties of peptides and
proteins.'® Fluorine possesses unique properties including a
strong inductive effect combined with high electronegativity.
The replacement of a single C-H bond with C-F is generally

This journal is © The Royal Society of Chemistry 2022
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considered to be isosteric.>**!
fluorinated amino acids on hydrophobicity,
structure formation,>**> protein-protein interactions,
amyloid folding kinetics,”®?° proteolytic stability,”® the chemi-
cal and biological properties of fluorinated peptide-based
materials,®" and the integration of fluorine into bacteria®***
have been reported by our group. The vast majority of previous
studies including our own efforts examining fluorinated
amino acids in the context of peptide and protein chemistry
were limited to the incorporation of one or only a few of these
building blocks. Moreover, the chemical nature and biological
features of polyfluorinated peptides with a large proportion of
fluorinated aliphatic amino acids have not yet been studied.
Thus, we were motivated to address the question of the impact
that several of such building blocks would have on fluorine-
specific interactions in peptide self-assembly.

The fabrication of polyfluorinated peptides obviously
requires generous amounts of fluorinated amino acids.**
Thus, we have recently reported an improved synthetic strategy
to obtain the fluorinated amino acid (25)-4-monofluoroethyl-
glycine (MfeGly) at the gram scale.”> Moreover, Soloshonok
et al. developed a general and practical synthetic process to
obtain enantiomerically pure Fmoc-protected fluorinated
amino acid through an asymmetric and Ni(u)-complex
mediated stereoselective synthesis (see Scheme S1 in the
ESI).>7° In current attempts, we have extended this strategy
to the synthesis of a diverse range of aliphatic fluorinated
amino acids with different side chain patterns.*°

In this work, we designed an amphipathic motif including
lysine and the well-studied non-proteogenic amino acid
a-aminobutyric acid (Abu), which has been reported as a suit-
able hydrophobic building block for SAPs.*"** The varying
degree of fluorination was adjusted by the iterative incorpor-
ation of its derivatives (25)-4-monofluoroethylglycine (MfeGly),
(25)-4,4-difluoroethylglycine (DfeGly) and (2S5)-4,4,4-trifluoro-
ethylglycine (TfeGly). With this peptide library we assessed the
impact of fluorine-specific interactions on the intrinsic hydro-
phobicity, secondary structure formation, self-assembling pro-
perties, the morphology of amyloid-like aggregates and the for-
mation of peptide hydrogels. Molecular simulations of the
different fluorinated peptides demonstrate that the peptide-
peptide interactions are finely tuned by the ability of fluorine
atoms to form electrostatic contact pairs with positively par-
tially charged atoms on the backbone and side chains. This
ability in turn depends critically on the number of fluorinated
substituents, based on which we explain how the fluorination
degree controls peptide structure formation.

Investigations of the effects of

2223 secondary
26,27

Results and discussion

Peptide design: estimation of sequence length,
hydrophobicity, and fluorine-induced polarity

Our rational design is based on a cationic Abu-Lys repeating
unit. A zn-system derived from 4-aminobenzoic acid ([4]Abz,
PABA) was placed on the C-terminus; this building block is a

This journal is © The Royal Society of Chemistry 2022
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widely used fluorescent probe and enables precise control over
peptide stock concentrations.*® To determine a chain length
sufficient for p-sheet formation, we characterized a series of
AbuK-derived peptides with repeating units ranging from five
to eight alternating residues and studied their ability to form
secondary structures under physiological conditions via CD
spectroscopy (Fig. 1a). High peptide concentrations (2 wt%)
were chosen to induce peptide self-assembly. As can be seen
from the CD spectra, only AbuK14 (Ac-(Abu-Lys),-[4]Abz-NH,)
and AbuK16 (Ac-(Abu-Lys)s-[4]Abz-NH,) formed f-sheet struc-
tures (Amin = 214-220 nm), whereas the remaining variants
(AbuK10-13, AbuK15) tend to form polyproline type II helices
(PPII). This is proven by the characteristic positive and negative
maxima at Apa = 218-228 nm and A, = 198-205 nm. The
PPII helix comprises an extended left-handed helical structure
and was also found for similar Ala-Lys derived SAPs.***® A
further minimum at A,,;,, = 228-230 nm could hint for a minor
population of p-turn like conformations through intra-
molecular hydrophobic interactions between the Abu
residues.”®!” As the 16-meric AbuK16 was shown to form
B-sheets, we synthesized the polyfluorinated amphipathic pep-
tides MfeGlyK16 (Ac-(MfeGly-Lys)s-[4]Abz-NH,), DfeGlyK16 (Ac-
(DfeGly-Lys)s-[4]Abz-NH,) and TfeGlyK16 (Ac-(TfeGly-Lys)s{4]
Abz-NH,) by substitution of Abu with each fluorinated deriva-
tive according to the eight repeating unit pattern (Fig. 1b).

a) [abukio—
AbuK11 -
AbuK12 -
AbuK13 -
AbuK14 -
AbuK15 -
AbuK16 -
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Fig.1 (a) CD spectra of 2 wt% AbuK10-AbuK16 in 50 mM Bis-tris

propane + 150 mM NaCl, pH 7.4 recorded at 37 °C. (b) Peptide motif
(AbuK16, MfeGlyK16, DfeGlyK16, TfeGlyK16) and chemical structures of
Abu and its derivatives MfeGly, DfeGly and TfeGly as well was [4]Abz.
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Rational design applying fluorinated amino acids in
peptide scaffolds crucially depends on a reliable determination
of their hydrophobic nature. Estimation of the intrinsic hydro-
phobicity is indispensable to discuss fluorine-specific inter-
actions for each oligopeptide. In this work, the hydrophobic
properties of peptides were determined through a RP-HPLC
based assay (Fig. 2a). In general, the hydrophobicity of the pep-
tides increases with the number of fluorine substituents on
the individual amino acids. However, MfeGlyK16 is more polar
than AbuK14 and AbuK16, which is in accordance with prior

a)
Peptide Retention time p [min]
AbuK14 (15.333 £0.0173)
MfeGlyK16 (15.285 +0.075)
AbuK16 (16.368 £ 0.087)
DfeGlyK16 (18.780 + 0.044)
TfeGlyK16 (23.054 +0.031)

. =-4.5
. : 4.0
c I
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E : -3.5
o ' L 305"
[ | | =,
£ | | 2.5 3
c ! 2
2 X X --2.0 g

) I
3 . | L1.5=
° 1 1
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B 091W [ | —W-g¢  [-1.0
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14 Il Il Il g AEinr __0_5
AbuK16 | MfeGlyK16 | DfeGlyK16 | TfeGlyK16

Fig. 2 (a) Retention times ¢ of AbuK14, AbuK16, MfeGlyK16, DfeGlyK16
and TfeGlyK16 as experimental index of intrinsic hydrophobicity. An
increase in ¢ corresponds to an enhanced non-polar character of
respective peptide. The eluents were (A) H,O + 0.1% (v/v) TFA and (B)
ACN + 0.1% (v/v) TFA by applying a gradient of 5% — 40% (B) over
30 min. (b) Geometry optimized structures of different amino acid resi-
dues marked with dashed circles with the N-terminal acetyl cap and the
C-terminal N-methylamide cap obtained from quantum mechanical
(MP2/6-31G*) calculations are shown in the ball-stick representation
(top row). Atoms are colored according to atom types: carbon (cyan),
nitrogen (blue), oxygen (red), hydrogen (white), and fluorine (pink). The
corresponding space-filling models are colored according to the calcu-
lated electrostatic potential (ESP) showing the varying polarities for the
different side chains. The calculated interaction energies AE;,; (HF/6-
31G*) of water with an Abu, MfeGly, DfeGly and TfeGly side chain are
plotted against retention times ¢ of AbuK16, MfeGlyK16, DfeGlyK16 and
TfeGlyK16. For comparison, we also calculated the change in AE;, for
water—water interactions (—5.85 kcal mol™).
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observed trends in fluorine-induced hydrophobicity with this
particular amino acid series.*®*® We thus conclude that the
origin of the decrease in non-polar character of MfeGlyK16 lies
rather in the physicochemical properties of its side chain than
in its overall fluorine content.

Theoretical approaches to determining the hydrophobic
nature of fluorinated amino acids emphasized a change in
apparent non-polar character through side chain-based inter-
actions in aqueous conditions triggered by fluorination.*® To
gain deeper insights into the impact of fluorine-specific inter-
actions, we used quantum mechanical (QM) calculations for
the residues of Abu, MfeGly, DfeGly and TfeGly-derived motifs.
The QM geometry optimized structures, their electrostatic
potential (ESP) maps and water interaction energies AE;,, for
the different types of amino acids are shown in Fig. 2b. The
ESP maps reveal different degrees of side chain polarities, the
lowest for Abu and the highest for MfeGly. Interestingly, with
further increase in fluorination (DfeGly, TfeGly), the polarity
decreases again. To quantify the hydrophobicity of the side
chains, we calculated AE;,. for the different types of amino
acids by many initial configurations of an amino acid-water
complex for each amino acid type. AEj, is found to be the
smallest for Abu (—0.91 kcal mol™") and the largest for MfeGly
(-3.94 kcal mol™). Like the side chain polarity, AEj,
decreases with further increase of fluorination: DfeGly
(=2.72 keal mol™") and TfeGly (—1.77 kcal mol™). It should be
noted that these AE;, values are smaller than the water-water
interaction energy of —5.85 keal mol™", which implies that all
these amino acids are hydrophobic. The theoretical values cor-
roborate the experimental trends of peptide hydrophobicity,
emphasizing the impact of fluorine-induced polarity changes
as seen for MfeGlyK16.

Secondary structure formation of amphipathic peptides

All oligopeptides were studied over a wide concentration range
(0.1-1 wt%) by means of CD spectroscopy (Fig. 3). Secondary
structure formation was investigated under physiologically
buffered (pH 7.4) and basic (pH 9.0) conditions. The results at
pH 7.4 show for AbuK16 and MfeGlyK16 at concentrations of
0.1-1 wt% (Fig. 3a-d) the typical course of absorption of a
PPII-like conformation as discussed for AbuK-derived peptides
above. Interestingly, the formation of p-sheets was not
observed for MfeGlyK16 at the highest concentration of 2 wt%
(Fig. 3d), very different from the observations for AbuK14 and
AbukK16 (see Fig. 1a). Increasing the degree of fluorination trig-
gers p-sheet formation (>0.25 wt%) for DfeGlyK16; for lower
concentrations (0.1 wt%) a similar conformation as given for
AbuK16 and MfeGlyK16 was observed (Fig. 3a-d). A growth in
fluorine-content on each individual amino acid increases the
hydrophobic nature while, simultaneously, decreasing the
polarity and, therefore, promotes p-sheet formation. In this
manner, the most fluorinated peptide TfeGlyK16 was found to
form p-sheets at all selected concentrations (Fig. 3a-d).

We further studied these peptides under basic conditions
(pH 9.0) (Fig. 3e and f) that promote neutralization of the
formal positive charges and, thus, induce p-sheet formation.

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 CD spectra of amphipathic oligopeptides AbuK16 (green), MfeGlyK16 (red), DfeGlyK16 (blue) and TfeGlyK16 (violet) at (a) 0.1 wt%, (b)
0.25 wt%, (c) 0.5 wt% & (d) 1 wt% (also 2 wt% for MfeGlyK16) concentration in 50 mM Bis-tris propane + 150 mM NaCl, pH 7.4 recorded at 37 °C. CD
spectra of (e) 0.25 wt% amphipathic oligopeptides AbuK14, AbuK16, MfeGlyK16, DfeGlyK16 and TfeGlyK16 and (f) 0.1-1 wt% MfeGlyK16 in 50 mM

Bis-tris propane + 150 mM NaCl, pH 9.0 recorded at 37 °C.

All peptides undergo p-sheet formation at a concentration of
0.25 wt%. Peptides AbuK14 and AbuK16 form p-sheets at indi-
cated concentrations at pH 9.0, whereas significantly higher
concentrations are necessary under physiological conditions
(2 wt%). The only exception in this regard is the variant
MfeGlyK16, which does not form f-sheets even at higher con-
centrations of 1 wt% (see Fig. 3f). Comparison of MfeGlyK16

This journal is © The Royal Society of Chemistry 2022

with AbuK14, both possessing similar values of peptide hydro-
phobicity, underlines the lack of p-sheet assembly for
MfeGlyK16 due to its side chain properties. Likewise, calcu-
lated AE;,, values suggests the residue of MfeGly to be better
accommodated in a water-exposed environment. We propose
this circumstance, phenomenologically, as a notable driving
force maintaining MfeGlyK16 in a PPII-like conformation.
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Beside the polar effects of each fluorinated side chain, their
intrinsic secondary structure propensities are also crucial
factors to understand fluorine-driven peptide folding. As
reported by Gerling et al. the MfeGly side chain possesses the
highest helical propensity among its fluorinated derivatives
DfeGly and TfeGly.”® In correlation with the CD data, we
suggest a synergistic effect of intrinsic folding propensity and
fluorine-induced polarity by multiple incorporation of MfeGly
causing the folding pattern of MfeGlyK16. For this purpose, we
executed MD simulations to further elucidate this experi-
mental finding. These theoretical results are discussed below.

Peptide self-assembly and characterization of fluorinated
peptide-based hydrogels

Earlier reports demonstrated the supramolecular assemblies
of amphipathic peptides to possess similar properties as the
cross-p-sheet structure of amyloid fibrils.>>>! In order to study
structural features of these peptides we used thioflavin T (ThT)
fluorescence spectroscopy (Fig. 4a). This dye displays a strong
fluorescence upon binding to amyloid-like morphologies
caused by rotational immobilization, leading to an increase in
fluorescence emission with a maximum at 485 nm. All
samples were analyzed after 24 h of incubation time. We
additionally studied all solutions by cryo-EM to determine the
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morphology of the formed aggregates (Fig. 4b-e). For AbuK16
and MfeGlyK16 we did not observe any increase in fluo-
rescence intensity (FL) (range: 0.01-1 wt%). As discussed
above, CD spectroscopy at given concentrations confirms our
finding that these peptides do not form p-sheets but instead
PPII helices. In contrast, DfeGlyK16 shows a 9.5-fold enhanced
fluorescence emission (1 wt%) compared to the control
sample (ThT-dye in buffer without peptide, fluorescence inten-
sity FLygsnm = 1.0), indicating the formation of amyloid-like
aggregates. A small increase in FL intensity was observed for
DfeGlyK16 at a minimal concentration of 0.25 wt%, which is
also the lowest concentration revealing p-sheet structures in
the respective CD spectra. TfeGlyK16 samples show a dramatic
enhancement in fluorescence intensity of up to 180-fold at
1 wt%. Furthermore, the presence of amyloid-like fibrils was
confirmed by Congo red (CR) staining experiments (see ESI,
Fig. S971). Our results indicate a correlation between the
degree of fluorination and the ability to form amyloid-like
structures. Cryo-EM studies were performed with those solu-
tions for which a secondary structure pattern or amyloid-like
behavior was detected by ThT staining. DfeGlyK16 (0.25 wt%)
(Fig. 4d) and TfeGlyK16 (0.1 wt%) (Fig. 4e) both form amyloid-
like structures. As expected, through CD and ThT staining
experiments, AbuK16 (0.25 wt%) and MfeGlyK16 (0.25 wt%)

DfeGlyK16 - 1wt% TfeGlyK16 - 1wt%

2wt%

Fig. 4

(a) Thioflavin T assays of AbuK16 (green), MfeGlyK16 (red), DfeGlyK16 (blue) and TfeGlyK16 (violet) incubated for 24 h at 37 °C in 50 mM Bis-

tris propane + 150 mM NaCl containing 20 pM ThT dye, pH 7.4. Fluorescence emission was measured at 485 nm and normalized to a negative
control (solely buffer) with a FL intensity of 1.0. Cryo-EM micrographs of (b) AbuK14 (2 wt%, diluted to 0.2 wt%), (c) AbuK16 (2 wt%, diluted to
0.2 wt%), (d) DfeGlyK16 (0.25 wt%) and (e) TfeGlyK16 (0.1 wt%) + image of a TfeGlyK16-based hydrogel at pH 7.4 (0.5 wt%). All samples were dis-
solved in 50 mM Bis-tris propane + 150 mM NaCl, pH 7.4. Insets display magnified areas of the micrographs indicated by white arrow heads. The
scale bar denotes 200 nm for each micrograph. (f) Fibril cross sections corresponding to the SAXS model curves for samples of DfeGlyK16 and
TfeGlyK16 at concentrations of 1 wt% and 2 wt% obtained through SAXS experiments. The cross-sections are of elliptical shape defined by major
and minor semi-axis a and b, respectively. Plotted are the cross-sections derived from SAXS measurement frames n = 1 (after 120 seconds (grey
ellipses)) and 50 (after 3000 seconds (colored ellipses)). Fibril growth is illustrated by arrows.
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did not form any fibrillary structures (see ESI, Fig. S98-51027).
At elevated concentrations of 2 wt%, however, we detected
B-sheet formation for AbuK14 and AbuK16 by CD measure-
ments (see prior data in Fig. 1a). Cryo-EM of these AbuK-
derived sequences at 2 wt% concentration revealed narrow
ribbons composed of fibrillar strands in a highly regular line
pattern (Fig. 4b and c). A similar morphology from assembled
fibrils based on a de novo designed coiled coil-based amyloido-
genic peptide was studied in prior work.>> CD data of
MfeGlyK16 at similar concentrations provide a PPII-like struc-
tural pattern, and no similar p-sheet assemblies were found in
this case. We also applied small-angle X-ray scattering (SAXS)
experiments on supposedly amyloid-like fibrils containing
solutions of the peptides AbuK16, MfeGlyK16, DfeGlyK16 and
TfeGlyK16 over a wide range of concentration (see ESIf for
detailed SAXS interpretation). SAXS data from peptides
DfeGlyK16 and TfeGlyK16 (both 1 wt% and 2 wt%) scale
approximately with ¢~ (TfeGlyK16) and ¢~ (DfeGlyK16) at low
g-values (see Fig. S111 and S112 in the ESI}). Such scaling be-
havior indicates a nearly circular cross-section for the fibrils of
TfeGlyK16 (interpreted as circular cylinder) and a flat cross-
section  for  DfeGlyK16 (interpreted as  extended
parallelepiped).>*®® Data evaluation with both theoretical
models in terms of time-resolved experiments [with measure-
ment frames of n = 1 (recorded ca. 120 s after sample prepa-
ration) and n = 50 (recorded 3000 s after sample preparation)]
revealed an increase of the major semi axis from a = 2.7 nm to
11.0 nm for DfeGlyK16 (1 wt%) and from 2.9 nm to 4.4 nm
(2 wt%). In contrast, the short semi-axis of the cross section is

View Article Online
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constant at » = 0.85 nm. For TfeGlyK16 an increase of the
a-axis from 2.8 nm to 3.2 nm and from 2.8 nm to 3.1 nm at
1 wt% and 2 wt%, respectively, was determined. Here, the
short semi-axis of the cross section is constant at » = 0.95 nm.
An overview on the differences of cross-sections found for both
polyfluorinated systems between data frame n =1 and n = 50 is
given in Fig. 4f.

After having characterized the mesoscopic structure of the
different systems, we then turned to studying their macro-
scopic viscoelastic properties. Here, we performed strain-con-
trolled oscillatory shear rheology measurements with the aim
of evaluating the influence of fluorination on the mechanical
properties of these gel matrices at pH 7.4 and pH 9.0.
Amplitude y (maximum deformation) sweeps at 1 Hz oscil-
lation frequency were performed before the frequency-depen-
dent measurements to ensure that the value y of the defor-
mation was always chosen such that the experimental con-
ditions remained in the linear viscoelastic (LVE) regime. As a
result, the amplitude y for the oscillatory measurements was
fixed at a value of 0.1%. The frequency sweeps were conducted
in an angular frequency range of 0.314 to 314 rad s~ to deter-
mine the storage and loss moduli G’ and G” (Fig. 5). First, we
investigated the peptides AbuK16, MfeGlyK16, DfeGlyK16 and
TfeGlyK16 at physiological conditions of pH 7.4 (Fig. 5a and
b). As the non-fluorinated AbuK16 (0.5 wt%) formed only a low
viscous solution at physiological conditions, we established a
further reference sample comprising a Leu-Lys repeating unit
(LeuK16, Ac-(Leu-Lys)s-[4]Abz-NH,) to distinguish between the
impact of hydrophobicity and fluorine substituents. The Leu—
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Fig. 5 Storage modulus G' and loss modulus G" as measured in frequency sweeps (y = 0.1%) at T = 37 °C for: (a) the peptides AbuK16, MfeGlyK16,
DfeGlyK16, TfeGlyK16 and LeuK16 (all 0.5 wt%) at pH 7.4; (b) the peptide TfeGlyK16 at concentrations of 0.5 wt%, 0.25 wt%, and 0.1 wt% at pH 7.4;
(c) the peptides AbuK16, MfeGlyK16, DfeGlyK16, TfeGlyK16 and LeuK16 (all 0.5 wt%) at pH 9.0. For sample preparation, freeze-dried peptides were
dissolved in 50 mM Bis-tris propane + 150 mM NaCl, either pH 7.4 or pH 9.0.
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Lys unit was utilized before by Schneider and co-workers for
the development of peptide-based hydrogels.”® Through our
RP-HPLC assay, we found LeuK16 (¢ = 28.84 + 0.025 min) to
possess greater hydrophobicity than TfeGlyK16 (see ESI,
Fig. S9671). In the case of TfeGlyK16 measurements were done
also at lower concentrations of 0.25 and 0.1 wt%. These data
are given in Fig. 5b and show a very strong reduction of the
viscoelastic properties upon dilution, the elastic properties
being reduced by a factor of around 80. Finally, for all 0.5 wt%
samples we also studied their rheological behavior at pH 9.0 to
determine how the change in pH affects the viscoelastic pro-
perties of the systems. Looking at Fig. 5c one observes that
especially the elastic properties described by G’ are now much
closer than at pH 7.4. For all samples at pH 7.4 and pH 9.0, G'
is at about one order of magnitude larger than G”, indicating
that these are gel-like systems, for which the elastic properties
dominate.'” Both moduli increase somewhat with increasing
frequency, thereby showing power law behavior, but with a
rather small exponent. The plateau storage modulus G, is of
particular interest for gel-like systems. According to classical
rubber elasticity theory,>® G, can be related to the crosslinking
density v of the gel. The crosslinking density can in turn be
used to estimate an average mesh size ¢ in the system,
given as:

v=Gy/kT =¢73

where k is the Boltzmann constant and 7 is the temperature.
The respective G, values for the peptide gels were determined
by taking the average of the storage modulus G’ data for w <
10” rad s™". These values and calculated mesh sizes are sum-
marized in Table 1. At pH 7.4 and 0.5 wt% concentration,
MfeGlyK16 (0.53 Pa) shows the lowest G, value compared to
AbuK16 (4.81 Pa) and its higher fluorinated variants
DfeGlyK16 (15.3 Pa) and TfeGlyK16 (670 Pa); the reference
LeuK16 possesses by far the highest value of G,, owing largely
to a higher degree of hydrophobicity of the side chain com-
pared to TfeGly.*® Consequently, these experimental data show
a consistent analogy to the hydrophobicity trend depicted
through our RP-HPLC assay and underline a direct coherence
between rheological stiffness and non-polar properties of each

Table 1 Results for the plateau modulus Gy and corresponding mesh
sizes &

Name ¢ (Wt%) pH G, (Pa) £ (nm)
LeuK16 0.5 7.4 4869 + 124 9.83 + 0.08
9 564.4+7.2 20.17 + 0.09
TfeGlyK16 0.5 7.4 670 19 19.05 =+ 0.18
9 70.24+1.4 40.4 £0.3
0.25 7.4 8.63 £ 0.79 81.3 £2.5
0.1 7.4 1.09 £ 0.12 161.9 £ 5.7
DfeGlyK16 0.5 7.4 15.30 £ 1.04 67.14 £ 1.5
9 554 +15 20.29 +0.18
AbuK16 0.5 7.4 4.81 +0.22 98.72 + 1.54
9 264.1+5.1 2598 +0.17
MfeGlyK16 0.5 7.4 0.53 + 0.02 205.37 £ 2.53
9 208.8 £ 0.83 28.10 + 0.04
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amino acid residue (MfeGly < Abu < DfeGly < TfeGly < Leu).
Thus, the successive addition of fluorine atoms strengthens
this hydrogel scaffold at physiological conditions.

An interesting behavior is observed upon increasing the pH
from 7.4 to 9.0, which lowers the overall charge of the peptide
originating from the Lys residues (Fig. 5¢). Upon this change,
G, increases tremendously for MfeGlyK16 (209 Pa), AbuK16
(264 Pa) and DfeGlyK16 (554 Pa) but drops by almost one
order of magnitude for TfeGlyK16 (70 Pa) and LeuK16 (564
Pa), thereby bringing all the values closer together. This corres-
ponds to an increase of G, by a factor of 394 (MfeGlyK16), 55
(AbuK16) and 36 (DfeGlyK16), but also a reduction of G, by a
factor of 9.6 (TfeGlyK16) and 8.6 (LeuK16), respectively. The
greatest change in viscoelastic stability is observed for the
peptide with the lowest hydrophobicity (MfeGlyK16) within
this work and becomes weaker with increasing non-polar pro-
perties (AbuK16, DfeGlyK16). This surprising loss in G, of
TfeGlyK16-derived hydrogels was confirmed by further
measurements at both pH values with independently prepared
samples (see ESI, Fig. S104-1061). As an explanation, we
suggest a major leverage of side chain-neutralization on the
viscoelastic stability of these supramolecular matrices depend-
ing rather on peptide hydrophobicity than on fluorine-specific
interactions. An almost equal loss in G, value in context of pH
change found for LeuK16 in correlation to TfeGlyK16 serves as
further confirmation of this experimental finding. Hence, the
divergence in rheological properties between DfeGlyK16 and
TfeGlyK16-based hydrogels is, in particular, an interesting
phenomenon as it seems to be triggered by only a single H to
F substitution of each amino acid residue.

MD simulations of amphipathic peptides

Finally, we have performed MD simulations of AbuK16,
MfeGlyK16, DfeGlyK16, and TfeGlyK16 in explicit solvent at
two different pH values: pH 7 (where for simplicity we assume
all Lys residues to be charged) and pH 11 (where we assume all
Lys residues to be charge neutral). The aim was to understand
how fluorine-specific interactions may modify inter-peptide
interactions and thereby control the formation of higher-
ordered structures as observed in the above-discussed experi-
ments. Interestingly, we find intra-strand contact pair for-
mations between the fluorine atom of each MfeGly residue
(MfeGlyK16) and backbone hydrogen atoms located on the
peptide’s amide bonds (Fig. 6a). Such contact pairs are absent
in the cases of DfeGlyK16 and TfeGlyK16, whose side chains
are randomly oriented as found for AbuK16 (Fig. 6a). The
intra-strand contact pair formation observed for MfeGlyK16
can be rationalized by the strongly polar MfeGly side chain as
described before. The free energy profiles of inter-strand inter-
action as a function of the inter-strand separation for the
different peptide types at pH 7 are shown in Fig. 6b, which
reveal two distinct minima for each peptide type but
MfeGlyK16, for which there is only one minimum. The shallow
minimum at a larger inter-peptide separation observed for
AbuK16, DfeGlyK16, and TfeGlyK16 is due to the partially
hydrophobic, non-standard (synonymous for Abu, MfeGly,

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 MD simulation results for amphipathic peptides; water is included in the simulations, but not shown for clarity. (a) Snapshots for representa-
tive parts of periodic AbuK16, MfeGlyK16, and TfeGlyK16 single strands (taken from umbrella sampling simulations when two strands are far apart)
are shown in the space-filling representation and atoms are colored as: H (white), C (cyan), N (blue), O (red), F (pink). Fluorine atoms from MfeGly
residues and the amide-backbone derived hydrogen atoms form strong intra-strand contact pairs which are marked by red, dashed ellipses. Such
contact pairs are not observed for Abu and TfeGly. (b) The potential of mean force (PMF) per amino acid (AA) as a function of inter-strand separation
d,, at pH 7 (charged Lys), depicting the free energy profile of interaction between two peptide strands for side chains with different degree of fluori-
nations. The global minimum for each peptide type is marked by a triangle, whereas a secondary shallow minimum at a farther distance (when
present) is marked by a star symbol. (c) Structures corresponding to free energy minima for each peptide type are shown in ball-stick representation;
the terminal group of each side chain is highlighted in the space-filling representation. Atom colors are the same as in (a) and colors of enclosing
boxes are the same as colors of the PMF profiles in (b). Dominant binding modes are given at the top of each snapshot. (d) Schematic depicting the
possibility of fibrillization of the dimer complex for the different peptide types. One strand of a dimer complex (shown in the ball-stick representa-
tion) is colored as light-gray, whereas the other strand is colored as dark-gray. The end groups of side chains from Lys (-NHz*), Abu (-CH3), MfeGly
(—CFH,), DfeGly (-CF,H), and TfeGly (—CF5) are highlighted in space-filling representation.

DfeGly and TfeGly) amino acid (AA) side chain-side chain Lys side chain and non-standard AA side chain-backbone
interaction, whereas the global minimum at a smaller inter- interactions (see snapshots in Fig. 6c). In contrast, the
peptide separation is due to the non-standard AA side chain- minimum free-energy structure of MfeGlyK16 is due to the
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polar, non-standard AA side chain-backbone and non-stan-
dard AA side chain-side chain interactions, and the charged
Lys residues protrude out to minimize the electrostatic repul-
sion. Although negative and comparable free energy values for
all cases imply that every peptide type can form strongly
bounded dimers, the possibility of peptide fibril formation
depends on whether two such dimers can in turn form favor-
able contacts with each other. As depicted in Fig. 6d for
AbuK16, DfeGlyK16, and TfeGlyK16, two dimers placed paral-
lel to each other can form favorable contacts between the non-
standard AA and Lys side chains (which are found to be impor-
tant for the stability of a dimer as well). In contrast, two
MfeGlyK16 dimers placed parallel to each other face charged
end groups of the Lys residue (-NH;"), and thus repel each
other. Therefore, higher-order structure formation or fibrilliza-
tion at pH 7 is predicted to be possible for AbuK16,
DfeGlyK16, and TfeGlyK16, but not for MfeGlyK16, explaining
our experimental findings at physiological conditions. The free
energy profiles at pH 11, shown in Fig. S109+ (ESI), reveal only
one free-energy minimum for each peptide type, the depth of
which is more than that of the corresponding peptide type at
PH 7. The increased interaction strength is due to the reduced
electrostatic repulsion between the two strands, as Lys residues
are charge neutral at pH 11. For MfeGlyK16, the intra-strand
contact pair formations (Fig. 6a) expose the backbone atoms of
MfeGly amino acids that can form H-bonds with the solvent-
exposed backbone atoms of another MfeGlyK16 strand, result-
ing in a very compact MfeGlyK16 dimer with enhanced side
chain-side chain interactions (see snapshots in Fig. S109 within
the ESIf). These strong cooperative interactions lead to a 2-3
times deeper free energy minimum for MfeGlyK16 than other
peptide types, for which the inter-peptide interactions are domi-
nated by weak backbone-side chain and side chain-side chain
contacts. Like at pH 7, for AbuK16, DfeGlyK16, and TfeGlyK16,
two dimers placed parallel to each other can form the same
favorable contacts as found in the stable structure of a single
dimer, and hence the dimer structure can be periodically
extended from either side by adding more dimers to produce
large-scale peptide fibrils. For MfeGlyK16, the dimer structure is
the most stable among the different peptide types and the inter-
dimer interaction strength is expected to be lower due to the
only possible side chain-side chain interaction as backbone
atoms in a dimer complex are shielded by MfeGly side chains
given by intra-strand contact pair formation. Hence, higher-
order structures are expected to be less stable for MfeGlyK16
and would provide an explanation for its structural properties.

Conclusions

In this work, we systematically designed and characterized a
library of oligopeptides with high numbers of fluorinated
amino acids. The peptides AbuK16, MfeGlyK16, DfeGlyK16
and TfeGlyK16 served as models to evaluate the impact of fluo-
rine-specific interactions in the context of secondary structure
formation, peptide self-assembly and hydrogel formation. The
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fluorination degree of the aliphatic side chain plays a crucial
role in determining the peptide intrinsic hydrophobic pro-
perties. This led not only to the observation of different sec-
ondary structures such as PPII helices or p-sheets, but also to
fluorine-driven self-assembly into ordered nanostructures. On
the other hand, we found for MfeGlyK16 at physiological con-
ditions no evidence of P-sheet assembly, explained by MD
simulations that find strong dimer formation preventing
peptide fibrillization. Rheological characterization revealed a
correlation between the hydrophobic nature of each fluori-
nated amino acid and an enhanced viscoelastic stability of
resulting hydrogel matrices as shown for MfeGlyK16,
DfeGlyK16 and TfeGlyK16 in physiological conditions, but also
a loss in mechanical stiffness for the latter variant at pH 9.0.
This study firstly established and studied a library of distinc-
tive aliphatic and polyfluorinated SAPs for which fluorine-
specific interactions were evinced by significant alterations of
intra- and intermolecular interactions. The underlined design
principle, the unique properties of the peptides and resulting
hydrogel matrices will contribute to the future development of
de novo designed fluorinated biomaterials.

Experimental section

General methods

'H-, *C- and "F-NMR spectra (see ESIf) were recorded at
room temperature using a JEOL ECX 400 (JEOL, Tokyo, Japan),
a JEOL ECP 500 (JEOL, Tokyo, Japan) or a Bruker AVANCE III
700 (700 MHz, BRUKER, Billerica, MA, USA). Chemical shifts §
are reported in ppm with the solvent resonance (MeOH-d,) as
the internal standard. HRMS were determined on an Agilent
6220 ESI-TOF MS instrument (Agilent Technologies, Santa
Clara, CA, USA). For analysis, the MassHunter Workstation
Software Version B.02.00 (Agilent Technologies, Santa Clara,
CA, USA) was used. IR Spectra were recorded on an ALPHA II
FT-IR spectrometer (Bruker, USA). All NMR and IR spectra
evaluated by wusing Mnova/Mestrenova (Mestrelab
Research, CA, USA). Elemental analysis was proceeded by use
of an VARIO EL elemental analyzer (Elementar
Analysensysteme GmbH, Langenselbold, Germany). All essen-
tial data for compound characterization is placed within the
ESI.} All chemicals were purchased from commercial sources
(Merck, Sigma-Aldrich, VWR, Fluorochem) and used without
further purification. The Fmoc-protected fluorinated amino
acid TfeGly was synthesised according to literature (see ESLT
chapter “Gram scale synthesis and characterization of fluori-
nated amino acid Fmoc-TfeGly-OH”). MfeGly and DfeGly were
synthesised by Suvrat Chowdhary and Thomas Hohmann.

were

Synthesis and purification of peptides

All peptides were synthesized with a microwave-equipped
Liberty Blue™ peptide synthesizer (CEM, Matthews, NC, USA).
A Rink Amide ProTide™ resin (CEM, Matthews, NC, USA) was
utilized and the synthesis was performed either in 0.05 mmol
or 0.1 mmol scale using oxyma/DIC as activating reagents

This journal is © The Royal Society of Chemistry 2022
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(0.05 mmol scale: 0.5 M oxyma in DMF and 0.25 M DIC in
DMF/0.1 mmol scale: 1 M oxyma in DMF and 0.5 M DIC in
DMF). Coupling of native Fmoc-protected amino acids
occurred in DMF using 5 eq. of substance (for fluorinated
amino acids only 1.5 eq. were used) with 5 eq. of activating
reagents and double couplings of 4 min coupling time (for
fluorinated amino acid: mono coupling of 10 min) at 90 °C.
For deprotection of the N-terminus, a 10% piperazine (w/v)
solution in EtOH/NMP (1:9) with 0.1 M HOBt was used.
Acetylation was done manually in three batches using acetic
anhydride (10% v/v) and DIPEA (10% v/v) in DMF (6 mL). All
peptides were cleaved from the resin by treatment with TFA/
TIPS/H,O (90/5/5) for three hours using sonication at room
temperature. Then the resins were washed with TFA and DCM,
and excess of solvents were removed by evaporation. Peptides
were dried by lyophilization before purification with prepara-
tive reversed phase HPLC. Purification of synthesized peptides
was performed on a Knauer low-pressure HPLC system
(Knauer GmbH, Berlin, Germany) sold by VWR (Darmstadt,
Germany), comprising a LaPrep Sigma preparative pump
(LP1200), a ternary low-pressure gradient, a dynamic mixing
chamber, a 6-port-3-channel injection valve with an automated
preparative 10 mL sample loop, a LaPrep Sigma standard
1-channel-UV-detector (LP3101), a flow cell with 0.5 mm thick-
ness and a 16-port LaPrep Sigma fractionation valve (LP2016).
A Kinetex RPC18 endcapped (5 uM, 100 A, 250 x 21.2 mm,
Phenomenex®, USA) HPLC-column was used. A Security
GuardTM PREP Cartridge Holder Kit (21.20 mm, ID,
Phenomenex®, USA) served as pre-column. As eluents water
and ACN, both containing 0.1% (v/v) TFA were applied. HPLC
runs were performed with a flow rate of 15.0 mL min~", UV-
detection occurred at 220 nm for respective peptides. Data ana-
lysis occurred with an EZChrom Elite-Software (Version 3.3.2
SP2, Agilent). After separation, the purity of the collected frac-
tions was determined by analytical HPLC. Analytical HPLC was
carried out on a Chromaster 600 bar DAD-System with CSM
software or a Hitachi Primaide™ UV-HPLC system (both from
VWR/Hitachi, Darmstadt, Germany). A Kinetex® RP-C18
(5 uM, 100 A, 250 x 4.6 mm, Phenomenex®, USA) column and
a SecurityGuard™ Cartridge Kit equipped with a C18 cartridge
(4 x 3.0 mm, Phenomenex®, USA) as pre-column was used.
Otherwise, a Luna® RP-C8 (5 um, 100 A, 150 x 3 mm,
Phenomenex®, USA) column was used. As eluents water and
ACN, both containing 0.1% (v/v) TFA were applied. A flow rate
of 1 mL min~" was used and UV-detection occurred at 220 nm
or 280 nm for respective peptides. Data analysis was done with
EZ Chrom ELITE software (version 3.3.2, Agilent). The result-
ing pure peptides (>95%) were obtained after lyophilization of
the collected fractions. All essential data for the quantification
of purified peptides (HPLC data, HRMS spectra) can be found
in the ESI (Fig. S37-S91 and Tables S1-5227).

Lyophilization

To lyophilize the synthesized peptides a laboratory freeze dryer
ALPHA 1-2 LD (Christ Gefriertrocknungsanlagen GmbH,
Osterode am Harz, Germany) was used.
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Sample preparation - exchange of TFA salts

All purified peptides were inevitably obtained as corres-
ponding TFA salts during resin cleavage and subsequent
RP-HPLC purification using eluents containing 0.1% TFA.
Peptide samples (about 13 mg each) were dissolved in 800 pL
Milli-Q-H,O and transferred on a VariPure IPE exchange
column (100 mg, 3 mL) (Agilent Technologies, Santa Clara, CA,
USA). These columns were previously washed and pre-con-
ditioned with MeOH (3 x 3 mL) and Milli-Q-H,O (3 x 3 mL).
The resin was additionally washed with Milli-Q-H,O (500 pL)
and the collected peptide fractions combined.
Afterwards, desired samples were lyophilized to obtain the
peptide with bicarbonates as counter-ions.

were

Preparation of peptide stock solutions and self-assembly

Peptide stock solutions were prepared by dissolving lyophilized
peptide powder (10-15 mg) in 1,1,1,3,3,3-hexafluoropropan-2-
ol [HFIP] (2 mL) and treatment for 15 min in an ultrasound-
bath to dissolve preformed aggregates. An aliquot of 10 pL was
evaporated and the dried peptide film dissolved in a 6 M gua-
nidine hydrochloride (GndHCI) solution (pH 7.4), resulting
into a dilution factor (DL) of 100. These samples were
measured via UV detection at 280 nm by use of an Eppendorf
BioPhotometer plus with semi-micro-VIS Cuvettes (PMMA) 10
x 100 (Eppendorf, Hamburg, Germany). All UV spectra were
baseline corrected with a reference spectrum of a sample con-
taining solely buffer solution. The UV absorbance given
through the fluorophore p-aminobenzoic acid (PABA) at the
C-terminus of the peptides at 280 nm was evaluated in tripli-
cates. By use of a calibration curve derived from p-aminohippu-
ric acid (PAH) (see ESI, Fig. S921), the concentration of each
stock solution was calculated. If not otherwise stated, all
peptide samples were treated following this protocol before
each measurement: an aliquot from the HFIP peptide stock
solution was taken and evaporated. The dried peptide was
then dissolved in respective buffer and vortexed (1 min), soni-
cated (5 min) and finally ultracentrifuged (1 min) at room
temperature.

RP-HPLC assay for estimation of hydrophobicity

The protocol for the RP-HPLC assay was previously established
by our group.*®*° Peptide samples were dissolved in 250 pL of
a mixture of 5% (v/v) ACN in 95% (v/v) Milli-Q-water containing
0.1% TFA and filtered over a syringe filter with 0.2 pm pore
size. The overall concentration of each sample was 0.2 mM.
The retention times of all samples were determined on a C18
column (Capcell C18, 5 pm) using a LaChrom-
ELITE-HPLC-System (VWR International) with UV detection at
280 nm. A linear gradient from 5 to 40% ACN + 0.1% TFA in
30 min was applied at room temperature and all experiments
were performed in triplicates.

QM calculations

All QM calculations were performed using Gaussian 16.1.%¢
Abu, MfeGly, DfeGly, and TfeGly-derived motifs, as shown in
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Fig. 2b, were taken for QM calculations. Geometry optimi-
zations of these structures were done at the MP2/6-31G* level
of theory. Water interaction energies were obtained from the
HF/6-31G* single point calculations of the geometry optimized
structures. Electrostatic potential maps for the geometry opti-
mized structures were rendered using the Avogadro software.””
Dihedral energy scans were performed at the MP2/6-31G* level
of theory. Force field parameters and partial atomic charges
for the amino acid Abu and its fluorinated variants (MfeGly,
DfeGly, and TfeGly) were initially obtained from
CHARMM36m>® and CGenFF>® parameters, using the CGenFF
program.®”®! As there were large penalties for dihedral angles
associated with side chain rotations (Ca-Cp-Cy-F and Ca-Cp-
Cy-H) and partial atomic charges, new parameters were
derived from QM energy scans and water interaction energies,
respectively using the FFParam package.®> Optimized partial
atomic charges and dihedral parameters for the different
amino acids are given in the ESIT (Chapter 12).

Equilibrium MD simulations

To study interpeptide interactions, two periodic polypeptide
chains, each with the long-axis oriented along the z-direction,
with an interaxial distance d,, of 2.5 nm, arranged antiparallel
(ap) to each other were considered. Each system was solvated
in a rectangular box of size 5 x 5 x 5.832 nm®. If needed,
enough counterions (Cl™ ions) were added to charge neutralize
the whole system. The simulation box is shown in Fig. S1087
(ESI). CHARMM-compatible TIP3P water®®* and ion para-
meters® were used. The solvated system was subjected to
energy minimization using the steepest descent algorithm, for
removing any unfavourable contacts. The simulation for each
case was performed for 500 ns in the Np,,L.T ensemble, with
L, per amino acid = 3.6 A, at T = 300 K and p,, = 1 bar with per-
iodic boundary condition in xyz directions, using the
GROMACS 2020.1 package.®® The stochastic velocity rescaling
thermostat®” with a time constant of z; = 0.1 ps was used to
control the temperature, while for the pressure control a semi-
isotropic Parrinello-Rahman barostat®® was used with a time
constant of 7, = 1 ps and a compressibility of x = 4.5 x 107>
bar~". The LINCS algorithm®® was used to convert the bonds
with H-atoms to constraints, allowing a timestep of At = 2 fs.
Electrostatics interactions were computed using the particle
mesh Ewald (PME) method’® with a real-space cut-off distance
of 1.2 nm, while van der Waals (VDW) interactions were mod-
elled using Lennard-Jones potentials with a cut-off distance of
1.2 nm where the resulting forces smoothly switch to zero
between 1 nm to 1.2 nm.

Umbrella sampling simulations

To calculate the free energy landscape or the potential of
mean force (PMF) between two periodic polypeptide chains,
the final configuration obtained from the equilibrium MD
simulation was first pulled in either direction to generate
initial conformations for two polypeptide chains at different
interaxial separations. Total 40-50 umbrella windows, with an
inter-window spacing of 0.35 A, were simulated in the Npy L, T
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for 30 ns each. During these simulations, an additional
umbrella potential with a spring constant of 10 000 kJ mol™*
nm™? was used to restrain the interaxial separation to a given
distance. Every 100 fs data was collected, and the last 20 ns
simulation data for each window was used to obtain the PMF
using the weighted histogram analysis method (WHAM).”""?
The g wham module” of GROMACS was used for performing
the WHAM analysis and calculating error bars using the boot-
strap method.

CD spectroscopy

Circular dichroism experiments were performed using a Jasco
J-810 spectropolarimeter fitted with a recirculating chiller
(D-76227, Karlsruhe). Data were recorded using 0.1 mm Quartz
Suprasil® cuvettes (Hellma) equipped with a stopper. Spectra
were recorded at 37 °C from 190 to 250 nm at 0.2 nm intervals,
1 nm bandwidth, 4 s response time and a scan speed of
100 nm min~". Baselines were recorded and were subtracted
from the data. Each reported CD value represents the average
of minimum three measurements. Further CD spectra can be
found in the ESI (Fig. S93-S957)

Congo red (CR) assay for fibril detection

Aliquots of peptide HFIP-stock solutions (0.5 wt%) were dried
and then redissolved in 50 mM Bis-tris propane + 150 mM
NaCl with addition of 50 uM Congo red (overall pH 7.4).
Negative controls were prepared by dissolving corresponding
samples in buffer without dye. After dissolution, the standard
self-assembly protocol was applied, and all samples were incu-
bated overnight at 37 °C. UV spectra (300-700 nm) were
recorded for all samples using a Varian Cary 50 UV-VIS
Spectrophotometer (Agilent, USA) and 0.5 mm Quartz
Suprasil® cuvettes (Hellma). Experimental data can be found
in the ESI (Fig. S977).

Thioflavin T (ThT) fluorescence assay for fibril detection

A suitable protocol for this assay was recently published by our
group.”® Aliquots of peptide HFIP-stock solutions were dried
and then redissolved in 50 mM Bis-tris propane + 150 mM
NaCl with addition of 20 uM Thioflavin T (overall pH 7.4). The
buffer containing ThT was previously filtered over a nylon
syringe filter with 0.2 pm pore size. After dissolution, the
sample was sonicated for 30 s, transferred on a BRAND®
microplate (size: 96 wells, color: black; Sigma-Aldrich), sealed
to prevent evaporation and placed in an Infinite® M Nano®
plate reader (Tecan Deutschland GmbH, Crailsheim,
Germany). ThT fluorescence (Aex = 420 nm, Ao, = 485 nm,
Z-position: 15173 nm [manual], gain: 80 [manual], lag time:
0 ps, integration time: 20 ps) was measured after 24 h incu-
bation at 37 °C. The fluorescence intensity at 485 nm was nor-
malized with respect to the negative control solely containing
buffer (set as FLj,, 1.0).

Cryogenic electron microscopy (cryo-EM)

Perforated carbon film-covered microscopical 200 mesh grids
(R1/4 batch of Quantifoil, MicroTools GmbH, Jena, Germany)

This journal is © The Royal Society of Chemistry 2022
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were cleaned with chloroform and hydrophilized by 60 s glow
discharging at 10 pA in a EMSCOPE SC500 before 4 pl aliquots
of the peptide solution were applied to the grids. The samples
were vitrified by automatic blotting and plunge freezing with a
FEI Vitrobot Mark IV (Thermo Fisher Scientific Inc., Waltham,
Massachusetts, USA) using liquid ethane as cryogen. The vitri-
fied specimens were transferred to the autoloader of a FEI
TALOS ARCTICA electron microscope (Thermo Fisher
Scientific Inc., Waltham, Massachusetts, USA). This micro-
scope is equipped with a high-brightness field-emission gun
(XFEG) operated at an acceleration voltage of 200 kV.
Micrographs were acquired on a FEI Falcon 3 direct electron
detector (Thermo Fisher Scientific Inc., Waltham,
Massachusetts, USA) using the 70 pm objective aperture at a
nominal magnification of 28000, corresponding to a cali-
brated pixel size of 3.75 A per pixel, respectively.

Small-angle-X-ray scattering (SAXS)

SAXS measurement were performed in a flow-through capillary
with a Kratky-type instrument (SAXSess from Anton Paar,
Austria) at 37 + 1 °C. The SAXSess has a low sample-to-detector
distance of 0.309 m, which is appropriate for investigations of
liquid samples with low scattering intensities. The measured
intensity was converted to absolute scale according to
Orthaber et al.”* The scattering vector g is defined in terms of
the scattering angle 6 and the wavelength A of the radiation (4
= 0.154 nm): thus, g = 4zn/lsin 6. Deconvolution (slit length
desmearing) of the SAXS curves was performed with the
SAXS-Quant software. Samples analyzed with SAXS were used
as prepared, i.e. samples were mixed with buffer solution, vor-
texed for 20 s and filled in the capillary. Curve fitting was con-
ducted with SASfit.””

Rheological characterization of amphipathic peptide hydrogels

Before each measurement, peptide samples of AbukK16,
MfeGlyK16, DfeGlyK16, TfeGlyK16 and LeuK16 were dissolved
in 50 mM Bis-tris propane + 150 mM NaCl (either pH 7.4 or
pH 9.0), treated as mentioned above and incubated at 37 °C
for 24 h. All rheological measurements were performed on an
Anton Paar MCR 502 WESP temperature-controlled rheometer
in strain-imposed mode at physiological temperature (37 °C).
For all measurements, a parallel plate geometry with chro-
mium oxide coating was used, with a diameter of 50 mm for
the upper rotating plate. The gap size between the plates was
set to 175 pm. The sample and geometry were surrounded by a
solvent trap to reduce effects of solvent evaporation. Further
experimental data can be found in the ESI (Fig. S977).
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1. Gram scale synthesis and characterization of fluorinated amino acid
Fmoc-TfeGly-OH (6)

Cl
Cl
Cl cl
N
CNH a) b)
4 .
E00H 80% N 79% O” "NH O
1 .
‘COOH
2
Cl

a) 3,4-dichlorobenzyl chloride, KOH, iPrOH, 45°C, 4 h.
b) 1. PCls, chlorobenzene, 0°C — 23°C, 1 h. 2. 2-amino-5-chlorobenzophenone, 23°C, 2 h.
c) H-Gly-OH, Ni(CH;COQ), « 4 H,O, DBU, MeOH, 70°C, o.n. 7%
d) 1,1,1-trifluoro-2-iodoethane, KOH/MeOH, DMF, 0°C — 23°C, 3.5 h.
e) 1. 3N HCI, DME, 60°C, 3h. 2. EDTA-(Na,), MeCN, 23 °C, 2 h.
3. Fmoc-OSu, Na,CO5; THF/H,0, 23°C, 20 h.
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Oj/OH Cl cl
N~ O

o0 o ?f 2 YNEY°
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q o” "N N| s o“ "N N‘
Cl Cl
6 5 4

Scheme S1: Synthesis of Fmoc-TfeGly-OH (6) in gram scale according to Soloshonok et al.”?

A five-step synthesis for Fmoc-TfeGly-OH (6) was developed and described in literature by
Soloshonok et al.’® In the first step of this synthetic route, H-Pro-OH 1 is alkylated with 3,4-
dichlorobenzyl chloride. To selectively alkylate the amine and not the C-terminal carboxyl
group, the reaction is carried out in a basic KOH / iPrOH solution. The intermediate 2 reacts
afterwards with PCls to form the corresponding acid chloride, enabling the formation of an
amide bond with the amine side chain of 2-amino-5-chlorobenzophenone and the synthesis of
compound 3. The formation of the Schiff base as a chelating ligand in compound 4 occurs
trough the reaction of 3 with H-Gly-OH, nickel acetate tetrahydrate and DBU. The following
asymmetric alkylation of the chiral Ni-ligand 4 with CF3CHal and subsequent disassembly of
compound 5 and simultaneous Fmoc-protection leads finally to the N-Fmoc derivative of (2S)-
4,4 A-trifluoroethylglycine (TfeGly).



1.1 Synthesis of (3,4-dichlorobenzyl)-L-proline (2)

L-Pro-H (1) (69.0 g, 0.6 mol, 1 equiv.) and KOH (70.6 g, 1.26 mol, 2.1 equiv) were dissolved
in iPrOH (600 mL) at 45 °C. Afterwards 3,4-dichlorobenzyl chloride (91.1 mL, 0.66 mol, 1.1
equiv.) were added and the reaction mixture was stirred for 4 h at 45 °C. For quenching, the
pH was adjusted to 5-6 with HClcone. and MeOH (1000 mL) was added. The reaction mixture
was then stirred for 16 h at 45°C and precipitated KCI salts were filtered and washed with a
iPrOH/MeoH mixture (3:2). The filtrated solution was concentrated under reduced pressure
and the crude product was washed with MeCN (500 mL) for 10 min under gentle stirring.

Finally, the product was filtered, washed with MeCN and dried in vacuo.
The title compound 2 was obtained as a white solid substance (133.32 g, 0.48 mol, 80%).

H NMR (600 MHz, METHANOL-D,): 5 = 7.67 (d, J = 2.2 Hz, 1H), 7.49 (d, J = 8.3 Hz, 1H),
7.38 (dd, J = 8.3, 2.2 Hz, 1H), 4.35 (d, J = 13.0 Hz, 1H), 4.18 (d, J = 12.9 Hz, 1H), 3.79 (dd, J
= 9.6, 6.7 Hz, 1H), 3.49 — 3.44 (m, 1H), 3.16 — 3.07 (m, 1H), 2.42 — 2.32 (m, 1H), 2.05 — 1.96
(m, 2H), 1.92 — 1.79 (m, 1H).

13C 1 NMR (151 MHz, METHANOL-D,): 5 = 171.88, 170.55, 168.50, 142.06, 128.74, 127.98,
118.88, 40.90, 22.62.

IR (ATR): v = 3059.34, 2974.98, 2858.70, 1603.14, 1526.06, 1477.04, 1386.78, 1374.44,
1308.48, 1145.31, 1022.05, 835.23, 813.93, 663.51, 651.15, 496.65, 489.81, 400.90 cm-".

Elemental analysis [CHN] (%) = Anal. Calcd for C12H13CI2NO2 (m: 1.9720 mg): C, 52.58; H,
4.78; N, 5.11. Found: C, 50.51; H, 4.72; N, 5.35.
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Figure S1: '"H NMR (600 MHz) spectrum of (3,4-dichlorobenzyl)-L-proline (2) dissolved in MeOH-da.
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1.2 Synthesis of A-(2-benzoyl-4-chlorophenyl)-1-(3,4-dichlorobenzyl)pyrrolidine-2-
carboxamide (3)

Compound 2 (91.0 g, 0.33 mol, 1 equiv.) was dissolved in chlorobenzene (650 mL) and cooled
to 0 °C under nitrogen protection before phosphorus pentachloride PCls (68.71 g, 0.33 mol, 1
equiv.) was added slowly to the solution. The reacting mixture was stirred for 30 min at 0°C
and afterwards warmed to 23 °C while further stirring for 2 h to form the corresponding acid
chloride. Then 2-amino-5-chlorobenzophenone (76.45 g, 0.33 mol, 1 equiv.) was slowly added
and the reaction mixture was kept stirring at 23 °C for 2 h. This reaction was quenched by the
addition of MeOH (60 mL) and further stirring for 1 h, leading to the precipitation of crude
product. The precipitation was filtered and washed with chlorobenzene (120 mL) and acetone
(2 * 300 mL), whereas the filtrated solution was concentrated under reduced pressure leading
to further precipitation of crude product. This precipitation was filtered and washed with
acetone (2 * 250 mL). Both batches of product were combined and dried in vacuo at 45 °C.
The crude solid was afterwards washed with MeOH (300mL) for 1 min under gentle stirring,

filtered and dried in vacuo at 45 °C.

The title compound 3 was obtained as fine white / slightly yellowish needles (128.41 g, 0.26
mol, 79%).

'H NMR (600 MHz, METHANOL-D.): 5 = 7.73 — 7.23 (m, 11H), 4.32 — 4.18 (m, 3H), 3.54 —
3.42 (m, 1H), 2.39 — 2.22 (m, 1H), 2.13 — 2.02 (m, 1H), 1.86 — 1.72 (m, 1H), 1.52 — 1.43 (m,
1H).

3C {1H} NMR (151 MHz, METHANOL-D,): & = 194.37, 136.57, 134.14, 133.59, 133.31,
133.03, 132.81, 132.69, 131.55, 131.10, 130.99, 130.55, 129.90, 129.66, 128.35, 125.76,
66.91, 56.50, 54.70, 28.05, 22.48.

IR (ATR): v = 3172.20, 2951.04, 2864.40, 2732.17, 1705.04, 1660.84, 1610.42, 1535.14,
1495.99, 1463.02, 1446.54, 1386.78, 1275.51, 1254.90, 1238.42, 1209.57, 1032.36, 960.24,
880.83, 818.06, 696.15, 690.30, 665.57, 632.60 cm™.

Elemental analysis [CHN] (%) = Anal. Calcd for C25H21ClzN202 (m: 1.8260 mg): C, 61.56; H,
4.34; N, 5.74. Found: C, 58.31; H, 5.31; N, 4.58.
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1.3 Synthesis of Nickel(ll)-[N-[[5-Chloro-2-[[[($)-1-[(3,4dichlorophenyl)methyl]-2-
pyrrolidinyl-uN]carbonyllaminokN]phenyl]phenylmethylene]-glycinato(2-)-»N, ®O] --
Glycine-Ni(ll) Ligand Complex (4)

At first, MeOH (1200 mL) was added to a mixture of compound 3 (128.41 g, 0.26 mol, 1 equiv.),
nickel acetate tetrahydrate (129.09 g, 0.52 mol, 2 equiv.) and H-Gly-OH (40.0 g, 0.52 mol, 2
equiv.). This green suspension was stirred at 23 °C before 1,8-diazabicyclo[5.4.0Jundec-7-ene
DBU (175.58 mL, 1.3 mol, 5 equiv.) was slowly added. The reaction mixture was warmed to
75 °C and stirred for 24 h. Afterwards, the reaction was quenched by addition of a 6%-AcOH

solution (1300 mL) and further stirring for 3 h. The crude product was filtered, washed with

water (850 mL) and a water/methanol-mixture (1:1) (850 mL) and then dried in vacuo at 55 °C.
The title compound 4 was obtained as a red solid substance (133.45 g, 0.20 mol, 77%).

H NMR (600 MHz, METHANOL-D,): & = 8.79 (d, J = 2.1 Hz, 1H), 8.31 (dd, J = 8.2, 2.2 Hz,
1H), 7.99 (dd, J = 9.2, 1.3 Hz, 1H), 7.68 — 7.60 (m, 1H), 7.59 — 7.52 (m, 3H), 7.27 (d, J = 6.5
Hz, 1H), 7.14 (dd, J = 9.3, 2.6 Hz, 1H), 7.03 (d, J = 7.2 Hz, 1H), 6.68 (d, J = 2.6 Hz, 1H), 4.23
(d, J = 12.6 Hz, 1H), 3.56 — 3.52 (m, 1H), 3.49 (s, 1H), 3.48 — 3.36 (m, 2H), 3.34 — 3.29 (m,
1H) 2.64 — 2.53 (m, 1H), 2.51 — 2.43 (m, 1H), 2.24 — 2.12 (m, 2H).

3C {1H} NMR (151 MHz, METHANOL-D,4): & = 181.83, 179.03, 171.31, 140.45, 136.41,
133.74, 133.58, 132.90, 132.58, 131.52, 131.37, 131.12, 131.01, 129.92, 129.75, 129.34,
126.86, 126.51, 125.87, 125.60, 125.09, 70.99, 62.60, 58.29, 30.55, 23.14.

IR (ATR): v = 3582.60, 3556.38, 3482.28, 2986.38, 2889.48, 1673.12, 1667.02, 1658.78,
1619.54, 1482.74, 1469.06, 1322.90, 1254.90, 1074.63, 1017.93, 835.23, 832.95, 717.09,
589.33, 549.09, 449.21, 429.39 cm™.

Elemental analysis [CHN] (%) = Anal. Calcd for C27H22CIsN3sNiOs (m: 2.2480 mg): C, 53.91;
H, 3.69; N, 6.99. Found: C, 52.90; H, 4.27; N, 7.06.
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1.4 Synthesis of the CF3-CH»-alkylated Glycine-Ni(ll) Ligand Complex 5

The glycine—Ni(ll) ligand complex 4 (30.0 g, 0.049 mol, 1 equiv.) and 1,1,1-trifluoro-2-
iodoethane (5.20 mL, 0.053 mol, 1.05 equiv.) were dissolved in freshly deoxygenated N,N-
dimethylformamide (DMF) (300 mL) and cooled to 0 °C. Afterwards, a solution of KOH (3.0 g,
0.053 mmol, 1.05 equiv.) in freshly deoxygenated MeOH (28 mL) was slowly added under N2
atmosphere. The reaction mixture was stirred for 3.5 h while warming up to 23 °C. For
subsequent quenching, water (110 mL) was added, and the solution was further stirred for 1
h. Afterwards, water (40 mL) was added, and the solution was further stirred for 1 h. The
precipitated crude product was filtered, washed with a DMF-water mixture (60 mL) and water
(80 mL) and finally dried in vacuo at 55 °C.

The title compound 5 was obtained as a red solid substance (26.7 g, 0.039 mol, 80%).

H NMR (600 MHz, METHANOL-D.): & = 8.81 (s, 1H), 8.28 (d, J = 8.2 Hz, 1H), 8.00 (d, J =
9.4 Hz, 1H), 7.72 — 7.61 (m, 2H), 7.59 — 7.55 (m, 1H), 7.52 — 7.50 (m, 1H), 7.49 — 7.45 (m,
1H), 7.12 (d, J = 6.7 Hz, 1H), 7.00 (d, J = 7.8 Hz, 1H), 6.53 (s, 1H), 4.29 — 4.24 (m, 1H), 4.19
(d, J = 12.6 Hz, 2H), 3.61 — 3.54 (m, 1H), 3.41 — 3.36 (m, 3H), 2.68 — 2.51 (m, 2H), 2.33 — 2.25
(m, 1H), 2.23 — 2.14 (m, 2H).

13C {1H} NMR (151 MHz, METHANOL-D,): 5 = 136.59, 133.15, 132.02, 131.15, 131.12,
131.01, 130.83, 130.61, 129.90, 129.83, 129.60, 129.32, 128.70, 128.41, 127.54, 126.85,
125.54, 124.18, 71.34, 67.92, 62.71, 58.38, 58.12, 54.14, 30.59, 30.51, 23.72, 22.56.

F NMR (565 MHz, METHANOL-D4): 5 = -61.57 — -61.62 (m, 3F).

IR (ATR): v = 3273.86, 2963.70, 2888.52, 1852.89, 1762.14, 1634.05, 1624.29, 1465.77,
1458.90, 1331.37, 1259.02, 1240.48, 1154.47, 1143.63, 1112.72, 1100.48, 831.67, 708.84,
553.68 cm™.

Elemental analysis [CHN] (%) = Anal. Calcd for C29H23Cl3F3N3NiO3 (m: 1.9100 mg): C, 50.96;
H, 3.30; N, 6.15. Found: C, 51.83; H, 3.812; N, 6.402.
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1.5 Synthesis of Fmoc-TfeGly-OH (6)

Compound 5 (26.7 g, 0.039 mol, 1 equiv.) was dissolved in dimethoxyethane (140 mL) and 3N
HCI (85 mL) and heated to 60 °C while stirring for 3h. Then the mixture was filtered and washed
with water (50 mL). The combined solutions were concentrated, leading to further precipitation
of Ni-ligand residues. These precipitates were filtered and washed with water (25 mL) and the
solutions were combined. EDTA-(Naz) (14.51 g, 0.039 mol, 1 equiv.) in MeCN (85 mL) was
added and the mixture was stirred for 2 h at 23 °C. The reaction was quenched by adjusting
the pH to 8-8.5 by use of a 48%-NaOH solution. Afterwards, Na,COs (8.3 g, 0.078 mol, 2
equiv.) was supplemented and Fmoc-OSu (13.15 g, 0.039 mol, 1 equiv.) in THF (70 mL) was
added slowly while the reacting mixture was stirred at 23 °C for 20 h. Then, MeCN and THF
were removed from the solution under reduced pressure. The aqueous solution was washed
with Et2O (3 * 100 mL) to remove leftovers of Fmoc-OSu. Then, the pH of the solution was
adjusted to 2 by using HCl.nc. before the aqueous phase was extracted with ethyl acetate (6 *
80 mL). The combined organic phases were dried over Na>SOys, filtered, concentrated, and
dried in vacuo at 55 °C. The crude product (11.86 g) was dissolved in ethyl acetate (60 mL)
and toluene (300 mL) and warmed to 75 °C for complete dissolution. Then, the solution was
concentrated under reduced pressure and after further addition of toluene (100 mL)
concentrated again to a total volume of approximately 200 mL. This solution was left to stand
overnight at room temperature, leading to precipitation of pure Fmoc-TfeGly-OH (6). The
amino acid was filtered, washed with ice-cold toluene (100 mL) and hexane (100 mL) and then

dried in vacuo at 55 °C.
The title compound 6 was obtained as a white solid substance (9.18 g, 0.024 mol, 80%).

H NMR (600 MHz, METHANOL-D.): & = 7.73 (d, J = 6.6 Hz, 2H), 7.61 (d, J = 8.9 Hz, 2H),
7.33 (t, J = 7.8 Hz, 2H), 7.25 (t, J = 7.4 Hz, 2H), 4.47 (dd, J = 10.0, 3.5 Hz, 1H), 4.29 (d, J =
7.2 Hz, 2H), 4.16 (t, J = 7.1 Hz, 1H), 2.87 — 2.78 (m, 1H), 2.70 — 2.59 (m, 1H).

13C {1H} NMR (151 MHz, METHANOL-D,): 5 = 171.84, 156.94, 143.86, 143.83, 141.23,
128.61, 127.90, 127.47, 127.12, 126.82, 125.29, 124.94, 119.60, 67.05, 66.89, 34.85, 34.66,
34.47, 34.28.

F NMR (565 MHz, METHANOL-D4): 5 = 65.69 (t, J = 11.1 Hz, 3F).

IR (ATR): v = 3317.51, 3076.28, 2926.94, 1704.70, 1551.92, 1460.96, 1392.25, 1269.33,
1249.81, 1154.47, 1120.96, 1044.19, 724.84, 618.01, 539.90 cm™".

Elemental analysis [CHN] (%) = Anal. Calcd for C19H16F3NO4 (m: 1.8930 mg): C, 60.16; H,
4.25; N, 3.69. Found: C, 60.78; H, 4.86; N, 3.69.
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Figure S14: "H NMR (600 MHz) spectrum of Fmoc-TfeGly-OH (6) dissolved in MeOH-da.
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2. Fluorinated Fmoc-protected amino acids Fmoc-MfeGly-OH (7) and
Fmoc-DfeGly-OH (9)

R 0
O. o\gNQLOH O‘ O\g/N\)J\OH

- F

Fmoc-MfeGly-OH Fmoc-DfeGly-OH
7 8

Scheme 2: Chemical structures of Fmoc-MfeGly-OH (9) and Fmoc-DfeGly-OH (10).

The fluorinated Fmoc-protected amino acids Fmoc-MfeGly-OH (7) and Fmoc-DfeGly-OH (8)
were provided by Suvrat Chowdhary & Thomas Hohmann (Freie Universitat Berlin, Koksch
Group)." To validate the chemical nature and purity of these compounds, NMR and IR spectra

were recorded and elemental analysis experiments proceeded.

2.1. Characterization of Fmoc-MfeGly-OH (7)

H NMR (600 MHz, METHANOL-D.): & = 7.76 (d, J = 7.6 Hz, 2H), 7.64 (t, J = 7.5 Hz, 2H),
7.35 (t, J = 7.5 Hz, 2H), 7.27 (t, J = 7.4 Hz, 2H), 4.56 — 4.40 (m, 2H), 4.37 — 4.31 (m, 2H),
4.31-4.25 (m, 1H), 4.19 (t, J = 7.1 Hz, 1H), 2.31 — 2.21 (m, 1H), 2.03 — 1.92 (m, 1H).

13C {1H} NMR (151 MHz, METHANOL-D,): 5 = 173.98, 157.36, 143.99, 143.85, 141.27,
127.45, 126.84, 126.81, 124.93, 119.58, 80.59, 79.50, 66.66, 50.51, 32.18, 32.05.

F NMR (565 MHz, METHANOL-D4): 5 = -222.46 — -222.83 (m, 3F)

IR (ATR): v = 3318.16, 2968.13, 1681.65, 1537.05, 1266.21, 1211.12, 1030.30, 896.68,
760.36, 737.69, 546.06 cm™.

Elemental analysis [CHN] (%) = Anal. Calcd for C19H1sFNO4 (m: 1.4860 mg): C, 66.46; H,
5.28; N, 4.08. Found: C, 65.85; H, 5.926; N, 4.15.
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Figure S20: "°F NMR (565 MHz) spectrum of Fmoc-MfeGly-OH (7) dissolved in MeOH-ds.
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Figure S21: IR-ATR spectrum of Fmoc-MfeGly-OH (7).
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2.2. Characterization of Fmoc-DfeGly-OH (8)

'H NMR (600 MHz, METHANOL-D.): & = 7.77 (d, J = 7.6 Hz, 2H), 7.67 — 7.62 (m, 2H), 7.36
(t, J = 7.0 Hz, 2H), 7.28 (td, J = 7.4, 1.2 Hz, 2H), 6.03 — 5.81 (m, 1H), 4.41 — 4.31 (m, 2H),
4.35 - 4.27 (m, 1H), 4.20 (t, J = 6.9 Hz, 1H), 2.43 — 2.33 (m, 1H), 2.26 — 2.16 (m, 1H).

3C {1H} NMR (151 MHz, METHANOL-D,): 5 = 13C NMR (151 MHz, METHANOL-D4) 5
172.75, 157.13, 143.95, 143.83, 141.28, 127.46, 126.82, 124.92, 119.58, 117.30, 115.72,
66.70, 35.84, 35.69, 35.54, 24.93.

F NMR (565 MHz, METHANOL-D4): 5 = -117.45 — -119.06 (m, 3F).

IR (ATR): v = 3314.06, 3023.44, 2898.22, 1682.88, 1548.48, 1448.60, 1423.87, 1277.57,
1216.50, 1075.20, 737.69, 531.63 cm™.

Elemental analysis [CHN] (%) = Anal. Calcd for C19H17F2NO4 (m: 2.1280 mg): C, 63.16; H,
4.74; N, 3.88. Found: C, 63.38; H, 5.17; N, 3.94.
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Figure S$22: 'H NMR (600 MHz) spectrum of Fmoc-DfeGly-OH (8) dissolved in MeOH-ds.

21



0.0013+

—172.75

—157.13
143.95
143.83
127.46
126.82
124.92
119.58
117.30
115.72
35.84
35.69
35.54

\24.93

L
\141.28

{
\
Y
—66.70

0.00121
0.00111
0.00101

£ 0.0009

3
g 0.0008
=

B 0.00071

)

2 0.0006

2
»n 0.00034
0.0002+ ‘ ‘

0.0001+ i

200 180 160 140 120 100 80 60 40 20 0 -20
Chemical Shifts (ppm)

220

Figure $23: '3C {1H} NMR (151 MHz) spectrum of Fmoc-DfeGly-OH (8) dissolved in MeOH-ds.

1.6
1.5
1.41
1.3
1.2
1.1
1.0
0.9
0.8
0.7
0.6
= 0.5

ntensity (arbitrary units)

Signal Intensity (arbitrary units)

Sign

0.3
0.2
0.1 -117.8 -118.2 -118.6 -119.0
0.01 Chemical Shifts (ppm)

-0.14

100 60 20 -20

60  -100 -140 -180 -220 -260 -300 -340 -380
Chemical Shifts (ppm)

180 140

Figure S24: "°F NMR (565 MHz) spectrum of Fmoc-DfeGly-OH (8) dissolved in MeOH-da.



o
)
=)

o
)
(37

o
)
(=)

o
-
o

Absorbance Units
o
o

A b I

\/M\ UW W

\_\
0.00 e

4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber [cm'1]

Figure S25: IR-ATR spectrum Fmoc-DfeGly-OH (8).



3. Peptide Synthesis: Selected HPLC chromatograms of crude peptides
after SPPS

In this chapter, HPLC chromatograms of crude peptide samples after solid-phase peptide
synthesis are presented. This is intended to give an impression about the outcome of overall
peptide synthesis. All HPLC chromatograms were directly exported from the HPLC systems.
(VWR Chromaster 600 bar or Hitachi Primaide) using EZ Chrom ELITE software (version
3.3.2, Agilent).

DAD-220 nm
— Ac-AbuK10-NH2 - crude (4.0)
17.06.2020 12-22-17_Ac-AbuK10-NH2 - crude (4.0)_10_40_18min_Rosi_(Suvrat).met.dat

.
.

Figure S26: Crude HPLC chromatogram of peptide sequence AbuK10 (HPLC: Chromaster 600
bar — Method: (A) H20 + 0.1% TFA/ (B) ACN + 0.1% TFA — 10% (B) = 40% (B) in 18 min. UV

detection occurred at 220 nm.
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DAD-220 nm
s0{ — Ac-AbuK11-NH2 - Full cleavage crude
26.06.2020 15-30-35_Ac-AbuK11-NH2 - Full cleavage crude_10_40_18min_Suvrat AbuK method.met.dat

20 200

150

w0
SE M w
01 0

Figure S27: Crude HPLC chromatogram of peptide sequence AbuK11 (HPLC: Hitachi Primaide —
Method: (A) H20 + 0.1% TFA /(B) ACN + 0.1% TFA — 10% (B) = 40% (B) in 18 min. UV detection
occurred at 220 nm.

DAD-220 nm
— Ac-AbuK12-NH2 - 18.06.2020 - crude control
18.06.2020 12-06-09_Ac-AbukK12-NH2 - 18.06.2020 - crude control_10_40_18min_Rosi_(Suvrat).met.dat

175

MMMMMMM

Figure S28: Crude HPLC chromatogram of peptide sequence AbuK12 (HPLC: Chromaster 600
bar — Method: (A) H20 + 0.1% TFA/ (B) ACN + 0.1% TFA — 10% (B) = 40% (B) in 18 min. UV
detection occurred at 220 nm.
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DAD-220 nm
— Ac-AbuK13-NH2 - Full Cleavage Crude
26.06.2020 17-09-22_Ac-AbuK13-NH2 - Full Cleavage Crude_10_40_18min_Suvrat AbuK method.met.dat

Figure S29: Crude HPLC chromatogram of peptide sequence AbuK13 (HPLC: Hitachi Primaide —
Method: (A) H20 + 0.1% TFA /(B) ACN + 0.1% TFA — 10% (B) = 40% (B) in 18 min. UV detection

occurred at 220 nm.

300

DAD-220 nm
—— Ac-AbuK14-NH2 - crude - 04.09.2020
04.09.2020 16-12-52_Ac-AbuK14-NH2 - crude - 04.09.2020_5_100_18 min_slow Fritz (common column).met.dat

350

300

MMMMMMM

Figure S30: Crude HPLC chromatogram of peptide sequence AbuK14 (HPLC: Chromaster 600
bar — Method: (A) H20 + 0.1% TFA/ (B) ACN + 0.1% TFA — 5% (B) > 100% (B) in 18 min. UV

detection occurred at 220 nm.
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DAD-220 nm
— Ac-AbuK15-NH2 - Full Cleavage Crude
26.06.2020 17-36-04_Ac-AbuK15-NH2 - Full Cleavage Crude_10_40_18min_Suvrat AbuK method.met.dat

g

o0 )
50 150
20 20
250 250

Figure S31: Crude HPLC chromatogram of peptide sequence AbuK15 (HPLC: Hitachi Primaide —
Method: (A) H20 + 0.1% TFA /(B) ACN + 0.1% TFA — 10% (B) = 40% (B) in 18 min. UV detection

occurred at 220 nm.

DAD-220 nm
— Ac-AbuK16-NH2 - test
04.11.2020 15-46-21_Ac-AbuK16-NH2 - test _10_40_18 min_slow Fritz (common column).met.dat

600 600

200 200

200 200

MMMMMMM

Figure S32: Crude HPLC chromatogram of peptide sequence AbuK16 (HPLC: Chromaster 600
bar — Method: (A) H20 + 0.1% TFA/(B) ACN + 0.1% TFA — 10% (B) = 40% (B) in 18 min. UV

detection occurred at 220 nm.
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DAD-220 nm
— Ac-MfeGlyK16-NH2 - crude-2
21.10.2020 18-49-12_Ac-MfeGlyK16-NH2 - crude-2_10_40_18min_Suvrat AbuK method.met.dat

300

Figure S33: Crude HPLC chromatogram of peptide sequence MfeGlyK16 (HPLC: Hitachi Primaide
— Method: (A) H20 + 0.1% TFA/(B) ACN + 0.1% TFA — 10% (B) = 40% (B) in 18 min. UV
detection occurred at 220 nm.

DAD-220 nm
©1  — Ac-DfeGlyK16-NH2- 23.10.2020 - crude
23.10.2020 14-25-29_Ac-Dfe GlyK16-NH2- 23.10.2020 - crude_10_40_18 min_slow Fritz (common column).met.dat

200 200

100

25 2
o 0

Figure S34: Crude HPLC chromatogram of peptide sequence DfeGlyK16 (HPLC: Chromaster 600
bar — Method: (A) H20 + 0.1% TFA/(B) ACN + 0.1% TFA — 10% (B) = 40% (B) in 18 min. UV
detection occurred at 220 nm.

28



DAD-220 nm
10- — Ac-LeuK16-NH2 - Test Cleavage
12.03.2021 16-39-58_Ac-LeuK16-NH2 - Test Cleavage _10-60-18min - ValK series method.met.dat
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Figure S35: Crude HPLC chromatogram of peptide sequence LeuK16 (HPLC: Chromaster 600 bar

— Method: (A) H20 + 0.1% TFA/ (B) ACN + 0.1% TFA — 10% (B) = 60% (B) in 18 min. UV

detection occurred at 220 nm.

DAD-220 nm
— Ac-TfeGlyK16-NH2 - test cleavage - dissolved in MeOH - 21.07.2020

21.07.2020 16-44-54_Ac-TfeGlyK16-NH2 - test cleavage - dissolved in MeOH - 21.07.2020_5_70_18min.met.dat
00 400
300 300
00

o 0

00 0

MMMMMMM

Figure S36: Crude HPLC chromatogram of peptide sequence TfeGlyK16 (HPLC: Hitachi Primaide

— Method: (A) H20 + 0.1% TFA /(B) ACN + 0.1% TFA — 5% (B) > 70% (B) in 18 min. UV detection

occurred at 220 nm.
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4. Peptide Synthesis: Characterization of purified sequences

In this chapter, all peptide sequences of this research project are presented. Their purity was
determined through analytical HPLC (DAD Detection at 220 nm) (VWR Chromaster 600 bar
or Hitachi Primaide) and high-resolution mass spectrometry (HRMS). All HPLC
chromatograms were evaluated with the software OriginLab (OriginLab Corporation,
Northampton, MA, USA). For HRMS spectra, the program MassHunter Workstation
SoftwareVersion B.02.00 (Agilent Technologies, Santa Clara, CA, USA) was utilized. All
HRMS spectra were compared to their calculated isotope distribution trough MassHunter
Workstation SoftwareVersion B.02.00 (Agilent Technologies, Santa Clara, CA, USA) to provide

a fundamentally credible interpretation of experimental data.

peptide scale amount of purified peptide
mmol [mg]
AbuK10 0.5 10.1
AbuK11 0.5 12.5
AbuK12 0.5 13.6
AbuK13 0.5 13.7
AbuK14 0.1 28.5
AbuK15 0.1 30.5
AbuK16 0.1 45.0
MfeGlyK16 0.1 39.1
DfeGlyK16 0.1 65.2
TfeGlyK16 0.1 78.9
LeuK16 0.1 40.3
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4.1 Peptide sequence: AbuK10

NH,

NH,
e e 4 O 4 O
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N\)J\
S
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Figure S37: Chemical structure of peptide AbuK10.

'Sequence: Ac-AbuK10-NH,

Column: Kinetex® C18

NH, NH, NH, NH, NH,
o o o o o
H H H H H H
Yﬁjj\(\i{%{%{
o H o H o : H g L H o L Ho N
o

Eluents: (A) = H,0 + 0.1% (v/v) TFA, (B) = ACN + 0.1% (v/v) TFA
Gradient: 10% — 20% (B) over 18 min

500 4 Ac-AbuK10-NH,
=) DAD-220nm
‘é 400 rt: 15.54 min
3 300
c
©
2 200
=]
3 1004
<
L J/
0 v
T T T T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20 22 24
Time [min]

Figure S38: Analytical HPLC

chromatogram of pure peptide
AbuK10.

HPLC: VWR Chromaster 600
bar.

Normalized Abundance %

C59H105N17012 (1244,820138)
T

i
1244 1245

i
1246

T
1247

i i
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miz

i T i i
1250 1251 1252 1253

Figure S39: Calculated isotope distribution and mass intensity data for peptide AbuK10.
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Table S1: lon species (M+H)* calculated for peptide sequence AbuK10.

m/z Abund
lon species (M+H)* (% largest)
1244,8201 100
1245,823 717
1246,8257 27,81
1247,8284 7,66

x10 6 |+ESI Scan (0,075-0,991 min, 56 Scans) Frag=350,0V BK043_0020AK.d

12448123

od 84081

10 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1300 100 1600 1700 1800 1900 2000 2100 2300 2300 2400 2500 2600 2700 2800 2500 3000 3100 3200
Counts vs.

Mass-to-Charge (m/z)

Figure S40: High resolution mass spectrometry (HRMS) spectrum of AbuK10 in positive ionization

mode (unzoom).

x10 5 [+ESI Scan (0,075-0,991 min, 56 Scans) Frag=350,0V BK043_0020AK.d

1244,8123

345 1246 1247 1248 1249 1350 1251 1352 1253 1254 1255 126 1257 1258
Counts vs. Mass-to-Charge (m/z)

1259 1260 1261 1262 1263 1264 1265 1266 1267 1268 1269 1270

Figure S41: High resolution mass spectrometry (HRMS) spectrum of AbuK10 in positive ionization
mode (zoom).

Table S2: Comparison of ion species (M+H)* both calc. and detected - AbuK10.

lon species (M+H)* (calc.) lon species (M+H)* (detected)
1244,8201 1244,9123
1245,823 1245,9149
1246,8257 1246,9169
1247,8284 1247,9177
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4.2 Peptide sequence: AbuK11

O=(ZI
““g:o
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NH,
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....CO
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Figure S42: Chemical structure of peptide AbuK11.

Sequence: AbuK11

Column: Luna C8

) e e e oy
:
o o o o o o "
A A A I C i R HANQA )
o - & o - G o - H o LJ o LJ o &

Eluents: (A) = H,0 + 0.1% (v/v) TFA, (B) = ACN + 0.1% (v/v) TFA
Gradient: 10% — 40% (B) over 18 min

1000
AbuK11
= DAD-220nm
% 800 rt: 9.21 min
‘s 600
o
g
S 400
@
2 200 Figure S43: Analytical HPLC
0 J L chromatogram of pure peptide
0 2 4 6 8 10 12 14 16 18 20 22 24 AbuK11. HPLC: Hitachi
Time [min] . .
Primaide.
C63H112N18013 (1329,872902)
o . ; ; . a
09 T g
08 4
07 + _I
E 06 T g
% 05 4
é 04 4 |
03 I g
02 -
014 —:
0.0 T T T T T ‘ T T T T T
1329 1330 1331 1332 1333 1334 1335 1336 1337 1338

Figure S44: Calculated isotope distribution and mass intensity data for peptide AbuK11.
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Table S3: lon species (M+H)* calculated for peptide sequence AbuK11.

m/z Abund
on species (M+ 6 largest
| ies (M+H)* % |

1329,8729 100
1330,8758 76,51
1331,8785 31,56
1332,8812 9,22

x10 5 |+ESI Scan (0,075-0,991 min, 56 Scans) Frag=350,0V BK043_0019AK.d

13298681

1116,7200

84,0815
9035728

10 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 100 1600 1700 1800 1900 2000 2100 2300 2300 2400 2500 2600 2700 2800 2500 3000 3100 3200
Counts vs. Mk )

lass-to-Charge (/2]

Figure 45: High resolution mass spectrometry (HRMS) spectrum of AbuK11 in positive ionization
mode (unzoom).

x10 5 [+ESI Scan (0,075-0,991 min, 56 Scans) Frag=350,0V BK043_0019AK.d

1320,8681

1327 1328 1329 1330 1331 1332 1333 1334 1335 1336 1337 1338 1339 1340 1341 1342 1343 1344 1345
Counts vs. Mass-to-Charge (m/z)

Figure S46: High resolution mass spectrometry (HRMS) spectrum of AbuK11 in positive ionization
mode (zoom).

Table S4: Comparison of ion species (M+H)* both calc. and detected - AbuK11.

lon species (M+H)* (calc.) lon species (M+H)* (detected)
1329,8729 1329,9691
1330,8758 1330,9706
1331,8785 1331,9726
1332,8812 1332,9735
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4.3 Peptide sequence: AbuK12

Absorbance [mAU]

NH, NH, NH, NH, NH, NH,

(0] (0] (0] (0] (0] (0]
H H H H H H H
H AR AR R R LR L

: H z H : H z H : H = H NH
~ e ~ N N ™~ 2

Figure S47: Chemical structure of peptide AbuK12.

'Sequence: AbuK12
NH, NHe Nt Ny NHy NH
Yﬁyﬁyﬁww@{w{
o/"o/‘"o/"o‘\HO'\HO'\NOO\KNm
o
Column: Kinetex® C18

Eluents: (A) = H,0 + 0.1% (v/v) TFA, (B) = ACN + 0.1% (v/v) TFA
Gradient: 10% — 30% (B) over 18 min

AbuK12
400 A DAD-220nm
rt: 9.19 min
200 -
OA

\/'\L( Figure S48: Analytical HPLC
-200 1

chromatogram of pure peptide

N 4
I
o
©

0 10 12 14 16 18 20 22 24 AbuK12. HPLC: VWR
Time [min]
Chromaster 600 bar.
C69H124N20014 (1457,967865)

12 T T

10 1+ -

08 -
g 06 -
‘TE_
= 04 -

02 -

0 | 1 1 ‘ 1 | 1 |

1457 1458 1459 1460 1461 1462 1463 1464 1465 1466

Figure S49: Calculated isotope distribution and mass intensity data for peptide AbuK12.
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Table S5: lon species (M+H)* calculated for peptide sequence AbuK12.

m/z Abund
lon species (M+H)* (% largest)
1457,9679 100
1458,9707 83,91
1459,9735 37,66
1460,9761 11,91

L " " " Lo Ly m
1o 200 3o 4bo 500 600 700 b0 900 1000 1100 1200 1500 1300 1500 1600 1700 1800 1900 2000 2100 2200 2300 2400 2500 2600 2700 2800 2900 3000 3100 3200
Counts vs. Mass-to-Charge (miz)

Figure S50: High resolution mass spectrometry (HRMS) spectrum of AbuK12 in positive ionization
mode (unzoom).

+ES1 Scan (0,074-0,990 min, 56 Scans) Frag=350,0V BK043_0018AK d

14579615

14509654

14609660

1356 1457 1458 1459 1460 1461 1362 1363 1464 1365 1466 1467 1468 1369 1470 1471 1472 1473 1474 1475 1476 1477 1478 1479 1380 1481 1382 1483 1484 1485 1486
Counts vs. Mass-to-Charge (miz)

Figure S51: High resolution mass spectrometry (HRMS) spectrum of AbuK12 in positive ionization
mode (zoom).

Table S6: Comparison of ion species (M+H)* both calc. and detected - AbuK12.

lon species (M+H)* (calc.) lon species (M+H)* (detected)
1457,9679 1457,9615
1458,9707 1458,9642
1459,9735 1459,9654
1460,9761 1460,9660
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4.4 Peptide sequence: Abuk13

NH,

0]

R
k

Absorbance [mAU]

N
H

NH,

H (0] H (0]
N S
~ ~

'Sequence: AbuK13

Column: Luna C8
Eluents: (A) = H,0 + 0.1% (v/v) TFA, (B) = ACN + 0.1% (v/v) TFA
Gradient: 10% — 40% (B) over 18 min

,,,,,,,,,

.
NEAUEATSIVENCENCI N Nen
o - " o " o - "o \N ~ ~ ~

1200 -
AbuK13
1000 4 DAD-220nm
rt: 9.20 min
800 -
600 1
400
200 -
0 _
0 2 4 6 8 10 12 14 16 18 20 22 24
Time [min]

NH, NH,

y O y © @NHZ
N\)L” N
~

Figure S52: Chemical structure of peptide AbuK13.

Figure S53: Analytical HPLC
chromatogram of pure peptide
AbuK13. HPLC: Hitachi
Primaide.

Normalized Abundance %

CT3H131N21015 (1543,020629)
T

1543

T T
1544 1545 1547

miz

f
1546 1548

T i T
1549 1550 1551 1552

Figure S54: Calculated isotope distribution and mass intensity data for peptide AbuK13.
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Table S7: lon species (M+H)* calculated for peptide sequence AbuK13.

m/z Abund
lon species (M+H)* (% largest)
1543,0206 100
1544,0235 88,72
1545,0262 41,99
1546,0289 13,98

x10 5 |+ESI Scan (0,075-0,.841 min, 47 Scans) Frag=350,0V BK043_0021AK.d

1543,0101

84,0814 7720097
1
o 6904252 1320,8604
0 200 d0 400 500 600 700 800 900 1000 1100 1200 1300 1300 1500 1600 1700 1800 1300 2000 2100 2200 2300 2400 2500 2600 2700 2300 2500 3000 3100 3200
Counts vs. Mass-to-Charge (miz)

Figure S55: High resolution mass spectrometry (HRMS) spectrum of AbuK13 in positive ionization
mode (unzoom).

x10 5 [+ESI Scan (0,075-0,841 min, 47 Scans) Frag=350,0V BK043_0021AK.d

1543,0101

1544,0128

1538 1540 1542 1544 1546 1548 1550 1552 1654, 1556 1558 1560 1562 1564, 1566, 1568 1570 1572 1574
Counts vs. Mass-to-Charge (m/z)

Figure S56: High resolution mass spectrometry (HRMS) spectrum of AbuK13 in positive ionization
mode (zoom).

Table S8: Comparison of ion species (M+H)* both calc. and detected - AbuK13.

lon species (M+H)* (calc.) lon species (M+H)* (detected)
1543,0206 1543,0101
1544,0235 1544,0128
1545,0262 1545,0149
1546,0289 1546,0158
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4.5 Peptide sequence: AbuK14

NH, NH, NH, NH,

o} O (o} o

H H H H Ho 9
j;“%u N D e A
~ - - - ~

H, NH, NH,
\,)kN v N

H H H H

N N

Figure S57: Chemical structure of peptide AbuK14.

'Sequence: AbuK14

Column: Luna C8
Eluents: (A) = H,0 + 0.1% (v/v) TFA, (B) = ACN + 0.1% (v/v) TFA
Gradient: 10% — 40% (B) over 18 min

W ow e e W W e
&
o o o o o o o
A H\)\,)YSJN ISP EPEESNE L

Ny
o

Figure S58: Analytical HPLC
chromatogram of pure peptide

AbuK14. HPLC: Hitachi
Primaide

NH,

1200
AbuK14
5 10001 DAD-220nm
< rt: 8.44 min
E 8001
8
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2
o 400+
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2
< 2004
0
— T T T T T T T T T Tt T T "t T T T T T T
0 2 4 6 8 10 12 14 16 18 20 22 24
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02 4+
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i
1680

Figure S59: Calculated isotope distribution and mass intensity data for peptide AbuK14.
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Table S9: lon species (M+H)* calculated for peptide sequence AbuK14.

m/z Abund
lon species (M+H)* (% largest)
1671,1156 100
1672,1185 96,11

1673,1212 49
1674,1239 17,5

x10 5 |+ESI Scan (0,058-0,991 min, 57 Scans) Frag=350,0V BK043_0022AK.d

836,053
1671,1010

] \

L " "
10 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1300 2000 2100 2200 2300 2400 2500 2600 2700 2800 2900 3000 3100 3200
‘Counts vs. M 2

lass+o-Charge (miz)

Figure S60: High resolution mass spectrometry (HRMS) spectrum of AbuK14 in positive ionization
mode (unzoom).

x10 S |[+ESI Scan (0,058-0,991 min, 57 Scans) Frag=350,0V BK043_0022AK.d

1674,1058

1671 16715 1672 16725 1673 16735 16745 1675 16755 1676 16765 1677

1574 1
ounts vs. Mass-to-Charge (m/z)

Figure S61: High resolution mass spectrometry (HRMS) spectrum of AbuK14 in positive ionization
mode (zoom).

Table S10: Comparison of ion species (M+H)* both calc. and detected - AbuK14.

lon species (M+H)* (calc.) lon species (M+H)* (detected)
1671,1156 1671,1010
1672,1185 1672,1039
1673,1212 1673,1053
1674,1239 1674,1058
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4.6 Peptide sequence: AbuK15

NH, NH, NH, NH, NH, NH, NH,
0
y © y © y O y O y O y O y O y O /©)LNH2
N%N N%N N%N N%N N,JkN N,JkN N,JkN N%N
B : H : H : H : H : H : H : H
~ ~ ~ ~ ~ ~ ~ ~

Figure S62: Chemical structure of peptide AbuK15.

Sequence: AbuK15

we e e e e e e
S °
RS RUS RS HEBHEN! ﬁ:% J{A ISRy
o/"o/"o/"o/"n.\"o.\no\uo\u
Column: Luna C8

Eluents: (A) = H,0 + 0.1% (v/v) TFA, (B) = ACN + 0.1% (v/v) TFA
Gradient: 10% — 40% (B) over 18 min

1200 1
AbuK15
5 1000 4 DAD-220nm
< rt: 9.22 min
E 800
8
£ 600+
2
S 400
173
e}
< 200
0 | Figure $63: Analytical HPLC
T T T T T T T T T T T .
O 2 4 6 8 10 12 14 16 18 20 22 24 Chromatogram of pure peptide
Time [min] AbuK15. HPLC: Hitachi
Primaide
C83H150N24017 (1756,168356)
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Figure S64: Calculated isotope distribution and mass intensity data for peptide AbuK15.



Table S11: lon species (M+H)* calculated for peptide sequence AbuK15.

m/z Abund
lon species (M+H)* (% largest)
1756,1684 99,09
1757,1712 100
1758,1740 53,43
1759,1767 19,97

x10 5 |+ESI Scan (0,091-0,990 min, 55 Scans) Frag=350,0V BK043_0023AK.d

84,0816

2 878,5820

1757,1557

0
211.1537 712,4058 \
n‘ T N Ly N I
10 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1500 2000 2100 2200 2300 2400 2500 2600 2700 2800 2900 3000 3100 3200
‘Counts vs. Mass-to-Charge (m/z)

Figure S65: High resolution mass spectrometry (HRMS) spectrum of AbuK15 in positive ionization
mode (unzoom).

x10 4 |[+ESI Scan (0,091-0,990 min, 55 Scans) Frag=350,0V BK043_0023AK.d

1757,1557

17605

17625

1761 17615 1762
Counts vs. Mass-to-Charge (m/z)

Figure S66: High resolution mass spectrometry (HRMS) spectrum of AbuK15 in positive ionization
mode (zoom).

Table 12: Comparison of ion species (M+H)* both calc. and detected - AbuK15.

lon species (M+H)* (calc.) lon species (M+H)* (detected)
1756,1684 1756,1528
1757,1712 1757,1557
1758,1740 1758,1570
1759,1767 1759,1576
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4.7 Peptide sequence: AbuK16

NH, NH, NH, NH, NH, NH, NH, NH,
o H o H o) H 0 H o H o) H ] H o H
N N,QLN NQLN NQLN N,QLN NQLN NQLN N,QLN N
o H H B H B H B H B H B H B H B H NH
~ ~ ~ ~ ~ ~ ~ 2

Figure S67: Chemical structure of peptide AbuK16.

[Sequence: AbuK16

Column: Kinetex® C18
Eluents: (A) = H,0 + 0.1% (v/v) TFA, (B) = ACN + 0.1% (v/v) TFA
Gradient: 10% — 4% (B) over 18 min

1000

AbuK16
= DAD-220nm
2& 800+ rt: 8.66 min
‘s’ 600
2
£ 4004
o
17
£ 200 . .
o Figure S68: Analytical HPLC
0 2 4 6 & 10 12 14 16 18 20 22 24 Cromatogram of pure peptide
Time [min] AbuK16. HPLC: VWR Chromaster 600
bar.
C89H162N26018 (1884,263319)
o . : ‘ —
09 I g
08 4 -
07 T g
_g 06 ]
E 04 T g
03 L il
02 4 _E
01 4+ J
00 T T T T T T ‘ T T T T
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miz

Figure S69: Calculated isotope distribution and mass intensity data for peptide AbuK16.
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Table S13: lon species (M+H)* calculated for peptide sequence AbuK16.

m/z Abund
lon species (M+H)* (% largest)
1884,2633 92,32
1885,2662 100
1886,2689 57,08
1887,2716 22,72

x10 5 |+ESI Scan (0,075-0,974 min, 55 Scans) Frag=350,0V BK043_0024AK.d

24 943,1353

1885,2633

84,0816

i L s 4
10 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1500 2000 2100 2200 2300 2400 2500 2600 2700 2800 2900 3000 3100 3200
‘Counts vs. Mass-to-Charge (m/z)

Figure S70: High resolution mass spectrometry (HRMS) spectrum of AbuK16 in positive ionization
mode (unzoom).

x10 S |[+ESI Scan (0,075-0,974 min, 55 Scans) Frag=350,0V BK043_0024AK.d

1885,2633

1883 1Bss 1885 1886 1887 1888 1880 1890 1891 1892  1ho3 1894 1895 1896  1Ro7 1898 1899 1900 1
Counts vs. Mass-to-Charge (m/z)

Figure S71: High resolution mass spectrometry (HRMS) spectrum of AbuK16 in positive ionization
mode (zoom).

Table S14: Comparison of ion species (M+H)* both calc. and detected - AbuK16.

lon species (M+H)* (calc.) lon species (M+H)* (detected)
1884,2633 1884,2607
1885,2662 1885,2633
1886,2689 1886,2649
1887,2716 1887,2681
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4.8 Peptide sequence: MfeGlyK16

NH, NH, NH, NH, NH, NH, NH, NH,

Y r [ i ! 2

Figure S72: Chemical structure of peptide MfeGlyK16.

f:
2
D2

'Sequence: MfeGlyK16

NH;. NHz NH;. NHz NH. NH;. NH. NH;.
o o o o o o ] o
FVAY:bmﬁVikkﬁvibkﬁVikgﬁvxwggvkwdzvxwi;vkwd;‘\
£ r T O I

Column: Kinetex® C18
Eluents: (A) = H,0 + 0.1% (v/v) TFA, (B) = ACN + 0.1% (v/v) TFA
Gradient: 10% — 40% (B) over 18 min
500
450 ] MfeGlyK16

400 DAD-220nm
350 rt: 7.40 min

300
250
200
150 1
100
50
0
1_(5)8A Figure S73: Analytical HPLC

O 2 4 6 8 10 12 14 16 18 20 22 24 chromatogram of pure peptide
Time [min] MfeGlyK16. HPLC: VWR
Chromaster 600 bar.

Absorbance [mAU]

C89H154FBN26018 (2028,187944)

Normalized Abundance %
|
T
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Figure S74: Calculated isotope distribution and mass intensity data for peptide MfeGlyK16.



Table S$15: lon species (M+H)" calculated for peptide sequence MfeGlyK16.

m/z

lon species (M+H)*

Abund
(% largest)

2028,1879
2029,1908
2030,1936

2031,1963

92,40
100
57,03

22,68

x10 6 |+ESI Scan (0,690-0,973 min, 18 Scans) Frag=380,0V BK043_000SMK.d

1. 1015,1341

84,0828

2321504

2029,2640

e ll , |
10 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1500 2000 2100 2200 2300 2400 2500 2600 2700 2800 2900 3000 3100 3200
‘Counts vs. Mass-to-Charge (m/z)

Figure S75: High resolution mass spectrometry (HRMS) spectrum of MfeGlyK16 in positive

ionization mode (unzoom).

x10 5 |+ESI Scan (0,690-0,973 min, 18 Scans) Frag=380,0V BK043_0005MK.d

2029,2640

2028 2029 2030 2031 2032 2033 2084 2035 2036 2037 2038 2039 2040
Counts

2051,2426

2041 2042 2043 2044
Mass-to-Charge (m/z)

2052,2430
20532417

2045 2046 2047 2048 2049 2050 2051 2052 2053 2054 2055

Figure S76: High resolution mass spectrometry (HRMS) spectrum of MfeGlyK16 in positive

ionization mode (zoom).

Table S16: Comparison of ion species (M+H)* both calc. and detected - MfeGlyK16.

lon species (M+H)* (calc.)

lon species (M+H)* (detected)

2028,1879
2029,1908
2030,1936

2031,1963

2028,2610
2029,2640
2030,2658

2031,2656
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4.9 Peptide sequence: DfeGlyK16

H NH, NH, NH, NH,

NH, NH, NH, NH,
b O h O y o b O b O h o y o e
\ENJLH N\)LH N\)L” N\)LH N\)LH N\)LH N\)L” N\)LH

O S e

Figure S77: Chemical structure of peptide DfeGlyK16.

ZT

e
k4
f
vl

'Sequence: DfeGlyK16

° o PR oy o o (g8
PR AR ALty O
I S S R R A r

Column: Kinetex® C18
Eluents: (A) = H,0 + 0.1% (v/v) TFA, (B) = ACN + 0.1% (v/v) TFA
Gradient: 10% — 40% (B) over 18 min

500
DfeGIyK16
5’ 400 DAD-220nm
< rt: 7.73 min
£ 300
[
2
S 200
£
S 100+
2
< yh A ’J——-—-”"/—__J\
Figure S78: Analytical HPLC
'100 T T T T T T T T T T T T T T

O 2 4 6 8 10 12 14 16 18 20 22 24 chromatogram of pure peptide
Time [min] DfeGlyK16. HPLC: VWR
Chromaster 600 bar.

C89H146F16N26018 (2172,112570)
T T

Normalized Abundance %
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Figure S79: Calculated isotope distribution and mass intensity data for peptide DfeGlyK16.

NH,
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Table S17: lon species (M+H)* calculated for peptide sequence DfeGlyK16.

m/z Abund
lon species (M+H)* (% largest)
2172,1126 92,48
2173,1154 100
2174,1182 56,99
2175,1209 22,65

x10 5 [+ESI Scan (0,840-0.990 min, 10 Scans) Frag=380.0V BK043_0004DK.d
2
24 1087,1050
24
2
1
1
1
1
0
0
2173,1983
04 6854519
0,

" o
10 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1500 2000 2100 2200 2300 2400 2500 2600 2700 2800 2900 3000 3100 3200
‘Counts vs. Mass-to-Charge (m/z)

Figure S80: High resolution mass spectrometry (HRMS) spectrum of DfeGlyK16 in positive
ionization mode (unzoom).

x10 4 |[+ESI Scan (0,840-0,990 min, 10 Scans) Frag=380,0V BK043_0004DK.d

175.1987

21751980

2172 2173 2i74 175 2176 2177 2178 2179 2180 2181 2182 2183 2184  2iss 2186 2187 2188 2189  2io0  2i91  2f92 2193  2fea  2l95  2ie6 2197  2fe8  2i99 2200
ounts vs. Mass-to-Charge (m/z)

Figure S81: High resolution mass spectrometry (HRMS) spectrum of DfeGlyK16 in positive
ionization mode (zoom).

Table 18: Comparison of ion species (M+H)* both calc. and detected — DfeGlyK16.

lon species (M+H)* (calc.) lon species (M+H)* (detected)
2172,1126 2172,1950
2173,1154 2173,1983
2174,1182 2174,1993
2175,1209 2175,1987
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4.10 Peptide sequence: TfeGlyK16

NH, NH, NH, NH,
o] H o] H o) H 0]
N N N
F5C N \,)LN \,)LN \,)LN
o H H H H H H B H
o o 7

b O

~c

N Ay

H
Fs

Figure S82: Chemical structure of peptide TfeGlyK16.

'Sequence: TfeGlyK16

Column: Kinetex® C18

Gradient: 5% — 100% (B) over 18 min

Eluents: (A) = H,O + 0.1% (v/v) TFA, (B) = ACN + 0.1% (v/v) TFA

Hj\f ) \S\K Hj\f J{ | /dj J{

08 % 0
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N R PR PR R R AR A
Y

NH,
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1000
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< 200 L
0l ; ] Figure S83: Analytical HPLC
0 2 4 6 8 10 12 14 18 20 22 24 Chromatogram of pure peptide
Time [min] TfeGlyK16. HPLC: VWR
Chromaster 600 bar.
C89H138F24N26018 (2316,037195)
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Figure S84:

Calculated isotope distribution and mass intensity data for peptide TfeGlyK16.
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Table S$19: lon species (M+H)* calculated for peptide sequence TfeGlyK16.

m/z Abund
lon species (M+H)* (% largest)
2316,0372 92,56
2317,0400 100
2318,0428 56,95
2319,0455 22,62

x10 5 [+ESI Scan (0,075-0,824 min, 46 Scans) Frag=350,0V BK043_0002TK.d
2
24 1159,0180
2
1
1
1
1
84,0813
0
o 2317,0332
04
0, 1800807

R N u
10 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1500 2000 2100 2200 2300 2400 2500 2600 2700 2800 2900 3000 3100 3200
‘Counts vs. Mass-to-Charge (m/z)

Figure S85: High resolution mass spectrometry (HRMS) spectrum of TfeGlyK16 in positive
ionization mode (unzoom).

x10 4 |[+ESI Scan (0,075-0,824 min, 46 Scans) Frag=350,0V BK043_0002TK.d

2315 2316 2317 2318 2319 2320 2321 2322 2323 2324 2325 236 2327 2328 2320 2330 2331 2332 2333 2334 2335 2336 2337 2338 2339 2340 2341 2342 2343
Counts vs. Mass-to-Charge (m/z)

Figure S86: High resolution mass spectrometry (HRMS) spectrum of TfeGlyK16 in positive
ionization mode (zoom).

Table S20: Comparison of ion species (M+H)* both calc. and detected — TfeGlyK16.

lon species (M+H)* (calc.) lon species (M+H)* (detected)
2316,0372 2316,0306
2317,0400 2317,0332
2318,0428 2318,0359
2319,0455 2319,0347
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4.11 Peptide sequence: LeuK16

FERTELTULNE)
Y Y T 7

Figure S87: Chemical structure of peptide LeuK16.

1000

Absorbance [mAU]

'Sequence: LeuK16

Column: Kinetex® C18
Eluents: (A) = H,0 + 0.1% (v/v) TFA, (B) = ACN + 0.1% (v/v) TFA
Gradient: 5% — 100% (B) over 18 min
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Figure S88: Analytical HPLC
chromatogram of pure peptide
LeuK16. HPLC: VWR
Chromaster 600 bar.

C105H194N26018 (2108,513720)
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Figure S89: Calculated isotope distribution and mass intensity data for peptide LeuK16.
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Table S21: lon species (M+H)* calculated for peptide sequence LeuK16.

m/z Abund
lon species (M+H)* (% largest)
2108,5137 79,37
2109,5167 100
2110,5195 65.43
2111,5223 29,53

x10 5 |+ESI Scan (0,074-0,574 min, 31 Scans) Frag=380,0V BK043_0003LK.d

84,0808

1055,2481

2109,4811

Lot M,
10 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1500 2000 2100 2200 2300 2400 2500 2600 2700 2800 2900 3000 3100 3200
Counts vs. Massto-Charge (miz)

Figure S90: High resolution mass spectrometry (HRMS) spectrum of LeuK16 in positive ionization
mode (unzoom).

x10 4 |+ESI Scan (0,074-0,574 min, 31 Scans) Frag=380,0V BK043_0003LK.d

2099 2f00 2101 2102 2103 2104 205 2106 2fo7 2108 2109 2110 2111 2112 2113 2112 2115 2116 2117 2118 2119 2120 2121 2122
o

Counts vs. Mass-to-Charge (m/z)

Figure S91: High resolution mass spectrometry (HRMS) spectrum of LeuK16 in positive ionization
mode (zoom).

Table S22: Comparison of ion species (M+H)* both calc. and detected - LeuK16.

lon species (M+H)* (calc.) lon species (M+H)* (detected)
2108,5137 2108,4767
2109,5167 2109,4811
2110,5195 2110,4822
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5. Determination of peptide stock concentrations

To determine the concentration of each peptide stock in a reproducible and precise manner,
we established a protocol for this purpose based on UV spectroscopy. Therefore, the
commercially available dipeptide H2N-[4]Abz-Gly-OH / para-aminohippuric acid (PAH)
(Fluorochem, salt-free) was utilized as reference sample. This protocol is based on previous

attempts by our group.'?

PAH was dissolved in a 6M guanidinium hydrochloride solution, pH 7.4 and prepared in
different concentrations (5 pM, 15 uM, 30 pM, 50 uM, 100 pM, 150 uM). A calibration curve
was determined by measuring the UV absorbance (BioPhotometer plus photometer from
Eppendorf, Hamburg, Germany) of each sample at 280 nm. Disposable PMMA cuvettes
(Eppendorf, Hamburg, Germany) with path lengths of 10 mm were used.
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Figure §92: Calibration curve of PAH for the determination of peptide concentration stocks. UV

absorbance was recorded at room temperature.

Then, aliquots (10 yL) of respective peptide stocks (dissolved in HFIP) were taken and the
solvent was evaporated using a gentle stream of N. The dried peptide film was redissolved in
in a 6M guanidinium hydrochloride solution, pH 7.4 to achieve an overall peptide solution (1000
ML) with a dilution factor (DL) of 100. UV absorbance was recorded at 280 nm and taken as
mean value from three independent measurements. The concentration was calculated based

on the equation y = a + b*x derived from a linear fit. (x = concentration in yM)

53



6. CD spectroscopy: Further results

In this chapter, further CD spectra of this publication are presented and discussed.

6.1 CD Spectroscopy: AbuK10-16 — water / BTP buffer pH 9 — concentration: 2 wt%
We were surprised by the exclusive ability of AbuK14 and AbuK16 to undergo B-sheet

formation which lacked for the truncated variants and AbuK15. So, we examined these
peptides in only aqueous solutions (Figure S93, a-b), but also in buffered conditions with a
more basic environment (pH 9) (Figure S93,c-d) to promote saturation of the positively
charged lysine residues. CD spectra in water revealed the formation of PPII helices for all
peptides, caused as expected by electrostatic and steric interactions of charged Lys side
chains. Thus, adjustment of the buffer into more basic conditions enabled the conversion of
helical structures into B-sheets for AbuK12, AbuK14 and AbuK16, whereas AbuK11,
AbuK13 and AbuK15 revealed indeterminable CD spectra. In consequence, the structural
pattern given by an odd amount of amino acid residues of AbuK11, AbuK13 and AbuK15 has
revealed to disrupt structure assembly in basic buffered environments, whereas we propose

for AbuK10 the truncated chain length as cause to withhold B-sheet formation.
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Figure S93: CD spectra of 2 wt% AbuK10-AbuK16 in a) water and b) 50 mM Bis-tris propane + 150
mM NaCl, pH 9 recorded at 37 °C.
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6.2 CD Spectroscopy: Salt effects and valency on secondary structure formation

(AbuK16, MfeGlyK16, DfeGlyK16, TfeGlyK16)

To test the stability of secondary structure formation with regards to AbuK16, MfeGlyK16,
DfeGlyK16 and TfeGlyK16 towards several types of salts, especially with respect to mono-
/divalent cationic species, CD measurements were performed with different types of buffered

conditions (Figure S94).
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Figure S94: CD spectra of 0.25 wt% a) AbuK16; b) MfeGlyK16; c¢) DfeGlyK16; d) TfeGlyK16 in 50
mM Bis-tris propane with 150 mM LiCl, NaCl, CsCl, MgCl or CaClz, pH 7,4 recorded at 37 °C.

It was found that the CD signal intensity increased when rising the valency of salt as seen for
LiCl compared to MgCl, and CaCl,. Beside this finding, we conclude that all selected

sequences were capable to undergo peptide folding despite selected cationic source.
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6.3 CD Spectroscopy: Impact of non-aqueous solvents on secondary structure

formation (AbuK16, MfeGlyK16, DfeGlyK16, TfeGlyK16)

We aimed to study peptide folding of synthetic oligopeptides (AbuK16, MfeGlyK16,
DfeGlyK16, TfeGlyK16) dissolved in a polar protic (MeOH), aprotic (ACN) and fluorinated

(TFE) solvent. Examination of secondary structures were executed to provide an overview

about the structural potentials of these novel systems (see Figure S95).
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Figure S95: CD spectra of 0.1 wt% AbuK16; MfeGlyK16; DfeGlyK16; TfeGlyK16 in Acetonitrile
(ACN), methanol (MeOH) or 2,2,2-trifluoroethanol (TFE) recorded at 37 °C.

For most cases, the formation of a-helical structures was observed. With respect to selected
solvents, these findings are in accordance with previous reports, highlighting stabilizing
hydrogen bonding between the peptide-backbones and, simultaneously, weakening
hydrophobic interactions as cause for helical assemblies.'®'® As PPII helices were observed
for AbuK16 and MfeGlyK16 in aqueous buffered conditions, we propose an enhancement in
peptide-peptide hydrogen bonding due to MeOH, ACN and TFE. In pure ACN, we observed
precipitation of the peptide TfeGlyK16 as represented by a lack of a defined CD spectrum.
Similar results were described by Shen et al. by exposing an enhanced fibril growth for the 3-

amyloid peptide by an increased amount of ACN in water.'”
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7. Characterization of reference sequence LeuK16

The aliphatic oligopeptide LeuK16 was synthesized to distinguish between hydrophobic
effects and fluorine-specific interactions. Therefore, the Leu-Lys repeating unit was reported
as a core segment to produce comparably stiff hydrogel matrices.'® We also characterized this
peptide trough CD spectroscopy and estimated its hydrophobic properties (RP-HPLC assay)
(Figure S96).
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Figure S96: (left) CD spectra of 0.1- 1 wt% LeuK16 in in 50 mM Bis-tris propane + 150 mM NaCl,
pH 7,4 recorded at 37 °C; (right) Estimation of hydrophobicity of LeuK16 (28.842 + 0.025 min) in
comparison to AbuK16 (16.368 + 0.087min) and TfeGlyK16 (23.054 + 0.031 min) [RP-HPLC assay].

The peptide LeuK16 formed [-sheets in selected buffered system but was found to be
significantly more hydrophobic than TfeGlyK16 as determined through a RP-HPLC assay.
This outcome it not surprising due to the larger size and branched pattern of the aliphatic side
chain of Leu as compared to TfeGly.'® Obviously, the enhanced hydrophobicity in combination
to the side chain of leucine led to the formation to comparably stiffer hydrogel matrices than
for TfeGlyK16 at pH 7.4.
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8. Detection of amyloid-like fibrils: Congo red (CR) UV-spectroscopy

To further confirm the presence of amyloid-like fibrils, we applied congo red (CR) UV-
spectroscopy to AbuK16, MfeGlyK16, DfeGlyK16 and TfeGlyK16. As shown in Figure S97,
the binding of CR to amyloid-like fibrils leads to an increase in UV intensity (550 - 450 nm) of
this dye. Hence, we observed an overall increase in CR-derived UV absorbance only for
DfeGlyK16 & TfeGlyK16 at a concentration of 0.5 wt% (pH 7.4), resembling their ability to
form B-sheets at given conditions. For AbuK16 and MfeGlyK16, the detected values of UV
absorbance equaled to the spectra obtained for the buffer sorely containing CR (black line).
Consequently, an intercalation of this dye in fibrillar assemblies was not found. To disclaim any
influence of the peptide’s nature on determined UV signal intensity, we also measured UV
spectra of these peptide only in BTP buffer. The slight increase in UV absorbance at 300 nm

is derived from the C-terminal [4]Abz label.
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Figure S97: UV spectra (600 - 300 nm) of amphipathic peptides incubated in a) 50 mM bis-tris
propane + 150 mM NaCl, pH 7,4 and b) in 50 mM bis-tris propane + 150 mM NacCl, pH 7,4 + 50 uM
CR. Additionally, a blank sample only containing buffer and congo red was recorded as reference

(black line). All samples were measured after prior incubation at 37°C overnight (minimum 15 h).
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9. Further cryoEM micrographs (AbukK14, Abuk16, MfeGlyK16,
DfeGlyK16, TfeGlyK16)

AbuK14 — 2 wt% (10-fold dilution)

Figure §98: Cryo-EM micrographs of AbuK14 (2 wt% (10-fold dilution)) dissolved in 50 mM Bis-tris
propane + 150 mM NaCl, pH 7.4. The sample was prepared in a concentration of 2 wt% to trigger -
sheet formation and then diluted to 0.2 wt%. The scale bar denotes 200 nm each

AbuK16 - 0.25 wt% + 2 wt% (10-fold dilution)

0.25 wt%

0.2 wt%
(2 wt% - 10-fold diluted)

Figure S99: Cryo-EM micrographs of AbuK16 (0.25 wt%) & (2 wt% (10-fold dilution)) dissolved in 50
mM Bis-tris propane + 150 mM NaCl, pH 7.4. The scale bar denotes 200 nm each.
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MfeGlyK16 — (0.25 wt%)

Figure S100: Cryo-EM micrographs of MfeGlyK16 (0.25 wt%) dissolved in 50 mM Bis-tris propane
+ 150 mM NaCl, pH 7.4. The scale bar denotes 200 nm each.

DfeGlyK16 — (0.25 wt%)

Figure S101: Cryo-EM micrographs of DfeGlyK16 (0.25 wt%) dissolved in 50 mM Bis-tris propane
+ 150 mM NaCl, pH 7.4. The scale bar denotes 200 nm each.
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TfeGlyK16 - 0.1 wt% + 2 wt% (10-fold dilution)

0.1 wt%

0.2 wt%
(2 wt% - 10-fold diluted)

Figure S102: Cryo-EM micrographs of TfeGlyK16 (0.1 wt%) & (2 wt% (10-fold dilution)) dissolved in
50 mM Bis-tris propane + 150 mM NaCl, pH 7.4. The scale bar denotes 200 nm each.
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10. Inversion tests of peptide-based hydrogels

A protocol for the inversion test was previously reported by our group.?° Peptide hydrogels
composing of lyophilized samples AbuK16, DfeGlyK16, TfeGlyK16 and LeuK16 were
dissolved in glass vial, mixed for 30 s to obtain a homogeneous mixture and incubated
overnight with gentle shaking. It was avoided to implement any mechanical stress (e.g.
centrifugation) in order to inhibit disruption in hydrogel formation. On the next day, sample vials
were inverted for 24 h at room temperature. This was done to initially gain an idea about

potential rigidity of resulting fibril matrices (Figure S103).

TfeGlyK16 (0.25 wt%, pH 7.4) TfeGlyK16 (0.5 wit%, pH 7.4) DfeGlyK16 (0.5 wt%, pH 9) TfeGlyK16 (0.5 wt%, pH 9)

Figure S103: Selected photographs of hydrogel samples consisting of the peptide sequences
DfeGlyK16 & TfeGlyK16. The diameter of each glass vial was 10 mm.
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11. Rheological characterization of aliphatic oligopeptides — Further
data

To determine the optimal deformation for oscillatory rheology experiments, amplitude sweeps
are performed prior to each experiment. The frequency is fixed at 1 Hz and the strain y is
varied from 0.01 to 10%. The linear viscoelastic regime (LVE) is limited by the critical
deformation y*. For y <y*, we observe a plateau. To measure the linear response in
oscillatory measurements without irreversibly breaking the three-dimensional network, the
strain should be chosen such that it is smaller than y*. For all oscillatory measurements, y was
set to 0.1%, which is within the LVE.
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Figure $104: Amplitude sweeps for all measured samples, performed at T = 37°C and at constant

angular frequency w = 0.628 rad/s. To stay in the linear viscoelastic regime (LVE), the strain y for all

subsequent oscillatory measurements was set to ey, = 0.1%.
To confirm the surprising findings about the behavior of TfeGlyK16 [Ac-TfeGlyK16-NH;] in
relation to DfeGlyK16 [Ac-DfeGlyK16-NH;] upon increasing the pH, the measurements were
repeated with newly prepared samples. The results of the frequency sweeps are shown in
Figure S105. The absolute values differ significantly, most likely due to small irregularities in
concentration and/or time between preparation and measurement. The principle finding
concerning the reversal in the trend of the plateau modulus G, however remains the same. For
a detailed representation, we plotted the plateau modulus and mesh size as a function of the

number of fluorine atoms on the peptide side chain at pH 9 (Figure S106).
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Figure S105: Repeated frequency sweeps for TfeGlyK16 [Ac-TfeGlyK16-NHz] at pH 7.4 and 9.0.

The absolute values differ substantially, but the trends remain unchanged.
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Figure S106: Plateau moduli Go (blue symbols) and mesh sizes ¢ (black symbols) for the GlyK16
peptides (0-AbuK16, 2-DfeGlyK16, 3-TfeGlyK16) shown as a function of the number of fluorine

atoms on the side chain.
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12. MD simulations of (polyfluorinated) amphipathic peptides

Here, we present atom names , atom types (derived from the parameter sets of CHARMM36m

and CGenFF), optimized partial atomic charges, and topologies of Abu, MfeGly, DfeGly, and

TfeGly. For optimization, partial charges on the protein backbone atoms (top and bottom

groups) are fixed to that given in the CHARMM36m force field, to be consistent with other

amino acids, and partial charges on the side chain atoms (the middle group) are varied to

reproduce the QM water interaction energy.

12.1 Optimized partial charges on Abu
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12.2 Optimized partial charges on MfeGly
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12.3 Optimized partial charges on DfeGly
Q.
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12.4 Optimized partial charges on TfeGly
Q.
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12.5 MD simulations — further data
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Figure $107: Optimization of dihedral angle(s) for a) Abu, b) MfeGly, c) DfeGly, and d) TfeGly.
Atoms defining a dihedral angle are listed at the top of each plot. For MfeGly, DfeGly, and TfeGly,
two dihedral angles (Co—Cp—Cy—F and Co—Cp—Cy—H) are simultaneously optimized. For each dihedral
angle, a total 36 QM energy scans, at intervals of 10°, are performed. Energies obtained from QM
calculations are shown as black lines. Energies obtained from classical molecular mechanics using
the force field parameters initially obtained from the CGenFF program are shown as red lines
(Old_MM), whereas those using the optimized force field parameters are shown as green lines
(New_MM). The optimized dihedral angle parameters are given in previous chapter.
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Table $23: Optimized parameters for CHARMM dihedral energy function: V,, = k,[1 + cos(ng — §)].

Note that the Einstein summation convention is used.

Amino Acid Dihedral k, n )

Abu CA-CB-CG-HG1 0.4599 3 180.00
MfeGly CA-CB-CG-FGl1 2.1197 1 180.00

0.1785 2 0.00

2.6341 3 0.00
0.3909 4 180.00
0.2995 5 180.00

CA-CB-CG-HGI 0.1418 1 0.00
0.8202 2 180.00
2.7214 3 180.00

0.2611 5 0.00

DfeGly CA-CB-CG-FGl1 0.3960 1 0.00
1.3667 3 180.00

0.3155 4 0.00

0.5123 6 0.00

CA-CB-CG-HGI 1.0158 1 0.00

0.6083 2 0.00

0.6043 3 0.00

0.7729 4 0.00
0.5764 6 180.00
TfeGly CA-CB-CG-FGl1 1.3606 3 180.00
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Figure $108: Simulation box (blue rectangle) containing two periodic TfeGlyK16 strands, shown in

the space-filling representation, colored according to the atom type: H (white), C (cyan), N (blue), F

(pink). CI- counterions are shown as yellow spheres, whereas water is shown as semi-transparent,

continuum for clarity.
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Figure S109: a) The potential of mean force (PMF) per amino acid (AA) as a function of inter-strand
separation dxy at pH11 (charge neutral Lys), depicting the free energy profile of interaction between
two peptide strands for side chains with different degrees of fluorination. The free-energy minimum
for each case is marked by a triangle. b) Structures corresponding to the free energy minimum for
each case are shown in the ball-stick representation; the terminal group of each side chain is
highlighted in the space-filling representation. Atom are colored as: H (white), C (cyan), N (blue), O
(red), F (pink). Colors of enclosing boxes are the same as colors of the PMF profiles in a. Backbone-

backbone hydrogen bonds observed for MfeGlyK16 are shown as black, dashed lines.
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13. Small-angle X-ray scattering (SAXS)

Time-resolved SAXS measurements were employed to provide information on changes of the
fibril cross-section dimension and shape. For this purpose, SAXS measurements of samples
AbuK16, MfeGlyK16, DfeGlyK16 and TfeGlyK16 with peptide concentrations of 0.1, 0.5, 1
and 2 wt% were performed. The measurements were started immediately after sample
preparation by mixing freeze-dried peptide powders with buffer solution. At the lowest
concentration of 0.1 wt%, none of the samples display a significant SAXS intensity within 12
h. At the next higher co