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KURZZUSAMMENFASSUNG

Ein gemeinsames Merkmal vieler neurodegenerativer Erkrankungen ist die strukturelle
Umfaltung von Peptiden aus einer nativen, funktionalen Konformation in unlgsliche
Amyloid-Ablagerungen. Amyloidbildung tritt aber nicht nur im Zusammenhang mit
Krankheiten auf, sondern ist eine generelle Eigenschaft von Peptiden. Durch ihre
besondere Stabilitat und ihre regelméafigen Strukturen sind Amyloide mittlerweile auch
interessante Materialien fur Bio- oder Nanotechnologische Anwendungen geworden. In
dieser Hinsicht wurde der Einbau nicht natlrlicher Baussteine, insbesondere fluorierter
Aminosauren, eine Standardstrategie um solche Strukturen zu modifizieren. Durch seine
besonderen stereoelektronischen Eigenschaften kann Fluor die Struktur, die Funktion und
die Stabilitdt von Peptiden und Proteinen drastisch beeinflussen. Frihere Anséatze, die
Eigenschaften fluorierter Aminosduren zu untersuchen, haben sich hauptsachlich auf
helikale Systeme beschrankt. In Amyloiden wurde Fluor bisher hauptsachlich als
diagnostisches Label eingebaut. Inwieweit Fluorierungen den Prozess der Amyloidbildung
beeinflussen wurde bisher nicht systematisch untersucht.

Die vorliegende Arbeit untersucht den Einfluss von Fluor auf die Amyloidbildung
anhand eines Modellpeptids, das in der Arbeitsgruppe von Frau Prof. Dr. B. Koksch
entwickelt wurde. Das Modell wurde so generiert, dass es unter kontrollierten
Bedingungen aus einer anfanglich helikalen Struktur in B-faltblattreiche Amyloidstrukturen
umfalten kann. Frihere Arbeiten lieferten fundierte Erkenntnisse hinsichtlich der
anfanglichen coiled coil-Struktur und des internen Faltungsmotivs der Fibrille. Diese
stellten die Grundlage fiir die aktuellen Untersuchungen dar. Im Rahmen dieser Arbeit
wurden zwei benachbarte Valine, die eine Schlisselfunktion fir den Umfaltungsprozess
darstellen durch verschiedene fluorierte Aminosduren ersetzt. Diese Aminosauren
unterschieden sich hinsichtlich ihres Fluogehaltes und ihrer intrinsischen Eigenschaften,
wie Grole, Hydrophobie und a-Helixpropensitat. Mithilfe des systematischen Ansatzes
wurden diese Eigenschaften fluorierter Aminoséauren hinsichtlich lhres Einflusses auf den
Prozess der Amyloidbildung untersucht. Die Peptide, welche mit einer Reihe von
Methoden untersucht wurden, zeigten ein unerwartetes Faltungsverhalten als Folge der
variierten stereoelektronischen Eigenschaften, die wiederum direkt auf den Einbau der
jeweiligen Aminoséaure zurickgefihrt werden konnten. Anhand von Berechnung der
kritischen Grof3e des Nukleus, einem Intermediat das als Templat flr die Aggregation
fungiert, konnte ein mdglicher Mechanismus fir den Faltungsprozess vorgeschlagen
werden. Die Ergebnisse dieser Arbeit werden dazu beitragen den Prozess der
Amyloidbildung und dessen Modulation durch fluorierte Aminosduren besser zu

verstehen.
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ABSTRACT

A common hallmark of many neurodegenerative diseases is the conformational transition
of peptides from a native, functional form into insoluble amyloid deposits. Amyloid
formation, however, is not a specific feature of disease-related proteins, but instead
appears to be a general property of peptides and proteins. The outstanding mechanical
stability and remarkably regular fibrous architecture have made amyloids also attractive
materials for bio- or nano-technological applications. In this regard nonnatural building
blocks and fluorinated amino acids in particular, have become standard tools for
modulating such structures. Due to its unique stereoelectronic properties fluorine can
have dramatic effects on structure, function, and stability of peptides and proteins.
Previous approaches to assessing the properties of fluorinated amino acids have mainly
focused on helical systems. In terms of amyloid forming peptides, fluorine has mainly
been used as diagnostic reporter group. As to what extend fluorination influences the
process of amyloid formation has not been investigated systematically so far.

The present thesis evaluates the impact of fluorine on amyloid formation with the
help of a model peptide that was developed in the group of Prof. Dr. Beate Koksch. The
model was designed to provide an a-helical starting structure that can fold into B-sheet
rich amyloids under controlled conditions. Previous studies revealed solid structural
information about the initial coiled coil structure and the final fibril architecture, which
serve as a basis for the present investigations. In the course of this work two neighboring
valine residues that play a key role in the structural transition were replaced by several
fluorinated amino acids that contain different fluorine content in their side chains. These
amino acids vary with regard to their intrinsic properties, such as size, hydrophobicity, and
secondary structure propensities. By means of this systematic approach the properties of
fluorinated amino acids have been investigated for their impact on the amyloid formation
process. The resulting peptides, which have been analyzed by a battery of high and low
resolution techniques, show unexpected folding behaviors as a consequence of the
interplay between stereoelectronic effects that can be directly attributed to the particular
incorporated amino acid. By determining the critical size of the nucleus, an intermediate
species that serves as template for peptide aggregation, a potential pathway for the
structural transition has been suggested. The results of this thesis will contribute to an
understanding of amyloid formation and how this process can be modulated by fluorinated

amino acids.
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ABBREVIATIONS

A Angstrom (1 Angstrom = 1.0x10 -10 m)
AA Amino acid

AB Amyloid B8

ACN Acetonitrile

AD Alzheimer's disease

AFM Atomic force microscopy

AMP Antimicrobial peptides

APP Amyloid Precursor Protein

AU Analytical ultracentrifugation

Boc tert-Butyloxycarbonyl

CAT Chloramphenicol acetyltransferase
CAMP cyclic adenosine monophosphate
CD Cirular dichroism

COosy Correlation spectroscopy

CR Congo red

Da Dalton

DBU 1,8-diazabicyclo[5.4.0Jundec-7-ene
DCM Dichloromethane

DIC Diisoporopylcarbodiimide

DIPEA N,N,-diisopropyl ethylamine

DMF Dimethylformamide

DMSO Dimethylsulfoxide

DNA Desoxyribonucleic acid

E. coli Escherichia coli

eq. equivalent

ESI Electrospray ionization

Fmoc 9-fluorenylmethyloxycarbonyl
GdnHCI Guanidine hydrochloride

GFP Green fluorescent protein

HOAt 1-hydroxy-7-azabenzotriazole
HOBt 1-hydroxybenzotriazole

HPLC High performance liquid chromatography
IAPP Islet amyloid polypeptide

IR Infrared

MD Molecular dynamics

MW Molecular weight

NMP N-Methyl-2-pyrrolidinone

NMR Nuclear magnetic resonance

NOE Nuclear Overhauser effect

NOESY Nuclear Overhauser effect spectroscopy
pesE cis-proline glutamate chimera
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PET Positron emission tomography

Pip Piperidine

pransE trans-proline glutamate chimera

ROESY Rotating frame nuclear Overhauser effect spectroscopy
RP Reversed phase

SEC Size exclusion chromatography

SLS Static light scattering

SPPS Solid phase peptide synthesis

TBTU O-(benzotriazol-1-yl)-N,N,N',N'-tetramethyluronium tetrafluoroborate
TEM Transmission electron microscopy

tert tertiary

TFA Trifluoroacetic acid

TFE Trifluoroethanol

ThT Thioflavin T

TIS Triisopropylsilane

TOCSY Total correlation spectroscopy

ToF Time of flight

uv Ultraviolet

Vdw van der Waals

Vis visible

Abbreviations of the 20 canonical amino acids are consistent with the biochemical
nomenclature proposed by the IUPAC-IUB commission (Eur. J. Biochem. 1984, 138, 9-
37).

Abbreviations of non-coded amino acids relevant to the present thesis are given below.
If not stated otherwise, the abbreviations correspond to the L-amino acids.

4'-Tfl 4’4 A-trifluoroisoleucine; (2S,3R)-2-amino-3-(trifluoromethyl)pentanoic
acid

5-Tfl 5,5,5-trifluoroisoleucine; (S)-2-amino-5,5,5-trilfuoropentanoic acid

Abz ortho-aminobenzoic acid

Abu aminobutyric acid; (S)-2-aminobutyric acid

DfeGly difluoroethylglycine; (S)-2-amino-4,4-difluorobutanoic acid

DfpGly difluoropropylgylcine; (S)-2-amino-4,4-difluoropentanoic acid

HfL 5,5,5,5',5',5'-hexafluoroleucine

HfV 4,4,4,4'4' 4'-hexafluorovaline

MfeGly monofluoroethylglycine; (S)-2-amino-4-fluorobutanoic acid

TfeGly trifluoroethylglycine; (S)-2-amino-4,4,4-trifluorobutanoic acid

TV 4,4 A-trifluorovaline; (S)-2-amino-3-(trifluoromethyl)butanoic acid
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1 Introduction

More than one hundred years ago the neurodegenerative disorder, later known as
Alzheimer’'s disease (AD), was discovered by Aloys Alzheimer, who detected
neurofibrillary tangles and deposits corresponding to senile plaques in the brain of a
woman suffering from progressive memory impairment, hallucinations, delusions,
paranoid ideas, apraxia, and several behavioral disorders.® Over the years many other
degenerative diseases, such as Huntington's, Parkinson’s, Creutzfeldt-Jakob, and other
prion related diseases, have been attributed to deposits consisting of non-covalently
bound peptides.” These insoluble fibrillar peptide aggregates, commonly called amyloids,
share microscopic and macroscopic features such as a characteristic cross-f core
structure, although their primary peptide sequences can be strikingly different.®> However,
amyloid formation was later declared as a generic, inherent property of polypeptide
chains, since such a behavior was also found for peptides and proteins that are non-
disease related.*’

The late-onset form of Alzheimer’s occurs with ever-increasing frequency due to the
greater life expectancy of people in industrial countries worldwide. The risk for developing
AD between the ages of 65 and 100 is 33% for men and 45% for women, with an annual
increase of 1-2% in the seventh decade of life and more that 4% in the eighth decade of
life.> The annual world-wide cost for the treatment and informal care for approximately 29
million dementia patients was estimated at 315 billion USD for the year 2009.2 Since the
number of aging people is expected to double within the next 15 years, AD and other
dementia disorders will become an even greater public, social, and economic problem.
Interestingly, recent studies indicate that AD and type 2 diabetes mellitus (T2DM) share
several molecular processes that underlie the respective degenerative developments.®*°
This was attributed to impaired insulin signaling and insulin resistance associated with
T2DM which mediate cognitive impairment and AD.***** Also, tau gene expression and
phosphorylation are regulated through insulin and insulin-like growth factor (IGF) signaling
cascades.'** Abnormally phosphorylated tau plays a major role in the pathology of AD as
these species form the intracellular neurofibrillary tangles that cause neurodegeneration.*®
Increased risk of developing mild cognitive impairment (MCI), dementia, or AD have been
found for individuals suffering from T2DM.*"*® Also, obesity increases the risk three fold
for subsequently developing AD.° Although treatments are still limited, improvements in

19-21

diagnostic methods allow for an early diagnosis, at stages where symptoms can be

more effectively reduced. Advances in molecular neurobiology, as well as emerging



2 INTRODUCTION

imaging technologies, promise to provide surrogate markers to detect and monitor
progression during the early clinical asymptomatic stages.

Since amyloid formation was discovered to be a general property of also non-disease
related proteins, many natural occurring and also de novo designed peptides were studied
with regard to their structure-environment relationship. Several environmental triggers,
such as oxidative stress, pH extremes, ionic strength, the presence of metal ions or
membranes, and the local peptide concentration have been found to influence the amyloid
formation process.??> The structural features of amyloids that are responsible for their
devastating pathogenic effects have also made these structures interesting for materials
scientists. Their outstanding mechanical stability and remarkably regular fibrous
architecture give them the potential to be used as ideal scaffolds for a variety of bio- and
nano-technological applications.?*?® In this context, also unnatural amino acids are likely
to be of special interest as they have been found to, in many cases, beneficially alter the
chemical and biophysical properties of peptides and proteins. In this regard, especially
fluorination of amino acid side chains has become a powerful tool for peptide and protein
modification.”® The small size of fluorine, paired with the strongest inductive effect among
all elements, can be accompanied by profound and unexpected changes in biological
activity. Fluorinated peptides have become a paradigm for fashioning materials with
unusual and useful properties.*® Moreover, fluorination of organic compounds was
established as a successful strategy for drug development. Such materials often show
higher bioavailability,®* and, in terms of peptidic materials, also higher proteolytic
resistance, in some cases allowing for oral administration. More than 20% of current
pharmaceuticals contain at least one fluorine atom.*?

In terms of amyloids, however, fluorinated amino acids have rarely been investigated.
They were efficiently used as reporter groups for analytical methods, such as nuclear

334 or positron emission tomography (PET),* to elucidate the

magnetic resonance (NMR)
structure of amyloid fibrils, detect fibrillar deposits in vivo, or to follow the structural
transition of functional peptides to insoluble amyloid aggregates. Their effect on the
amyloid formation process itself has been less studied to date.

Since future developments of amyloid structures as biomaterials could profit by
fluorination in terms of either a diagnostic or a functional perspective, it is of fundamental
interest to study the impact of fluorinated amino acids on amyloid formation.
Understanding the mechanism of protein aggregation, and the factors that influence it, is a
key step in controlling such processes, in identifying effective therapeutic strategies for
protein aggregation disorders, and in developing new self-assembling materials with

improved properties.
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2 Properties of fluorinated amino acids

Fluorine, in form of minerals, is one of the most abundant elements in the earth’s crust.*
However, naturally occurring organo-fluorine compounds are rarely found, especially in
terms of biological molecules.?”* None of the 20 naturally occurring amino acids encoded
in the universal genetic code contains fluorine substituents. The incorporation of fluorine
into biomolecules turned out to be very successful for the development of
pharmaceuticals, since such molecules have been found to gain an increase in
bioavailability*® as well as biological activity."*** Fluorinated amino acids have also
become a powerful tool to modulate the properties of peptides and proteins. The unique
stereoelectronic properties that arise from an unprecedented combination of small size,
very low polarizability and the strongest inductive effect found among chemical elements,
allow altering biophysical and chemical properties of peptides and proteins in terms of
hydrophobicity, acidity/basicity, reactivity and conformation. The incorporation of flourine
substituents into natural amino acids has led to often desirable yet unpredictable results.
In the following sections, a few prominent examples are given that illustrate what can be

expected from the fluorination of amino acids.

2.1 Fluorination of aliphatic amino acids

Interestingly, most studies published in recent years deal with fluorinated analogues of
aliphatic or aromatic hydrophobic amino acids as well as fluorinated methionines and
prolines, although synthesis of other fluorinated amino acids have been described as
well.***® Hydrogen-to-fluorine substitutions are often discussed to be conservative in
terms of size.* However, a careful distinction between single or multiple fluorination of
alkyl chains is necessary. Although hydrogen and fluorine are often discussed to be
almost isosteric, this can not be simply extrapolated to a higher amount of fluorine
substituents per alkyl chain.** In fact the CF; group is approximately twice the van der
Waals volume of a CH; group and the steric effects of the CF; are more similar to that of
an isopropyl group,* or even larger substituents, such as cyclohexyl and sec-butyl
groups.*

Size and shape of a side chain determine its ability to participate in packing interactions
with other side chains and size and hydrophobicity closely correlate for aliphatic amino
acids.*” The electronegativity of the fluorine atom explains one major distinction between
the C-H and the C-F bond. The C-F bond exhibits a considerable dipole moment, which is

reversed in its orientation compared to the relatively small C-H dipole. Thus, single
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fluorination of aliphatic side chains actually reduce rather than increase the
hydrophobicity.*® A certain number of fluorine atoms per alkyl chain is necessary to
achieve an increase in hydrophobicity for the particular amino acid, likewise the
replacement of one or two CH; groups with CF5 groups.*®

The common way to quantify hydrophobicity is to measure the distribution coefficient
between two immiscible liquid phases, such as water and octanol or heptanol.*’ In
addition, some HPLC-based methods have been developed to measure the
hydrophobicity of nonfluorinated molecules.®®** These methods were based on the
assumption that the nonpolar stationary phase mimics a biological membrane.>? However,
due to different scaling the absolute hydrophobicity values of the amino acids that were
investigated show disparities.

Kovacs et al. used a 10-residue peptide sequence, Ac-XGAKGAGVGL-amide, in which X
was replaced by all natural amino acids, to study the impact of pH and buffer conditions
on the intrinsic hydrophilicity/hydrophobicity of amino acid side chains in peptides.*’ The
authors found a dependency of the intrinsic hydrophilicity/hydrophobicity on pH and buffer
conditions, including the type of salt or ion-pairing reagent (only for partially charged side
chains, such as Lys, His, Arg, Asp, and Glu).

Another RP-HPLC-based approach using the Fmoc protected form of aliphatic amino
acids and fluorinated analogues of a-aminobutyric acid (Abu) was accomplished by

Samsonov et al. in the group of Prof. B. Koksch (Figure 2.1).%°
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Figure 2.1: Retention times of the Fmoc-amino acids plotted against the van der Waals volume of
the side chains. Nonfluorinated amino acids are represented by black squares, the correlation
between them is shown with a black line, and fluorinated amino acids are represented by gray
diamondf9 (reproduced with permission from Samsonov et al., Copyright © American Chemical
Society).
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They showed that the retention time of aliphatic amino acids increases non linearly with
increasing side chain volume, and explained this by a decreasing polarizing effect of the
a-amide and the carboxyl group on the alkyl chain with elongated chains length.*’

For the patrtially fluorinated analogues of Abu (MfeGly, DfeGly, TfeGly, and DfpGly) the
retention times do not fit into the correlation shown for the pure hydrocarbon derivatives.
Here, hydrophobicity increases more progressively with increasing fluorine content than it
does with size. The single fluorinated analogue of Abu (MfeGly) is less hydrophobic than
Abu although it is larger in size. Also, DfpGly that is close to leucine in size, is much less
hydrophobic than one might expect from only considering its side chain volume. Only
TfeGly was found to be similar to valine with regard to both properties, namely size and
hydrophobicity. The results are consistent with the finding that partial aliphatic fluorination
decreases hydrophobicity, whereas perfluorination results in a progressive increase in
hydrophobicity.*® However, since only a few fluorinated analogues have been investigated
so far, a complete hydrophobicity scale of fluorinated amino acids is still missing at this
time. Moreover, the RP-HPLC-based method only gives reasonable results for non-
ionizable side chains. Charged residues cause uncertainties due to dependency on pH
and the presence of ions, as shown by Kovacs et al.*’

The very low polarizability paired with the high electronegativity that comes along with
fluorine could offer an explanation for the high hydrophobicity of highly fluorinated aliphatic
hydrocarbons. These molecules tend to segregate from hydrophilic as well as from
lipophilic environments. The strong electron withdrawing effect of fluorine on its
surrounding results in less favorable interactions with water. The molecule is thus more
hydrophobic. Just as increased hydrophobicity can not be generalized for fluorinated
compounds, same holds true for increased lipophilicity. While fluorination of aromatic
compounds in general leads to an increase in lipophilicity, the situation is more complex
for partially fluorinated aliphatic carbonyl compounds. Their apparent lipophilicity depends
on the choice of partitioning solvent.>® The effect of fluorination on acidity and hydrogen
bonding becomes more important in this context. Fluorinated components show a
preference for the organic phase. The partitioning coefficient, however, is a measure of
relative solubility in water and thus represents the hydrophobicty of a molecule rather than
its lipophilicity. Especially highly fluorinated aliphatic compounds can form a third phase,

%5 in addition to the aqueous and the organic phase. Also less

the fluorous phase,
favorable dispersion interactions between fluorinated and hydrocarbon compounds have
been found.”® Thus aliphatic fluorinations can also decrease lipophilicity and
generalization for all fluorinated compounds would be misleading.

The strong inductive effect of fluorine can also influence the pKa values of neighboring

functional groups.®®*’ In general, the presence of fluorine increases the acidity of adjacent
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groups and the effect is stronger on the a-amino function than on the carbonyl group
(Figure 2.2). These alterations affect the strength of hydrogen bonds that are crucial for
secondary structure formation. Although the C-F bond exhibits a strong dipole moment, it
is not generally accepted that it acts as a hydrogen bond acceptor. Nevertheless, some
orthogonal polar interaction with carbonyl groups have been found in co-crystals of
proteins with small molecules.* Still the individual impacts of properties like hydrogen
bond strength, pKa, and hydrophobicity on structure and stability of a molecule is context

dependent and can not be easily predicted.

H2N COOH H2N COOH H2N COOH
9.747 2.329 9.718 2.286 9.831 2.284
Leucine Valine 2-aminobutyric acid
\Ca CFs Fs
Ha2N COOH Ha2N COOCH H2N COOH
8.942 2.045 8.098 1.537 8.169 1.600
5,5 5-trifluoroleucine 4 A, 4-trifluorovaline 2-amino-44,4-trifluorobutyric acid

Trifluoroethylglycine

Figure 2.2 : Comparison of the pK(NH,) (blue) and the pK(COOH) (red) of natural amino acids with
their corresponding fluorinated analogue.

2.2 Fluorination of aromatic amino acids

A hydrogen-to-fluorine substitution of an aromatic ring leads to a rearrangement of the
electrostatic potential (Figure 2.3).°® The hydrophobicity of the aryl side chain is usually
increased. Single fluorination cause only little perturbation,®® but the replacement of all five
hydrogen atoms by fluorine leads to a notable increase in size, which can result in
destabilization of proteins due to steric effects.®® The molecular volume of C¢Fs (141A) is
significantly higher than that of the nonfluorinated analogue CgHg (106A).%°° The
quadropole moment of aromatic rings arises from the partial positive charge of the sigma
framework between two regions of Tr-electron density on the faces of the ring.®! Usually
the electrostatic potential of aromatic compounds is negative inside the aromatic ring and
the hydrogen atoms at the outside of the ring are partially positively charged. This results
in repulsive face-to-face interactions, whereas edge-to-face stacking is favored (Figure 2.3
C).%2% Due to inversed polarity of fully fluorinated aryl side chains attractive interactions
between nonfluorinated and fluorinated phenyl side chains can be enhanced, thus face-to-

face stacking is favored for this scenario.*®%*
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Aromatic Ring LogP  Surface Polarizability Quadrupole
Area (A% Moment

A) B)
H F
(A% (Cm?)
H H F F
Benzene 2.03 115.07 49.37 -29.9x 10%
Perfluorobenzene 2.98 150.26 51.28 +31.7x 10
H H F F
H F c) :
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Figure 2.3: Influence of fluorine substitution on the aromatic ring. A) Electrostatic potential maps
showing reversed electron distribution of perfluorobenzene in comparison to benzene. B)
Comparison of the physical properties of benzene and perfluorobenzene (modified with permission
according to Pace et al., Copyright © American Chemical Society).”® C) Preferred -7 stacking of
hydrocarbon and halogenated aryl rings (redrawn from Waters et al.).®

The position of single fluorination on the aryl ring determines the direction of the dipole
moment. The phenyl derivatives carrying a single fluorine substituent in position 2F, 3F, or
4F have the same size and overall polarity, but differ in their shape and dipole direction.
Hence, they can be used to study the positional effect of fluorine substitution on aryl side
chains.®

Similar effects regarding polarity and dipole moment can be found for fluorination of the
other aromatic amino acids tyrosine and tryptophan. However, these examples are not
further discussed here, since during the work of this thesis, only aliphatic fluorinated
amino acids have been investigated. An overview of all fluorinated derivatives of natural
amino acids that have been incorporated into peptides or proteins has been published by

our group recently.®®

2.3 Fluorination of polar or charged amino acids

Fluorine brings to bear a strong electronic effect on the properties of charged or polar
functional groups.®” Fluorination causes a decrease in the pKa value of nearby carboxyl
side chains. This causes a stabilization of the negatively charged residues for amino acids
like Asp or Glu, and a destabilization of the positive charge in the side chain of Lys
(protonated ammonium), His (imidazolium), and Arg (guanidinium).

Polar amino acids, like Ser, Thr, Asn, and GIn often participate in hydrogen bonding that

stabilize secondary structures or plays a role in enzymatic reactions. Also,
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posttranslational modifications, such as phosphorylation or glycosylation, usually take
place on these functional side chains. The inductive effect of fluorine could strongly affect
these interactions. However, fluorinated analogues of charged or polar amino acids have
rarely been investigated in peptides and proteins. This might result from the difficulties
that are inherent to the synthesis of these molecules. Often, either the final unprotected

products or some precursors are found to be unstable.®’

2.4 Fluorination of proline

Peptide bonds including a proline residue are clearly distinguishable from those formed by
other amino acids. The N, and C, are both incorporated in the cyclic side chain of proline.
The rigid side chain conformation induces a kink in the backbone of a peptide chain;
therefore Pro is often found in turn or bend positions of polypeptides, instead of adopting
a-helical or B-sheet structures.®®®

The property of proline that is mainly affected upon fluorination is the conformation of the
pyrrolidine ring. Native proline exists in an equilibrium of two common ring conformations,
the CY-endo vs. the C'-exo conformation (Figure 2.4 A). Introduction of electronegative
substituents like fluorine or carboxyl groups at the carbon atoms of the pyrrolidine alters
the ring conformation, creating a preference for a gauche over an anti orientation.** This
effect is especially enhanced when the substituent of the adjacent C atom is an amide
(Figure 2.4 B).” Therefore, fluorination at C3 or C4 of the pyrrolidine ring leads to a strong
gauche effect. Depending on the stereochemistry of the substituted carbon, the
fluorination influences the equilibrium of C'-endo vs. the C'-exo conformation towards the

conformation that enables a gauche orientation of the amide and the fluorine substituent.

A) B)
Ho L H H Tou
H — F
hg N
O  COOCH;  HcooC 0
c'-endo C-exo cY-exo C-endo

Figure 2.4: A) Equilibrium between the two most abundant ring conformations of the pyrrolidine
ring. B) Newman projection of the C4-C5 single bond of C4 fluorinated Ac-Pro-OMe showing the
preference for the gauche conformation in which the pyrrolidine ring adopts the C'-endo puckering.
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Furthermore, the conformation of the ring directly affects the main-chain torsional angles
(v, o, ¢) that dictate the orientation of the peptide bond. The cis/trans equilibrium depends
on the C'-puckering,” and can thus be shifted upon fluorination as a consequence of a
changed ring conformation. Usually peptides prefer the trans-peptide bond, but when a
proline is involved the probability for a cis-peptide bond is much higher.”” Cis-peptide
bonds are often found with a C'-endo puckering whereas trans-peptide bonds do not
show such a preference.” Fluorine substituents that induce the C'-exo pucker of the ring
have a higher preference for a trans form, which is reflected by a higher value for Kyansscis
relative to the unsubstituted proline ring, while those with a C'-endo pucker show a
stabilization of the cis form.”*"® This effect was also found for other electron withdrawing

substituents that have been introduced into the pyrrolidine ring of proline.”’
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3 Amyloids: regarding pathogenicity and potential
biomaterials

The self-assembly of misfolded proteins to large fibrillar aggregates is a common
pathological feature of a number of human disorders, including several neurodegenerative
diseases. Today it is known that almost every peptide sequence can be converted to
amyloids under appropriate conditions, since the potential to form amyloids is an intrinsic
characteristic of peptide and proteins.*’ Recently, amyloid fibrils have become more
attractive in terms of nanotechnological application. These materials are characterized by
great mechanical stability and a high degree of regularity in their structures, which makes
them ideal starting points for functional and responsive biomaterials. Examples for both

amyloid-related fields are briefly presented in the following section.

3.1 The phenomenon of aggregation and common struct  ural
characteristics of amyloids

The term “amyloid” originally means starch-like and refers to protein deposits that are
similar to those found for starch.” Today it generalizes all peptide and protein fibrils that

contain the so called cross-B structure,”®?

short B-sheets that are parallel to each other,
but aligned perpendicular to the direction of the stretched aggregate. The common X-ray
diffraction signature of the cross-B-structure includes two major bands at around 4.7 A and
10 A.”®% The strong meridional band around 4.7 A corresponds to the spacing between
the individual B-strands. This spacing occurs along the fibril axis and reflects the length of
the hydrogen bonds connecting the respective B-sheets. The weaker equatorial band
around 10 A corresponds to spacing perpendicular to the fibril axis, and results from side
chain packing within the individual B-strands of a particular B-sheet (Figure 3.1 A). This
cross-p pattern has become a hallmark of amyloid structures. Amyloids are typically long,
unbranched, fibrous structures that can consist of hundreds or thousands of monomeric
peptide strands. Amyloids show general similarities in the appearance of the fibril
structure, although slight differences in morphology can be found, depending on the
peptide sequence. The fibrils are usually 5-15 nm in width and up to several micrometers
long. Another common property they share is a fluorescence birefringence upon binding to

dyes like Congo Red or Thioflavin T (see also section 6.2).%
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A) Typical cross-f pattern of B) Parallel sheet packing Antiparallel sheet packing

B-sheets in an amyloid fiblril
in-register in-register

10 A
interactions
strand .
interactions _i I out-of-register out-of-register

Figure 3.1: A) Cartoon illustrating the assembly of several B-strands into an amyloid fibril with
typical cross-B structure. The side chains interact intramolecularly while intermolecular H-bonds
connect the individual B-strands. B) The individual B-sheets can align in a parallel or antiparallel
fashion along the axis of fibril growth.

Distance: I
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= Hydrogen bonds

Amyloid fibrils usually consist of several subunits, so called protofilaments, that twist
around each other with a regular periodicity giving a helix-like supercoil.>®* The helical
morphology results from the preferred right-handed twist of B-sheets.®® The individual B-
sheets can be aligned in a parallel or anti-parallel fashion (Figure 3.1 B), whereby the
parallel orientation is most commonly found among amyloid fibrils.®® For both packing
scenarios an in-register or out-of-register alignment of the B-sheets is possible. In-register
means that within one B-sheet each B-strand is composed of identical residues that are
aligned in register with respect to one another. Although most amyloids appear in parallel

86,87

in-register form, some examples have been found with parallel pseudo-in register, or

antiparallel structures.®°

Apart from overall morphology, little was known about the structural details of amyloid
fibrils until recently. This lack of information on an atomic level was a result of the
noncrystalline character of amyloids that complicates, for example, crystal analysis.
Recent advancements in the field of solid state NMR-analysis have revealed new insights
into the internal arrangement and interactions of the respective 3-strands within amyloid
fibrils.®®* Tycko et al. suggested a folding motif for the amyloid-B protein (Figure 3.2)
based on findings from solid state NMR-measurements and electron microscopy.***°
Further insights into how the B-strands interact to form fibrils were made possible by
means of naturally occurring short amyloid sequences containing only 4-10 residues that
can form microcrystals.’”*** These studies revealed that amyloids have two interfaces, a
dry one and a wet one. The dry interface is located at the inside of the fibril where
primarily hydrophobic side chains interlock like the teeth of a zipper to ensure optimal
packing with the exclusion of water. The authors described this interaction as a ‘steric
zipper'.’®* Polar side chains that are located at the dry interface do not form hydrogen
bonds, but are stabilized via van der Waals interactions. The outside of the fibril is

described as a wet interface because charged and polar residues oriented toward this
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side of the B-strand are hydrated by water molecules. Also, the lateral packing of several

B-sheets within a fibril involves polar and electrostatic interactions of the wet interface.

A) DAEFRHDSGY,, EVHHQKLVFF,,
AEDVGSNKGA,, IIGLMVGGVV,,

F19

D23

F19

F19

Figure 3.2: Structural models for AB1-40 fibrils derived from solid state NMR measurements with
constraints from electron microscopy. A) striated-ribbon model and B) twisted-pair model with
hydrophobic residues highlighted in green, negatively charged in red, positively charged (including
His) in blue, and Eolar (including Gly) in purple (modified according to Tycko et al. copyright ©
Annual Reviews).9

The realization that even very short sequences consisting of only a few amino acids are
able to form amyloids led to the hypothesis that short aggregation prone regions in the
primary sequence of peptide and proteins could be a driving force for amyloid

103104 results from extensive

formation.'® This so called ‘amyloid stretch hypothesis
investigations of many amyloid forming proteins that mapped such amyloid prone regions,
usually consisting of hydrophobic residues with a high tendency to form B-sheet
structures. So called ‘amyloid stretches’ were found in many disease related amyloid
forming proteins.'%*'%"% The short AB segment consisting of the residues 16-20 (KLVFF)
is perhaps the most prominent example.'® Incorporation of short amyloid stretches into
the sequence of a-SH3, which normally does not show a tendency to form amyloids,
induced fibril formation in this protein.'® This clearly indicates that short hydrophobic B-
sheet inducing segments located in an arbitrary primary sequence have the potential to
promote amyloid formation. However, aggregation of proteins also depends on many
other factors. Specific side chain contributions and electrostatic interactions also play a
major role in amyloid formation."® In addition, several environmental conditions that
trigger the amyloid formation process have been identified over time. Among the most

important are pH-sensitivity,”® increased temperature,*!

2 3

mutations in the primary

and the presence of certain metal ions.****" Also the
25,33

sequence,’? proteolysis,™

118,119

presence of membranes, certain salts,* or solvents can induce structural

changes toward misfolded or partially unfolded species which are thought to represent an

early step in the amyloid formation process.®*%
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3.2 Amyloidogenic structures found in diseases

The structural transition from a native functional protein into the pathological form of
amyloid fibrils that deposit as plaques is a common feature of more than 20 degenerative
diseases affecting either the central nervous system or a variety of peripheral tissues.® A
selection of such diseases with their corresponding symptom causing misfolded proteins
is summarized in Table 3.1. Although the primary sequences and their initial

conformations can be strikingly different,**!

they show a notable similarity in the
morphology of their fibril structure. Also, the mechanisms leading to the structural

transition and aggregation follow the same principles.

Table 3.1: Selection of amyloid related diseases and the particular aggregation protein.

Disease

Alzheimer’s disease

Parkinson’s disease

Diabetes type Il

Atrial amyloidosis
Haemodialysis-related amyloidosis
Huntington's disease
Injection-localised amyloidosis
Spongiform encephalopathies
Secondary systemic amyloidosis

Familial amyloid polyneuropathy llI

Aggregation protein

Amyloid-B, Tau

a-synuclein (wt or mutated)

Amylin fragment (islet amyloid polypeptide (IAPP)
Atrial natriuretic factor

3-myoglobin

Huntingtin

Insulin

Prion (whole or fragments)

Serum amyloid A (whole or 76-residue fragment)

Apolipoprotein Al (fragments)

Three possible scenarios of amyloid formation are distinguished on the basis of whether
the protein is natively unfolded or folded in a defined secondary structure, the latter of
which comprises two cases.?*'* The case in which an initial conformation reorganizes
completely towards a B-sheet fold serving as template for accumulation of further peptide
strands is described by the ‘refolding’ model. This mechanism is assumed for insulin,
myoglobin, and the SH3-domain, for instance.*? A scenario in which only a part of the
peptide chain becomes unfolded and thereby accessible for interactions with other parts
of the peptide chain is the ‘gain-of-interaction’ model. If amyloid formation occurs starting
from an initially unfolded structure, as is the case for many natural proteins like AG and
prion-HET-s, the process is described by the ‘native disordered’ model.*%**23124

The mechanism of amyloid formation as well as the diversity of the resulting fibril

structures is presumably best studied for the Alzheimer’'s disease (AD). AD is the most
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common form of dementia and has become a rising problem in industrial countries with
increasing average age of the human population. Two types of aggregates are usually
found upon autopsy of the brains of AD patients. Intracellular neurofibrillary tangles that
are composed of abnormally hyperphosphorylated tau protein and extracellular plaques
containig aggregates of amyloid-B protein (AB).**>**® The trans membrane protein amyloid
precursor protein (APP) is proteolytically cleaved by the enzymes a-, B-, and y-
secretases. Cleavage by the (- and y-secretases generates 39-42 residue fragments of
AB.*?" AB 1-42 is the predominant component of the plaques, and is the most toxic and

128133 |t follows a nucleation polymerization mechanism with a

aggregation prone isoform.
sigmoidal increase in the concentration of amyloid aggregates (Figure 3.3).'%° The familial
related early-onset form of AD is caused by mutations in the genes encoding APP and the

secretase enzymes.*** This mutation results in the increased production of AB 1-42.
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Figure 3.3: A) Amino acid sequence of AB1-42 peptide with underlined aggregation prone region.
B) schematic mechanism of amyloid formation for AB (1-42) indicates the transition from a
monomeric unfolded state into mature fibrils via the formation of several oligomeric intermediate
species (geproduced with permission from Takahashi et al. copyright © American Chemical
Somety)
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The process of amyloid formation of AB and other proteins includes intermediate
oligomers of different sizes and conformations.****¥%" These pre-fibrillar precursors are
suspected to be the actual neuronal toxic species.”®**' The toxicity of these early
aggregates appears to result from an ability to impair cellular processes.® Their interaction
with the cellular membrane can cause oxidative stress and increase concentrations of free
Ca?* that eventually lead to neuronal cell death. The observation that the protofilaments

are more toxic than the mature fibrils seems to also hold true for the tau protein,
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implicated in AD as well."** The ability of the intermediate species to damage cells is,
however, a subject of intense debate.

Strategies for a therapeutic approach apply to different stages of the process.'*® One
possibility is the inhibition of the B- or y-secretases that cleave the APP, thereby reducing
the production of the AB (1-42) segment.***'** Promising results were found for the
inhibition of B-secretase, where only marginal side effects were found in a mouse
model.*****® The y-secretase, in contrast, plays a role in many other physiological
functions, which makes its inhibition complicate because it can result in a toxic mode of
action.™*** The third protease, a-secretase, cleaves APP within the AR domain. If this
cleavage step occurs first, the so called non-amyloidogenic pathway is activated (Figure
3.4) in which the formation of the aggregation prone fragment AB (1-42) is precluded.™*
Along this pathway a secreted form of APP, APPsaq, is generated, which has neurotrophic
and neuroprotective properties.’®**** The additional cleavage product produced by the a-
secretase, C83, gives rise to the p3 peptide after further cleavage by y-secretase. P3 is a
form of AB that lacks the 16 N-terminal amino acids, and is thus unable to form insoluble
fibrils found for AB (1-42). Hence, the therapeutic approach here is activation of the a-
secretase to increase the production of the non-toxic and neuroprotective cleavage
products of APP via the non-amyloidogenic pathway; this may mitigate the effects of the

pathological AS fragments produced by B- and y-secretases.™*
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Figure 3.4. Proteolytic cleavage of APP by a-, 8-, and y-secretase leading to two competing
pathways (reproduced with permission from Lichtenthaler copyright © John Wiley & Sons).***

Aside from their role in disease states, it must also be emphasized that amyloid structures
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are a normal occurrence in healthy individuals,”™ and that in the case of a balanced

equilibrium between the generation and degradation of A8 no AD symptoms arise.**®**’ In
older individuals the protective functions of the body become weaker, explaining the
observation that dementia and AD develop later in life. Therefore, another therapeutic

approach is to increase the rate of degradation of amyloid plagues. For example,
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immunizations with AB at stages before the symptoms of AD develop have been shown in
animal trials to prevent the development of the pathological AB 1-42.'°%>° Also,
stimulation of the body’'s own antibodies by intravenous immunoglobulin treatment is
considered as a potential AD therapy.'®*** Other strategies involve the activation of
enzymes that degrade AB.***'®® Although many potential and promising therapy concepts
exist already, the cure for AD remains elusive. Understanding the amyloid formation
process and all the potential influencing factors in a detailed manner is a crucial

prerequisite for success in this field.

3.3 Amyloid structures as scaffolds and templates f or biomaterials

The mechanical properties of amyloid fibrils, such as their highly stable and insoluble
character as well as the regular organization of subunits within the fibril structure, have a
great potential for the de novo design of self-assembling materials that have biomedical or
scaffold-based applications.?® The similarity of properties that amyloid proteins share with
synthetic polymers or plastics make them attractive natural building blocks for the design
of nanostructures and nanomaterials.*®’ Both materials evolve their assembly properties
under specific conditions and show isomorphism by containing different monomeric units.
In both cases, subunits are linked via non-covalent interactions to form a condensed state.
The main difference, however, is that amyloid peptides consist of specific and complex
sequences that allow the utilization or insertion of additional functionalities such as binding
sites and catalytic features. Variation of the building blocks can be accomplished by
simple protein-engineering techniques.

Despite their association with pathological agents in neurodegenerative diseases, certain
amyloids fibrils also have a functional role in nature. Hydrophobins and chaplins are

169179 that modulate the surface tension

proteins found in filamentous fungi*®® and bacteria
of the fluid environment inhabited by the organism. These proteins self-assemble into
amphipathic rod-like structures at the air-water interface.'’* Another class of natural
amyloids are the ‘curli’-fibrils produced by some enterobacteria as an extra-cellular matrix
that facilitates the formation of biofilms.*’*'"* Beside their protective effect, these fibrils
exhibit other functional properties like binding to abiotic or biotic surfaces or cell
internalization.'®®!”® These properties are very attractive with regard to biotechnological
applications. The amphipathic character can be used to change the physical properties of
surfaces (hydrophilic to hydrophobic and vice versa). Also, they can potentially improve
the biocompatibility of surfaces or serve as templates for cell culture and tissue

engineering.
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Pmell7 is a glycoprotein that supports the biosynthesis of melanin. Proteolytic cleavage
releases a lumenal fragment of Pmell7 that rapidly self-assembles into amyloid fibrils
which serve as a template for the polymerization of melanin precursors.'”>*’® The fact that
this protein remains soluble until an external trigger (the protease) initiates self assembly,
and displays function only upon fibril formation is highly desirable for potential
bionanomaterial fabrication. Also, for example, spider silk shares some structural
characteristics with amyloids.*”"*® This includes an irreversible transition from a partially
or largely unstructured state into B-sheet rich fibrils, a similar morphology to amyloids,
similar binding to dyes like Congo Red and Thioflavin T, hydrogen bonded sheet packing,
and a comparable cross-B-pattern as observed with X-ray diffraction. Thus amyloids and
silk might represent related subclasses of materials with common structural features.
Since nature has made use of the remarkable physical properties of amyloids, technical
applications of amyloid fibrils are likely to continue to emerge. A series of molecular
nanobiomaterials based on amyloid fibrils (e.g wires, layers, gels, scaffolds, templates,
and liquid crystals) have been demonstrated in the last few years.?® The structural
compatibility and efficient assembly of small subunits into well-defined ultrastructures can
lower the cost and effort of production.

The use of amyloid fibrils as templates or scaffolds is presumably the most popular
application so far. Some interesting examples are highlighted briefly in this section.

The amyloidogenic NMSup35, derived from yeast prion Sup35, is characterized by
thermal, chemical, and proteolytic stability in the fibrillar form. It was modified in such a
way that cysteine residues are displayed on the surface upon fibril formation. The covalent
linkage of colloidal gold particles to the cysteines results in conductive nanowires.'”® The
fabrication of nanowires from amyloids was demonstrated on the short sequence
KLVFFAE that forms tubular structures under certain conditions.'®® These tubes can also
be formed by a simple dipeptide, diphenylalanine (FF).'8*#3

Amyloid fibrils have great potential as biofunctional materials because their sequences
tolerate chemical elaboration, making possible the conjugation of functional groups or
proteins to the fibril. On this basis Kodama et al. displayed biotin on the surface of
matured fibrils that allow the incorporation of a functional group to the amyloid fibril via
biotin-streptavidin binding (Figure 3.5 A).*®* In further studies, complete functional proteins
were successfully attached to fibrils. Baxa et al. showed the binding of GFP to amyloid
fibrils of the prion peptide ‘Ure2p’ under retention of fluorescence properties.’® The group
of Dobson efficiently attached functional cytochrome b to amyloid fibrils formed by SH3
and demonstrated incorporation of heme molecules at very high densities on the surface
of the fibril (Figure 3.5 B).'®
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Figure 3.5: A) lllustration of the assembly of two types of fibrils allowing the introduction of a
functional group via a biotin — streptavidin interaction (According to Kodama et al. copyright ©
Royal Society of Chemistry).'®* B) Attachment of cytochome b in its functional form to SH3 fibrils
(reproduced with permission from Baldwin et al. copyright © American Chemical Society).**®

Amyloids have also shown gelation properties under certain conditions making them
potential candidates for hydrogel applications. LysB-21, the 41-61 fragment of the hen
lysozyme protein, could be converted from a gel into a Newtonian fluid at high pH
values.”®"'®® This pH response was further investigated as a trigger for B-sheet self
assembly into ribbons, fibrils or fibers."™® Such a trigger is useful for the design of
materials with controlled mechanical properties. Attractive is also the fact that these

18919 An Fmoc derivative of the

materials are biocompatible and biodegradable.
diphenylalanine motif forms a rigid hydrogel composed of a fibrous network.***** This
hydrogel showed notable stability at a broad range of temperatures, pH values, and in the
presence of denaturating agents like urea or guanidinium chloride. The stability under
acidic condition in combination with the high rigidity enables potential applications in
encapsulation and controlled drug release.

Rationally designed amphiphilic B-sheet rich sequences consisting of an alternating
pattern of polar and nonpolar residues were shown to self-assemble at the air-water
interface into amyloid-like fibrils.*** Such self-assembled monolayers offer the potential for
application as protein-based biomaterials. Ordered B-sheet lipopeptide monolayers served

as templates for the biomineralization of calcium carbonate.’****®> The self assembly of a
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20-residue amphiphilic B-hairpin into a fibrous network could be reversibly triggered by
changes in pH, ionic strength, temperature, and by UV irradiation.”****” Such a design
could be employed to construct predictable responsive materials. Also, cell culture
scaffolds were produced from amphiphilic peptides of alternating polar and nonpolar
segments.'® These peptide produce hydrogels with extremely high water content allowing
applications in three-dimensional cell cultures, controlled cell differentiation, tissue
engineering and regenerative medicine.**!%

This summary of a few potential applications shows the broad potential of amyloid-based
materials. Proteinogenic amyloids have many features that could be of great value for the
construction of advanced, functional, and environmentally responsive materials. The
exploration of applications for amyloidogenic biomaterials, especially considering the
possibilities offered by expanding the primary sequence space by introducing

noncanonical amino acids, offers numerous exciting avenues for future studies.
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4 Aliphatic fluorinated amino acids in peptides and proteins

Most of the studies in which fluorinated residues have been incorporated into peptides or
proteins deal with analogues of aliphatic amino acids. One explanation could be that these
amino acids are easier to synthesize due to the lack of other functional groups. A large
number is even currently commercially available. Additionally, the properties of these
amino acids have been well studied and the consequences upon fluorination of alkyl side
chains, such as hydrophobicity, lipophiliciy, and polarity are understood to a great extent.
The fluorinated amino acids that were used in the present study are solely analogues of
aliphatic amino acids. With this regard the following section will summarize some
interesting examples in which fluorinated analogues of aliphatic amino acids were
introduced into peptides or proteins to modify function, structure, or stability of the

peptides.

4.1 Fluorinated amino acids in helical peptides

Fluorinated analogues of leucine, isoleucine, and valine were among the most commonly
used nonnatural building blocks to modify peptides or proteins. Analogues of alanine have
been synthesized as well but since the activated amino acids were found to be unstable,*
their incorporation into peptides is rarely found.”*?% Introducing fluorine substituents into
an aliphatic side chain generates additional stereocentres (Figure 4.1) which offer the

opportunity to study the effects of stereochemistry on protein structures.

F3C .
FH,C™ N\ FaC™ N\ oH
H2N COOH H2N COOH HoN COOH
3-fluoroisoleucine 3,3,3-fluoroisoleucine 5,5,5-fluoroisoleucine
CHyF »CF3 F3C CF3
~H «H oH
H2N COOH H2N COOH H2N COOH
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%
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H2N COOH HoN COOH
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Figure 4.1: Fluorinated analogues of aliphatic amino acids that have been incorporated into
peptides and proteins gmodified with permission according to Salwiczek et al., Copyright © Royal
Society of Chemistry).6
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4.1.1 Proteolytic stability of fluorinated peptides

One motivation to introduce fluorinated amino acids into peptides or proteins is to
enhance the proteolytic stability of the fluorinated peptide, because the nonnatural amino
acid is presumably not recognized and consequently not degraded by proteases. Some
studies have shown that the incorporation of fluorinated building blocks indeed results in
peptides with increased stability towards proteolytic cleavage.

Meng et al. incorporated hexafluoroleucine (HfL) instead of several residues into the
helical  glucagon-like  peptide  (GLP-1[7-36]) with the sequence:  NH,-
HAEGTFTSDVSSYLEGQAAKEFIAWLVKGR-CONH,.** The variants, containing HfL
instead of Ala8, Glu9, and Gly10, in the highlighted positions, were more stable towards
degradation of the protease dipeptidyl peptidase IV (DPP V), which usually cleaves the
peptide between Ala8 and Glu9. Also the double mutant containing HfL in both positions
of the cleavage site (8 and 9) entirely resist degradation.

Gottler et al. substituted the leucines and isoleucines of pexiganan,®®

a synthetic
analogue of magainin-2, an a-helical AMP originally isolated from Xenopus lavesis. They
found enhanced interaction with bacterial membranes upon the incorporation of HfL. The
fluorinated peptide retained its antimicrobial activity while remaining hemolytically inactive.
Also, in this case the fluorinated variant showed improved stability towards proteolytic
cleavage by trypsin and chymotrypsin in the presence of a membrane environment. This
effect was, however, attributed to an increased tendency of the fluorinated peptide to self
assemble within the lipid bilayer, because, in the absence of a membrane, the peptide
was as rapidly degraded as its nonfluorinated variant.

Meng et al. studied fluorinated variants of two membrane peptides (buforin-2 and
magainin-2), which have different binding mechanisms.?®® Several variants of both
peptides containing different levels of HfL as substituents for lle, Leu, and Val were
investigated. All fluorinated variants except the globally fluorinated mangainin-2 variant
showed similar or enhanced antimicrobial activity. In addition, a truncated buforin-2 variant
that is inactive was found to become active upon fluorination. The hemolytic activity of
buforin-2 analogues remained unchanged, while higher hemolytic activity was found for
some magainin-2 variants. In contrast to the fluorinated pexiganan described by Gottler et
al.,*®® the fluorinated peptides in this study remained proteolytically stable even in the
absence of a membrane.

Recent studies by Asante and Koksch, however, show that enhanced or reduced
proteolytic stability of fluorinated peptides is strongly context-dependent and can not be

easily extrapolated from one model to another.”®” The position with respect to the
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cleavage side, the nature of the fluorinated amino acid, and also the type of protease were

found to be factors that influence the rapidity of peptide degradation.

4.1.2 Hydrophobicity, packing, or the “fluorous eff ect

Another interesting ongoing discussion in the literature is whether the enhanced stability
of peptides upon fluorination results from the higher hydrophobicity of fluorinated amino
acids, or if better side chain packing offers a reasonable explanation.

Coiled-coil peptides have often been used as models to investigate the impact of
fluorination on protein stability or protein-protein interactions. They primary sequence
comprises the so called heptad repeat (abcdefg),. Hydrophobic amino acids in the a and d
positions ensure the assembly of the helices in an aqueous environment.?®® Oppositely
charged residues in e and g positions further stabilize the helical assembly due to
electrostatic interactions.”® The remaining b, ¢, and f positions are exposed to the solvent
and therefore occupied by polar or charged amino acids. This design principle can be
applied to the de novo design of helical assemblies of different oligomerization state.?° A
detailed description of the coiled coil design can be found in section 7.1 of this thesis.

The coiled coil subdomain of the naturally occurring transcription factor GCN4 often
serves as a template for the study of how fluorinated analogues of hydrophobic amino
acids, when incorporated into the hydrophobic core, affect the structure and stability of
this motif. The parallel alignment of the two helices leads to packing of the d positions of
one strand against those of the other strand. The replacement of all Leu residues in d

positions (Figure 4.2) with a diastereomeric mixture of trifluoroleucine (TfL) resulted in

peptides with enhanced thermal stability and higher resistance towards denaturation with
211

chaotrophic agents.

Figure 4.2: Modeled structure of GCN4 containing TfL at all d positions. Van der Waals radii of the
fluorine atoms are indicated with yellow spheres (reproduced with permission from Tang et al.
Copyright © American Chemical Society).le
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The valine and isoleucine residues at the a positions were substituted with their
fluorinated analogues, 5,5,5-trifluoroisoleucine (5Tfl) and (2S,3R)-4,4,4-trifluorovaline
(4TfV) during expression in E. coli.?*? Both fluorinated variants showed increased thermal
stability, however to a different extent compared to their particular valine or isoleucine
peptides. The substitution of Ille with 5Tfl resulted in an eight-fold higher stabilization in
comparison to the Val-to-4TfV substitution.”*? Steric clashes between the large y-CF;
group and the peptide backbone in close proximity were suggested to be the cause.

A version of GCN4 with a fully fluorinated core was studied by Bilgicer et al.?*® At all a
positions a diastereomeric mixture of TfV was introduced, and all d positions were
occupied by 5TfL. Although thermal stabilization is observed for this highly fluorinated
variant, the degree of stabilization is not greater than that observed for the incorporation of
5TfL solely at the d positions.?** However, since the sequences of the GCN4 variants
described here are not completely identical, a direct comparison should be made
carefully.

The enhanced stabilities of the fluorinated variants with regard to their native structures
were mainly explained on the basis of the increased hydrophobicity of the fluorinated
amino acids in comparison to their hydrocarbon parent molecules. Since the substitutions
in all these cases affect the hydrophobic core of the coiled coils, this argumentation
seems viable. The assembly of the helices is driven by the hydrophobic nature of the
residues in a and d positions. Thus residues with higher hydrophobicity positively affect
this assembly. Comparative studies investigating 5TfL and HfL at the d positions of an
artificial coiled coil revealed that the all-HfL variant is even more stable than the 5TfL
analogue.”*?'® This indicates that enhanced stability and fluorine content could correlate
with each other.

Also, the interaction of highly fluorinated molecules with hydrocarbon compounds was
studied with the help of designed coiled coils.?**?” A dimeric coiled coil containing solely
Leu in all a and d positions (HH) was designed to be covalently linked by a disulfide
bridge. Leu was replaced with HfL in either one or both helical strands in order to give the
heterodimeric (HF), or the fully fluorinated variant (FF). Thermal stability of the three
coiled coils increased in the following order HH < HF < FF. Under redox conditions the
heterodimers (HF) tended to self sort into the homodimers (HH) and (FF). The authors
argued that the fluorinated side chains disfavor an interaction with the hydrocarbon side
chain, analogous to the observation of the immiscibility of hydrocarbon and perfluorinated
solvents. The so called “fluorous effect” was invoked in this context to explain the
segregation of the peptide variants. Interestingly, sedimentation analysis revealed that the

variants with the highly fluorinated core switched to a tetrameric oligomerization state.
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Similar segregation behavior was observed in the presence of membrane environments
(Figure 4.3). The large increase in hydrophobicity and lipophobicity results in segregation
of the peptides from either phospholipid bilayers,**® or detergent micelles,”® and as a

consequence enhances the helix-helix interaction.
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Figure 4.3: Schematic diagram showing the self-assembly of the designed highly fluorinated
peptides in a membrane environment (according to Bilgicer el al. Copyright © National Academy of
Sciences).219

Whether a specific fluorine interaction in fact caused the observed segregation was further
tested by the Marsh group. They used a terameric, antiparallel coiled-coil template in
which the Leus at the hydrophobic core were replaced by HfLs in a layer-by-layer
fashion.??®??! |nterestingly, the variant with the completely fluorinated core did not display
the same increase in stability that was found for the other layers. In NMR experiments,
these variants were found to be less dynamic due to an overpacking of the hydrophobic
core as a result of the larger side chain of HfL in comparison to Leu; however, no self
sorting behavior was observed, neither for the mixed forms, nor during the titration of
fluorinated against the hydrocarbon variants. One explanation may be found in the
different systems of Kumar and Marsch. The four-helix bundles assemble in an
antiparallel fashion and the orientation of the helices determines the packing of side chain
residues in the hydrophobic core of the coiled coil. Hence, the packing of the side chains
may be favored for the mixed forms in contrast to the fully fluorinated coiled coils, which
were shown to have overpacked cores due to steric reasons. This was also
experimentally confirmed by Buer et al.??*> The same four-helix bundle was either
substituted in a or d positions with HfL to create helix bundles in which Leu and HfL
alternately pack against each other. The stabilization per HfL residue is higher for these
variants than for the fully fluorinated coiled coil. That favorable packing might have
induced the observed segregation behavior of the dimeric coiled coils studied by Kumar is
supported by the fact that the fluorinated variants underwent the switch to the tetrameric

oligomerization state. Perhaps the higher oligomerization state is better able to
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compensate for the increased side chain volumes in the hydrophobic core than is the
dimeric oligomerization state.

Recent crystal structures (Figure 4.4) of the four-helix bundles with different fluorinated
amino acids incorporated at a positions confirmed that large humbers of fluorinated amino
acids can be introduced into the tetrameric coiled coil while causing only small
perturbations in structure, although the side chains of the fluorinated amino acids are
notably larger than those of the native amino acid analogues.?”® Since the structures do
not indicate any preferred fluorous interaction, the authors found an explanation for
enhanced stability of the fluorinated peptides in increased hydrophobicity and efficient

side chain packing.??%?%
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Figure 4.4: A) Sequence and helical wheel diagram of the fluorinated variants of the four helix
bundle a;H. All four a positions contain HfL in case of a;Fsa. In the asFzafsd variants all Leu in a
positions were replaced by HfL and all Leu in d positions were substituted by tFeG, which is the
trifluorinated analogue of aminobutyric acid (TfeGly). B) Overlay of the backbones determined from
the crystal structures of a;H (green), asFsa (blue), and a,Fzaf:d (purple) indicating that the
incorporation of large numbers of sterically demanding fluorinated residues induce only marginal
structural perturbations in the helical assembly (according to Buer et al. Copyright © National
Academy of Science).””®

Favorable side chain packing can have a large contribution to the stability of coiled coils.
This was shown in studies by Jackel, Salwiczek and Koksch investigating dimeric coiled
coils that contain single substitutions of different fluorinated amino acids at the
hydrophobic core.?”®??*® The system investigated was a heteromeric coiled in which
fluorine substituents were introduced solely into one of the two helices to study the
interaction of the fluorine side chains within a natural environment. Analogues of a-
aminobutyric acid containing different stoichiometries of fluorine in their side chain were
introduced either at a central a or d position as a replacement for Leu or Val in order to
study the effect of increasing fluorine content on the coiled-coil interaction. Since even the

trifluorinated Abu analogue (TfeGly) is less hydrophobic than the substituted Leu (Figure
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2.1),* it is not surprising that all fluorinated variants suffered from a loss in thermal
stability compared to the native coiled coil dimer. The effects of single substitutions were
found to be strongly position dependent. While for substitutions at the a position of the
heterodimer stability of the coiled coil strongly correlates with the size of the incorporated
side chain, such clear trends were not found for the d position. Different side chain
packing at the a and d positions were concluded to account for the observed effects.
Fluorination of the y-CHjz group of Abu strongly polarizes the neighboring -methylene unit
due to fluorine’s electron withdrawing effect. This polarized CH,-group points away from
the hydrophobic core in the case of the a position, but into it in the case of the d position,
hence weakening the hydrophobic interactions.

The few mentioned examples show that, although the properties of fluorinated aliphatic
amino acids are fairly well understood, effects on peptide stability can not be generalized
for different systems. Moreover, even similar systems, like the class of coiled coils

described here, can be affected in different ways.

4.1.3 Altered activity and function of fluorinated peptides

The motivation to design fluorinated peptides that possess enhanced stability often
involves the idea to discover peptides with improved functions.

Niemz and Tirrell investigated several fluorinated variants of the bee venom melittin.**
They found increased membrane affinity for the fluorinated variants as a result of
enhanced self-association behavior of the peptides. Some of the earlier mentioned
fluorinated magainin-2 variants, that display higher proteolytic stability, also show
enhanced antimicrobial activity.?*® The commonly used anti-cancer drug interleukin-2 was
substituted with 5Tfl at five lle positions in the hydrophobic core by applying in vivo
procedures.”® The EC50 value for the fluorinated variant was about 30% higher
compared to the native peptide; however, the fact that the fluorinated peptide shows an
activity almost as high as the wild type indicates retention of folding.

Also, globular proteins like ubiquitin, green fluorescent protein (GFP), or chloramphenicol
acetyltransferase (CAT) have been fluorinated to different extents.?®?* |n the case of
ubiquitin, selective site specific incorporation of a monofluorinated leucine analogue were
tested for its function as °F-reporter.?®? The overall fold of the fluorinated variant was
comparable to the native protein structure. In the case of CAT, fluorinated variants of
lower®®® and higher®® stability have been reported. The same holds true for fluorinated

GFP mutants in terms of reduced or enhanced fluorescence.?*
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4.2 Fluorinated amino acids in  B-sheet forming peptides

A property that is seldom considered during the discussion of the newly gained properties
of fluorinated peptides is the intrinsic propensity of fluorinated amino acids for a certain
secondary structure. Indeed, it was found that the fluorinated analogues of leucine (Leu),
aminobutyric acid (Abu), and phenylalanine (Phe) exhibit a reduced a-helix propensity
compared to their hydrocarbon analogues;®®?*" hence, they may be more readily
accommodated in B-sheet structures. Cheng et al. used a monomeric a-helix model
peptide Ac-YGG-KAAAAKAXAAKAAAAK-NH, in which X served as guest position for the
amino acid of interest. The fluorinated amino acids were placed at this guest position and
the a-helix propensity values were calculated from CD data by using a modified Lifson-
Roig theory and compared to their nonfluorinated analogues.?**%*° All fluorinated amino
acids studied by Cheng et al. showed lower helix propensity values in comparison to their
hydrocarbon analogues. This may in part result from unfavorable solvent interactions at
the exposed positions of the monomeric helix; alternatively, increased side chain volumes,
especially in the case of a CHs-to-CF; substitution for B-branched residues like Val or lle,
may induce clashes with the backbone and distort the helical conformation.?* Until a
larger sample set of fluorinated amino acids has been investigated using this system,
general conclusions cannot be made.

The observation that fluorinated amino acids may indeed be better accommodated in a 3-
sheet environment was shown in studies in which residues at B-sheet positions of
peptides or within B-sheet subdomains of proteins were specifically replaced by their
fluorinated analogues, resulting in enhanced stability or activity.

Hong and Raleigh substituted two buried valine residues at 3-sheet positions of the N-
terminal domain of the ribosomal protein L9 (NTL9(1-56)) with diastereomeric mixtures of
trifluorovaline (TfV).?*> The per residue increase in stability for the two fluorinated positions
3 and 21 was larger than for any known fluorinated helical protein. Kinetics of folding and
unfolding of the protein was measured via stopped-flow experiments. Both fluorinated
variants were found to unfold slower than the wild type indicating that the trifluoromethyl
substitution stabilizes the native state relative to the transition state. The folding rates
instead were increased for both fluorinated variants, suggesting a stabilization of the
transition state by hydrophobic interactions. Monosubstitutions of six residues in the
hydrophobic core with their particular fluorinated counterpart were conducted and the
peptides were studied in an extensive fine structure analysis of the NTL9(1-56) folding
transition state.?*® Here, the variant containing TfL instead of Leu30 in the short helical
domain of the protein was found to destabilize the protein compared to the native one

containing Leu. It is likely that steric clashes of the increased side chain within the densely
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packed hydrophobic core induce the destabilization, reminiscent of the overpacked core of
the highly fluorinated four-helix bundles described by the Marsh group.”?* However, the
study of Horng investigated two buried positions of NTL9(1-56), thus it remains unclear
whether higher hydrophobicity or a preferred p-sheet structure, as a consequence of lower
a-helix propensity, causes the increase in protein stability.

Chiu and coworkers used the GB1 domain as a model to study the intrinsic propensities of
fluorinated amino acids to adopt B-sheet conformations.?** They substituted the solvent
exposed position 53 within the internal B-strand 4 (Figure 4.5) with several highly
fluorinated analogues of Abu, Leu, and Phe and measured the stabilities of the fluorinated
proteins during thermal denaturation. Increased stabilites were found for all fluorinated
GB1 variants in comparison to the peptides containing the particular hydrocarbon
analogue at position 53. This was attributed to increased hydrophobicity as well as steric
effects of the fluorinated amino acids. The increase in stability observed here was less
dramatic than that observed by Horng upon fluorination of NTL9. The position being
substituted in GB1 is exposed to solvent, where hydrophobic amino acids would interact
with the aqueous environment, and this somewhat counteracts the stabilizing effect.
Nevertheless the study supports the idea that fluorinated amino acids could have a higher

propensity for B-sheet structures.
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Figure 4.5: A) Rlbbon diagram of protein GB1 domaln with hlghllghted solvent exposed position 53
in B-strand 4. B) Fluorinated and hydrocarbon amino acids that were incorporated at position 53. C)
Denaturation curves of GB1 variants showing the higher stability of all fluorinated peptides in
comparison to the particular nonfluorinated varlants (modified with permission according to Chiu et
al. Copyright © American Chemical SOC|ety)
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In another study the biologically active B-hairpin protegrin-1 was substituted at two
important Val positions (Val 14 and Val 16) with either Leu or HfL to test for a correlation
between increasing hydrophobicity and enhanced membrane activity.**> The substitutions
affected the hydrophobic interface of the hairpin dimer that protegrin-1 adopts upon
binding to a membrane. As expected, the substitutions stepwise increase the
hydrophobicity of the peptide, with the HfL variant being the most hydrophobic one.
Although both amino acids have also larger side chain volumes in comparison to Val, the
substitutions do not cause any perturbation of the structure. While the hemolytic activity is
not affected by the substitutions, the fluorinated variant appears to be less antimicrobially
active. Interestingly, the Leu variants show enhanced activity against bacteria compared
to the native hairpin. An additional interesting finding was the altered oligomerization state
of the Leu and HfL variants during lipid-peptide interaction. While the native peptide, a
monomer in solution, initially forms dimers upon interaction with a lipid surface, both the
Leu and HfL variants adopt a tetrameric oligomerization state in the presence of a
membrane. The binding isotherm of the fluorinated variant, however, exhibits a lower
effective positive charge compared to the double Leu variant. This may explain the lower
antimicrobial activity observed for the fluorinated peptide.

Recently, the effect of fluorinated and nonfluorinated side chain interactions on
conformational stability was studied with the help of two B-hairpin scaffolds (Figure 4.6
A).**® One scaffold (1), a non-hydrogen-bonded hairpin, stabilized with a disulfide bond
connecting the C- and N-terminal side chains, contains two central leucines with side
chains directly facing each other. In a series of all possible combinations these Leu
residues were replaced by HfL in such a way as to achieve Leu-Leu, Leu-HfL, and HfL-
HfL interactions. The other scaffold (II), a cross-strand H-bonded hairpin with an
introduced Ati residue (a 1,2-Dihydro-3(6H)-pyridinone Unit) to restrict backbone flexibility,
was substituted in the terminal positions to study cross strand interactions. The Gly and
Leu residues in the two positions were replaced by HfL in a fashion that allows every
possible combination of interacting side chains: LL2, LH2, HL2, HH2, HG2, LG2, GH2,
and GG2.**® The incorporation of the larger HfL residues into the short B-hairpin
sequences did not cause any perturbation of the structures, as evidenced by NMR. The
authors found that HfL-HfL interactions were weaker than Leu-Leu and Leu-HfL
interactions (Figure 4.6 B), which seems surprising with regard to the higher
hydrophobicity of HfL. This clearly demonstrates that hydrogen to fluorine substitutions go
along with an interplay of several properties including polarizability, dipolar interactions,
and hydrophobicity. The low polarizability relative to volume of CF; versus CHs
presumably influences the interaction energies of HfL.?*" The HfL-Leu interface has been

found to have an interaction energy similar to that of Leu-Leu in water, which was
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attributed to dipolar interactions arising from the opposite dipoles of the C-F and the C-H
bonds. Stabilization or destabilization of the scaffold structures upon the incorporation of
HfL is strongly dependent on the substituted position. HfL incorporation at the C-terminus
of scaffold (Il) stabilizes the structure in comparison to the Leu variants whereas at the N-
terminal position the opposite effect was found. These results show that structure

stabilization also for B-sheet systems is fairly context dependent.

A) Scaffald (1) . Scaffold (1)

AG Leu-Leu = AG,  Leu-Hfl = AG Hfl-Leu = AG Hfl-Hfl

imleract inleract interacy ' intaract

Figure 4.6: A) Structures of scaffold () and scaffold (1) with X1 and X2 representing the particular
substituted positions in each B-hairpin. B) Variants of scaffold (II) ordered according to decreasing
interaction energies of the two terminal functional groups (modified with permission according to
Clark et al. copyright © American Chemical Society).246

This short summary of studies investigating B-sheet based peptides and proteins that
contain fluorinated aliphatic amino acids shows the complexity associated with the
incorporation of fluorinated amino acids into peptides and proteins. In general, fluorinated
amino acids introduced at B-sheet positions stabilize these structures due to higher
hydrophobicity and higher propensity for B-sheet structures compared to the particular
replaced hydrocarbon analogue. However, the effects on structure, stability and function
still remain position and system dependent. The GB1 protein was suggested to serve as a
reference peptide to determine B-sheet propensities. However, the amino acids
investigated in this context were distinguished according to their stabilizing effect on the
protein (T, and AAG). No values for the B-sheet propensities of fluorinated amino acids,
analogous to the values for a-propensities calculated from CD-spectra of the Ala-based

peptide sequence,”*® exist so far. Stabilization of GB1 on the other hand was found to
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correlate with increasing hydrophobicity of the incorporated amino acids.?*® The
observation that, in this regard, lle would have a higher B-sheet propensity than Val is in
conflict with the helix propensity measurements, where lle was also found to more
favorably adopt helical structures in comparison to Val.?*® The stabilization for the protein
may be increased with increasing hydrophobicity, but drawing conclusions strictly on the
basis of B-sheet propensities may be misleading.

As to what extent B-sheet propensity values are different for Leu and lle could be
interesting with regard to the similar hydrophobicity of both amino acids. With respect to
their a-helix propensity values they can be clearly distinguished, indicating that these
values do not correlate simply with hydrophobicity. Also the conformations of side chains,
including branching in close proximity to the peptide backbone, have been found to dictate
the a-helix propensity. Beta branched amino acids usually prefer p-sheet structures. Thus,
Leu and lle should favor the B-sheet structure to different extents. By only considering the
hydrophobicity, which is equal for both amino acids, these differences can not be detected
within the GB1 model.

Especially in cases when not only aliphatic amino acids are investigated a careful
consideration of other factors, aside from the hydrophobicity, that contribute to the B-sheet
propensity of an amino acid may become necessary. With regard to the fact that
especially single fluorination may induce polarity, a discussion of B-sheet propensities
based on solely the hydrophobicity of an amino acid may be imprecise. Since the
investigations of fluorinated amino acids in B-sheet systems is restricted to a few
examples so far, further studies of other sequences and other fluorinated derivatives are

required for a better understanding of how fluorination alters such systems.

4.3 Fluorinated amino acids in amyloid forming pept ides

Fluorinated amino acids have rarely been investigated in amyloid forming sequences. This
is surprising with regard to the fact that these structures usually contain high B-sheet
content and fluorinated amino acids have been shown to positively alter these structures.
In many studies of amyloid forming peptides, fluorinated amino acids were used as NMR-
labels to give insights into the overall structure of amyloid fibrils or to study the pathway
and intermediate species during aggregation processes. Nevertheless, how the
incorporation of these non-natural amino acids with unique stereoelectronic properties
may influence amyloid formation itself has not been investigated thus far. A first approach

in this direction is given in the present work.
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4.3.1 Fluorinated amino acids as  *°F-NMR-labels in amyloid structures

Although the common method to detect amyloids is staining with Thioflavin T, this method
can not discriminate between monomers, oligomers, and small non-fibrillar species that
occur during fibril formation of most amyloidogenic proteins.®*!13%13>249 These pre-fibrillar
intermediates are extensively discussed to be the actual toxic species.®%°%%%
Conformational changes, however, can be detected with NMR-analysis, when the label is
incorporated at a position that experiences an environmental change upon structural
rearrangement. The advantage of using fluorine as NMR-label is the excellent sensitivity
and the large chemical shift dispersion, making it a great reporter for changes in the
chemical environment.®®?*® In addition, the abundance of fluorine is rare in biological
systems. Thus, there are no competing background signals, as is the case for other NMR-
nuclei like H, *C or *°N or ¥p .34

F.NMR was used to gain quantitative information about structure and mechanism of
fibrillation of a-synuclein, the protein associated with Parkinson’s disease.?®® The tyrosine
residues at positions 39, 125, 133, and 136 were replaced by 3-fluorotyrosine during
expression in E.coli. Conformational changes upon treatment of the protein with urea,
spermine, and sodium dodecyl sulfate (SDS) were successfully detected by using *°F-
NMR measurements. Accelerated aggregation in the presence of SDS and spermine was
observed. Furthermore, the authors stated that no low molecular weight intermediates of
high abundance appear during fibrillation, as these would have been detectable via *°F-
analysis.

Similar approaches were later taken for other disease related amyloid forming proteins.
The mechanism of amyloid formation for the diabetes-related islet amyloid polypeptide
(IAPP) was studied by introducing a 4-trifluoromethylphenylalanine instead of Phe23 into
the sequence.? This solvent-exposed residue of the monomeric species becomes buried
during aggregation, making it sensitive to environmental changes. Using real-time *°F-
NMR to detect the consumption of monomeric species in combination with Thioflavin T
staining assays to detect fibril formation, the authors were able to show that IAPP
aggregates without the buildup of non-fibrillar intermediates.

The rate of monomer consumption closely matches the rate of amyloid formation (Figure
4.7), indicating that the monomer is directly converted into large, B-sheet rich compounds
that are ThT-active. The absence of non-fibrillar oligomeric species during the aggregation
pathway of IAPP is clearly distinguishable from the mechanism of fibril formation of other

amyloidogenic proteins.?**2°®



34 ALIPHATIC FLUORINATED AMINO ACIDS IN PEPTIDES AND PROTEINS

Al 1o
2 08 NMR
& 06 CD
E 04
0.2 o,
0.0 o e
0 30 60 90 120 150
Time {min)
€) Soluble peptides Large Oligomers Amyloid Fibrils
Detectable 1 N Detectable
|, by"FNMR RO by ThT
/ || e R —)

" Conformational Change Detectable by CO /| ;

y

Figure 4.7: A) Rate of monomer consumption (black) determined by NMR-analysis versus rate of
fibril formation obtained from ThT-assay (red) and CD-data (blue). B) CD spectra at different time
points show the systematic conversion of an unfolded toward a $3-sheet structure. C) Schematic
indication of sensitivities of each particular method (adapted with permission from Suzuki et al.
copyright © American Chemical Society).*

During amyloid formation of AB, the protein widely accepted to be the causative agent of
Alzheimer’s disease, a minimum of six oligomeric species (Figure 4.8) were detected by

249 Methionine 35 was replaced by

applying similar °F-NMR  experiments.
trifluoromethionine during solid phase peptide synthesis, because the CF; group on the
flexible side chain should respond with significant changes in chemical shift and line-
broadening upon changes of secondary structure or oligomerization state. The detection
of several intermediates during the early phase of fibril formation indicates that the simple
model of nucleation dependent polymerization is indeed more complex and consists of

several distinct steps.
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Figure 4.8: Cartoon of a potential aggregation pathway of AB (1-40) indicating six individual
oligomers detected with YF.NMR that arise and disappear during the early phase of amyloid
formation (reproduced with permission from Suzuki et al. copyright © American Chemical
Society).249
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Nevertheless, this method had its limitations, as it is not sensitive for detecting transient
oligomers that do not accumulate to a significant extent. Also large oligomers whose
concentration does not change appreciably in the lag phase can not be detected. These
large oligomers would cause line broadening like amyloid fibrils do, making analysis with
solution NMR methods impossible.

To overcome this, amyloid structures are commonly analyzed with solid state
NMR.%*2229 gq|id state NMR usually requires labelling of the sequence with non naturally
abundant isotopes, like **N or **C. The lack of a natural abundance of fluorine in
biomolecules renders such isotope labeling unnecessary. The combination of site specific
incorporation of the fluorinated reporter group and the solid state *°F-NMR-analysis has
been successfully used to study peptides in the presence of membranes.?°®%3

The sterically restrictive 4-CFs-phenylglycine (CFs-Phg) was site specifically introduced as
either the L- or D-enantiomer instead of Leu6, Leu8, Leull, or Leul5 of an amphipathic
model peptide (MAP: KLALKLALKALKAALKLA-NH,) to allow or prevent [-sheet
aggregation due to steric reasons.?®* The peptide was designed as an amphiphilic a-helix
able to transverse lipid bilayers and penetrate cells.”®®> However, at high peptide
concentrations a conformational switch from an a-helical structure towards a 3-sheet rich
aggregate was observed. The incorporation of the D-form instead of Leul5 was found to
inhibit this aggregation due to disruption of the hydrogen-bond pattern between the
sheets, while the variant containing the L-form behaved similar to the parent peptide;
namely showing helical conformation only at low peptide concentrations. The
conformation of the side chain of only one residue discriminated in this case between a
similar or different behavior of the peptide compared to the natural one.

The mechanism of amyloid formation in the presence of a membrane was later studied on
a small cationic peptide [KIGAKI]; designed as an amphiphilic B-strand.*®* The
antimicrobially active peptide shows in solution a random coil structure that change to a 3-
sheet conformation in the presence of lipid bilayers. In an extensive solid state *°F-NMR
analysis of variants containing singe substitutions of different residues along the sequence
by the well studied NMR reporter 3-(trifluoromethyl)-L-bicyclopent-[1.1.1]-1-ylglycine (CFs-
L-Bpg) (Figure 4.9), the conformation, membrane alignment, and dynamic behaviour of
the peptide was investigated. The transition from monomeric 3-strands to fibrils consisting
of H-bonded B-sheets was found to be concentration dependent (Figure 4.9). Since the C-
CF; bond of the rigid side chain in this label is collinear with the C,-Cg bond, the direction
of the C-CF; bond vector reflects the orientation and mobility of the backbone segment to
which it is rigidly attached. At low concentrations the peptide is found to exist in a flexible
monomeric 3-sheet conformation in the vicinity of the hydrophobic/hydrophilic interface of

the membrane with the hydrophobic residues directed towards the inside of the lipid
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bilayer. At high concentrations the 3-strands self assemble into amphiphilic B-sheets in an

amyloid-like fashion, lying immobile on the surface of the membrane.

Figure 4.9: At low peptide concentrations of [KIGAKI]; the rigid CFs-I-Bpg side chain shows
reduced dipolar splittings in ss *°F-NMR indicating a high flexibility of the amphiphilic B-strands that
corresponds to monomeric B-strands that swim around freely in the hydrophilic/hydrophobic
interface of the membrane. Upon concentration increases of the peptide, the peptides take on an
amyloid-like structure which reduces the flexibility of the CF;-I-Bpg side chains and give rise to
stronger dipolar interactions in the ss YF.NMR-measurements (reproduced with permission from
Wadhwani et al. copyright © American Chemical Society).33

This solid state *F-NMR approach enables monitoring of the concentration dependent
self-assembly of disordered peptides into amyloid fibrils. However, this approach is based
on studying the dynamic behavior of peptide segments, which is restricted to the rigid *°F-
NMR label and the fixation of the peptide at a membrane. The presence of the membrane
is thought to positively influence amyloid formation, also in the case of the Alzheimer’s
causing AB. Nevertheless, it is still not clear if amyloid formation occurs intra or extra-
cellularly.®® This might explain a concentration dependent effect on amyloid formation
observed for AB.?*"?*° Whether the solid state *F-NMR approach can be transferred to
the study of the amyloid formation process in the absence of a membrane remains to be

shown.

4.3.2 Fluorinated amino acids as tools to modulate amyloid fibrils

Using fluorinated amino acids as labels to follow amyloid formation relies on the
assumptions that the label, on the one hand, location does not perturb the peptide
structure, and, on the other hand, does not alter the pathway of aggregation in
comparison to the unmodified sequence. In fact the modified properties of the fluorinated
amino acid analogues, including changes in size, hydrophobicity, polarity, and acidity can
influence both the structure and the aggregation behavior of the peptides.

This was unambiguously shown in two individual studies that investigated electrostatic,
aromatic, hydrophobic, and steric effects on the self-assembly of short fragments derived
from the well known aggregation prone region of AB.?’*?"* Senguen and co-workers used

the amyloid-f fragment (16-22) with the well studied fibril structure consiting of antiparallel
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aligned B-sheets.?”® The two central phenylalanine residues were substituted singly or
multiply with Ala, Tyr, cyclohexylalanine (Cha), and the fully fluorinated analogue of Phe,
pentafluorophenylalanine (Fs-Phe). While the Ala and Tyr variants failed to undergo fibril
formation, kinetic and thermodynamic investigations showed that both singly substituted
Fs-Phe variants aggregated at dramatically enhanced rates relative to the wild type. The
double Fs-Phe mutant exhibited additive thermodynamic effects. The elevated fibril
formation of the fluorinated variants was not only attributed to the greater hydrophobicity
of Fs-Phe compared to Phe, but also to additional fluorine-fluorine interactions, based on
the fact that highly fluorinated amino acids show strong self-aggregating properties.?’? A
combination of aromatic effects, such as 1-stacking of the aromatic side chains, and the
notably higher propensity of Fs-Phe for the B-sheet structure, observed by Cheng et al.,?**
were proposed to be factors that enhance amyloid formation rates.

Serpell et al. found similar results in their studies and also emphasized the impact of
electrostatic interactions on amyloid formation.?”* They designed an aggregating model
peptide based on the shortest known amyloid forming sequence KFFE by connecting two
of these segments with a flexible hydrophobic linker region. The resulting sequence
KFFEAAAKKFFE was modified by certain amino acid substitutions. Although their study
did not include any fluorinated amino acids, they found that any removal of the central Phe
residues results in a complete loss of assembly ability, indicating the importance of a
hydrophobic residue at this particular position. In addition, they observed alternative fibril
morphologies as a consequence of altered B-sheet packing upon the incorporation of
charged residues into the peptide sequence. This finding indicates that also electrostatic
contributions can influence amyloid formation. This should be especially considered when
partially fluorinated amino acids are incorporated into aggregating structures, because
these can have different polar or electrostatic properties compared to aliphatic
hydrocarbon amino acids.

These results show that any modification of a sequence needs to be studied carefully.
Fluorinated amino acids come along with new intrinsic properties that can be different in
comparison to those of the particular hydrocarbon analogue in terms of hydrophobicity,
polarity, acidity/basicity, size, and physicochemical properties. The replacement of a
natural amino acid with its fluorinated analogue thus has the potential to perturb the
structure or alter the behavior of the peptides or proteins, which, depending on the aim of
the study, may be beneficial. Special caution is necessary with regard to the modification
of amyloid forming sequences, as the complex multi-step assembly process is influenced

by a combination of several factors.
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5 Aim of the work

The model peptide VW18 was previously developed for the purpose of enabling
systematic investigations of the molecular mechanisms that underlie the conformational
change from a soluble a-helical coiled coil structure to B-sheet rich amyloid fibrils. Prior
studies with this system led to a molecular model of the internal fibril architecture by
means of a glycine and proline scan to identify bend positions. The overarching aim of this
work was to evaluate the impact of fluorine on amyloid formation in this model system. In
keeping with this, initial studies focused on the role of proline had to first be conducted via
the incorporation of proline chimeras in turn motifs. Moreover, the mechanism of the
structural transition of VW18 had to be further elucidated by determining the critical size of
the nucleus that serves as a template for the attachment of further peptide strands. With
this information in hand, amyloid formation promoting valine residues in VW18 were
replaced by diverse side chain fluorinated amino acids. The resulting fluorinated peptides
were then analyzed by appropriate methods including CD spectroscopy, Thioflavin T

fluorescence spectroscopy, TEM analysis, and solid state NMR measurements.
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6 Applied Methods

The main part of the present thesis deals with the structural investigation of peptides that
can undergo structural transitions upon modification of the primary sequence and under
specific conditions. A set of techniques including high and low resolution methods was
used for structural characterization of these peptides. The most important methods
applied here are briefly described below. Additional methods that were used are
summarized in the publications resulting from this thesis and in the references cited

therein.

6.1 Circular dichroism spectroscopy

Circular dichroism (CD) spectroscopy is one of the most commonly applied low resolution
techniques for investigating the secondary structures of peptides and proteins in
solution.?”® This non-destructive method has become routine for the structural analysis of
biological macromolecules because it less demanding in terms of time and sample
amount in comparison to high resolution methods, such as NMR-analysis or X-ray
crystallography. CD spectroscopy furthermore allows a wide variety of experimental
conditions like changes in pH, concentration, and the presence of metal ions, to name
only a few. CD spectroscopy was extensively utilized to follow transitions between
secondary structures of the peptides studied in the present thesis.

Unlike linearly polarized light that occurs when the electric field vector oscillates only in
one plane, circularly polarized light occurs when the direction of the electric field vector
rotates about its propagation direction while the vector retains constant magnitude. It can
be obtained by superimposing two linearly polarized light beams that have a phase shift of
M2 and electrical field vectors that are perpendicular to each other. The resultant
amplitude vector of the electrical field will then rotate on a spiral perpendicular to the

direction of the propagating light wave (Figure 6.1).
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B)

Figure 6.1: A) Generation of left circularly polarized light by superposition of polarized light. The
electrical field vectors of the light waves are perpendicular to each other and the two waves have a
phase difference of a quarter wavelength with E1 preceding E2. If E2 would precede E1, the
resulting wave would be right circularly polarized. B) Circularly polarized light projected in the
direction of proliferation.

When oppositely circular polarized light beams (right and left polarized light) pass trough a
chiral sample, the extent to which both are absorbed is different. This difference is defined

as circular dichroism and can be expresses by the Beer Lambert law as: 2’

AA = AL — Ag = g.cl — grel = Aecl (61)

where A is the absorption, ¢ the absorption coefficient, ¢ is the molar concentration of the

sample, and | the path length. The term Ac is defined as the circular dichroism.

Plane-polarized light consists of right- and left-circularly polarized light of equal intensity.
The different absorption of both components by an optical active medium, converts plane-
polarized light into elliptically polarized light. The semimajor axis is given by the sum of
magnitudes of both components, while with the difference in magnitude gives the

semiminor axis of the ellipse (Figure 6.2).

A)

Figure 6.2: A) Elliptically polarized light fromed by two oppositely circularly polarized light beams of
unequal intensity after absorption of plane-polarized light by an optically active molecule. If the
absorption of right-circularly polarized light is greater than that of left-circularly polarized light, then
the result will be a left-elliptically polarized light beam. B) The ellipticity 6 is the angle between the
minor and major axis of the ellipse whose ratio is equal to tan 6. The angle a is the optical rotation,
i.e. the angle between the major axis of the ellipse and the initial plane of the incident plane-
polarized light (reproduced according Woody et al. copyright © Plenum Press).274
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Since the differences in absorption are usually very small, CD is commonly reported by
the ellipticity 6, which is the angle between semiminor and semimajor axis of the ellipse.
The ellipticity is directly proportional to the CD:*™*

6 (deg) = 180 In 10 AA/AT = 32,98 AA (6.2)

The removal of the trivial linear dependence on path length, concentration, and chain
length enables a comparison of different proteins. The resulting molar residue ellipticity is
defined as:

[6] =6/10000cn | (6.3)

Where 6 is the measured ellipticity in mdeg, c is the sample concentration in mol/l, | is the
path length in cm, and n is the number of residues.

The amide group is the most abundant chromophore of peptides and proteins, however
also the amino acids (except for glycine) of which proteins are composed are
enantiomeric. The most characteristic absorption bands of the peptide bond can be found
in the far-UV region (160 — 250 nm) where the n — 1* transition (around 220 nm), and the
™ — T* transition (around 190 nm) appears. Characteristic CD spectra can be
distinguished for the three mainly adopted secondary structures of peptides and proteins
(Figure 6.3)
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Figure 6.3 : Characteristic far-UV spectra of a-helix, B-sheet, and random caoil.

The a-helical structure gives CD spectra with two characteristic minima at 208 nm (11 —

T* transition) and 222 nm (n — TT* transition). The characteristic maximum at 190 nm also
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arises from the m — T* transition. In contrast, -sheet structures show one broad
minimum around 215 nm (7T — TT* transition), a maximum at 195-198 (n — 1* transition)
and another minimum at 175 nm (71 — 1T* transition). Unordered structures usually have a
minimum at 200 nm (n — T* transition). The spectra of isolated a-helices, 3-sheets, and
coils were experimentally obtained from a variety of systems.?”>?’® To analyze complex
protein structures, deconvolution of the CD spectra with computational approaches is
usually necessary.”’’ In this way, the contributions of the three named and other

secondary structures like polyproline Il and B-turns can be obtained.

6.2 Dye Binding studies

CD spectroscopy can be used to follow secondary structural transitions, but it does not
yield information about fibril forming. Dye binding is one of the common techniques used
for the identification of amyloids and several dyes like Congo red, Thioflavin T (ThT) or
NIAD-4 have been reported.?’*?*° The dyes Congo red and Thioflavin T have their origin

278,281-283

in the staining of histological samples since the specific binding to Congo red has

been declared as one of the common characteristics of amyloids.®® However, the
observation that Congo red can accelerate or inhibit the amyloid formation process,*?*#*
and the much easier handling of Thioflavin T in contrast to Congo red established ThT as
a more relying staining agent for amyloid structures. An additional advantage of ThT is its
ability to yield quantitative information on the amount of amyloids present in the sample.?*®
In addition it can be used in vitro and in vivo.?”®*’ LeVine and Naiki showed that ThT
bound to fibrils results in dramatic shifts in the excitation maximum (from 385 nm to 450
nm) and the emission maximum (from 445 nm to 485 nm).?"*?*®?% The fluorescence
emission intensity depends on the amount of aggregates and can thus be applied to
monitor the transition from native to aggregated form. The specific recognition and modest
binding affinity of ThT to amyloids make it a good scaffold for the elaboration of alternative
amyloid stains, including reagents used for medical imaging of amyloid in living
patients.?%%%"

Although there are many theories reported on how ThT binds to amyloid fibrils,?*? the
mechanism is still not fully understood. The binding of ThT to fibrils is independent of the
primary sequence of the peptide but linked to the presence of a cross-f structure within
the fibrils.?’?®® Such structures consist of repeating side chain interactions running
across the B-strand within a B-sheet layer. The p-sheets are oriented perpendicular to the
fibril axis and form extended channel-like motifs along the solvent exposed side parallel to

the fibril axis. These channels could serve as a potential binding site for the Thioflavin-T



APPLIED METHODS 45

293

dye molecules (Figure 6.4), a model later supported by molecular dynamics

294,295

simulations.
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Figure 6.4: A) Chemical structure and dimensions of the Thioflavin T molecule. B) Schematic
representation of a B-sheet with backbone atoms (N, C and Ca) and a side chain group (R)
indicated. ThT binding is represented by a double headed arrow and occurs in a channel between
the side chains. C) Schematic representation of a protofilament with ThT molecules (double
headed arrows) bound parallel to the fibril axis and perpendicular to the B-strands (according to
Krebs et al., Copyright © Elsevier).293

That at least two molecules have to bind as excited dimers in the channels to gain a
characteristic fluorescence signal was suggested by Groenning et al.**® Aggregates
having channels with diameters less than 8-9 A and lengths less than 15.2 A were able to
bind only one ThT molecule per channel and did not show the specific shift in the
absorption spectra.”®® However, ThT also shows binding affinity for hydrophobic pockets of
non-fibrillar proteins.”"**® Other studies discuss the loss of rotational freedom between
the benzylamine and the benzathiole ring in the ThT molecule upon interacting with the
amino acid side chains in the fibril channels as a possible the reason for the strong
fluorescence.?***% The fast rotation rapidly quenches excited states and thereby causes
the low fluorescence emission of unbound ThT. Nevertheless, none of the models can

explain why ThT binds parallel to the fibril axis.?**

6.3 Size exclusion / static light scattering

Gel filtration or size exclusion chromatography (SEC) can be used to determine the
molecular mass of peptides and proteins. The separation principle relies on different

permeation of molecules of various sizes with a porous carrier material, the gel. The
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elution volume of the molecule from a SEC column depends on the size of the molecule in
an approximate relation to the Stokes radius.**® Small molecules elute later than large
molecules because they permeate even the narrow pores of the stationary phase. Large
molecules instead do not interact with the gel and elute first. Once a SEC column has
been calibrated with standard proteins of known molecular mass and Stokes radius, the
elution volumes can be used to estimate the unknown Stokes radii of other proteins.
Provided that the proteins have similar shape to the standard protein that was used for
calibration, the elution volumes can be estimated from the size because the partial
specific volumes of all soluble proteins are roughly the same. However this method has
limitations for membrane proteins that contain a certain amount of associated detergent
molecules. Also asymmetric particles or proteins with other conformation or shape
compared to the standard protein cause uncertainties in the ratio of Stokes radius to
elution volume.

More reliable methods to determine the molecular mass are analytical sedimentation
equilibrium centrifugation or static light scattering. These methods can directly measure
the absolute molecular mass independent of the shape of the molecule and without
assumption of the amount of detergent bound.***

Static light scattering of a macromolecular solution is described by the classical Rayleigh

| | dn)?
ALS = [—Hj —(—Hj = K(—J M,,C (6.4)
I 0 / solution I 0 / puffer dc

where ld/ly is the ratio of the intensities of the light scattered at angle 6 and the incident

relationship:

light. 8 is the angle between the direction of the incident and scattered light. ALS is the
excess of light scattered at a given angle by the solution containing the scattering protein
in comparison to the light scattered by the buffer. M,, is the weight-averaged molecular
mass of the scattering protein, which is to be determined and c is the concentration in
mg/ml and can be directly measured by using concentration sensitive detectors. For
proteins the concentration can be determined by measuring the absorption at 280 nm with

a UV detector, if the extinction coefficient is known:3%

_ AUV g, _ Uvzso_solution _UVZSO_buffEF
Asso Azso

at 1 cm pathlengt (6.5)

dn/dc is the specific refractive index of the protein and can be experimentally determined

using a UV detector for concentration determination, and a differential refractometer,
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which measures the difference in the refractive index (ARI) between the macromolecular

solution and the buffer:

dn — ARI (Rlsolution - RIbuffer )AZSO

an _ (6.6)
dc (Auvzso / Azso) AUV,

If dn/dc is known, there is an alternative equation for determining the concentration with

the help of the differential refractometer:

ARI

¢~ lan/dc) ©6.7)

For the majority of soluble proteins dn/dc has approximately the same value of 0.185
304

mi/g.

K is an instrument constant depending on the refractive index of the solution without
macromolecule (n), the wavelength of the light that is used (A3), the angle between

incident and scattered light (8 and the distance between the scattering molecule and the
detector (r); Nais Avogadro’s number:

K = 27°n? (1+ cos? HJ

AN, r2

(6.8)

Eq. (6.4) is an approximation which is valid for protein concentrations below 0.1 mg/ml
and the proteins that are small (masses up to several million Dalton) compared to the
wavelength of the light in order to not cause an angular dependency of the light scattering.
Because dn/dc is known for soluble proteins, their molecular weight can be determined
from Eq. (6.4) using a two detector setup: a LS detector and a concentration sensitive

detector, which can be either the UV detector or the Rl detector.

ALS A,y ALS
P (aUVa | (dn Y (692
k[ G0 ] | 220 | [ AN Ay,
dc Ao dc
or:
M, = ALS _ AghLS (6.9b)

2
K dn) (ARl j K dn ARI
dc dn/dc dc
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The determined molecular masses are weight-averaged molecular masses. If the protein
solution is not monodisperse, the determined molecular masses are different from the real
protein molecular mass. This requires that the detectors are connected in-line with a
chromatography system. Thus, all three signals are measured continuously during a size
exclusion run. This method is referred to as SEC-MALLS (Multi Angle Laser Light
Scattering).® The size exclusion separates the different components of the sample and
the molecular mass of each eluting component is determined with the in-line connected
detectors. This enables a determination of different oligomerization states within a protein
solution as shown in the overlay of all three spectra (UV, LS, RI) and the corresponding
determined molecular mass of a BSA-sample (Bovine Serum Albumine), typically used as
a standard protein for calibrating the SEC-MALLS instrument (Figure 6.5). The spectra
show that three oligomerization states of BSA (monomer, dimmer, and trimer) can be
distinguished with the combination of SEC and SLS.3**

200000
1,0 - +  Molecular mass
i — Light scattering
Refractive Index
. 08+ —— UV (280 nm) — 150000
D
<
5 064
IS =
@ - 100000 =
D =
< 04- g
%) \ —
Z 2
0,2 4 - 50000
00 JM\J k\
I s I U I L I
10 20 30 40
time [min]

Figure 6.5: Example of a representative SEC/LS analysis of BSA.

6.4  Solid state °F-NMR

Isotopes or nuclides with an odd number of protons and/or of neutrons have an intrinsic
magnetic moment and an angular momentum, in other words a nonzero spin. In contrast,
nuclides with even proton and neutron numbers have a total spin of zero. When a nucleus
carrying a nonzero spin is brought into a strong magnetic field, the possible orientation
states of the nuclear spin with respect to that field are no longer identical in energy.>®® The

effected splitting of energy levels allows the nucleus to perform transitions between spin
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states that are connected to absorption or emission of radiation in the radio wavelength

range (Figure 6.6).

A
m,= -1/2

>

S

8 - AE = E-1/2 - E+1/2

Ll
m_= +1/2

B, =0 B,~0  Magnetic Field

Figure 6.6: Splittin% of nuclei spin states in an external magnetic field of nuclei which have a spin
of one-half, like *H, °C, or *°F.

Resonant absorption by nuclear spins only occurs when applied electromagnetic radiation
matches the energy difference between the nuclear spin levels in a constant magnetic
field of appropriate strength. Such magnetic resonance frequencies are typically in the
range of radio frequency. The magnetic resonant absorption is detected in NMR.3%

The effective field strength acting on a specific nucleus is dependent on the local
electronic environment of the nucleus. The surrounding electron cloud can enhance or
counteract the external magnetic field, thereby slightly shifting the resonance frequency
observed. This effect is called chemical shielding and it allows conclusions about the
chemical surrounding of the nucleus to be drawn. The shift in the NMR frequency to the
external magnetic field is called chemical shift. If a nucleus is shielded to a higher degree
due to higher electron density of its surrounding molecular orbital, then its NMR frequency

is shifted "upfield". A less shielded nucleus will shift the NMR frequency "downfield".

Amyloid fibrils are intrinsically non-crystalline and insoluble, and therefore not assessable
by conventional high resolution NMR in solution.*®” Solid state NMR-spectroscopy has
become a powerful tool for the investigation of amyloid fibrils,*® as well as biopolymers or
membrane-associated proteins (compare also Section 3.1 and 4.3.1).%%%%

In contrast to solution-state NMR, in which protons are the most commonly applied nuclei,
in solid state they give very broad resonance, due to dipolar couplings. Solid state NMR
thus requires a labelling of the peptide or protein with isotopes that are not naturally
abundant, like N or *C.**® In contrast, °F is an ideal nucleus for NMR-investigations,
since it has a natural abundance of 100%.%"® On the other hand, fluorine does not
naturally occur in biological samples, like membranes or proteins. The lack of a natural
abundance background and the high sensitivity makes the '°F-isotope an interesting

alternative label for proteins.®"* Like 'H, **C, N, and *P, the °F nucleus possesses a
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spin of | = 1/2, which makes it suitable and straightforward for structural investigations.
Another benefit, beside and the large chemical shift range, is the high gyromagnetic ratio
of *°F, which provides it with an exceptional NMR sensitivity and strong dipolar couplings,
up to a distance of 18A 3%

In selectively labelled peptides, structural constraints can be obtained from two
directionally dependent interactions commonly found in solid-state NMR; the chemical
shift anisotropy (CSA) and the internuclear dipolar coupling (DC).3* CSA is the orientation
dependency of the chemical shift. The shielding effected by the electron cloud
surrounding a nucleus will be different for different orientations of the molecule with
respect to the external magnetic field. Anisotropic effects only become evident in NMR if
the sample is sufficiently solid. When the motion of a molecule is restricted, the anisotropy
of the electron cloud is reflected in the NMR-spectra. Especially the chemical shift is
highly anisotropic and can be expressed as a function of the orientation of the molecule.
The second interaction relevant in solid state NMR involves two nuclei. The energy levels
of one nucleus are influenced by the spin state of the other nucleus when they are in close
proximity. This effect is called dipolar coupling.*®® The coupling strength depends on the
distance between the two nuclei.

In solid state NMR, the anisotropic interactions cause broad lines that obscure the
chemical-shift information. A common approach to overcome this problem and gain high
resolution condition is rapid spinning of the sample at the magic angle (MAS).*® By
spinning the sample at a frequency between 1 and 70 kHz at the magic angle 6., where
cos’6, = 1/3 = ca. 54.74°, with respect to the direction of the magnetic field, the normally
broad lines become narrower. If the sample is spun fast enough, anisotropic interactions
are essentially averaged to zero which increases the resolution for better identification and
analysis of the spectrum. However, this method also comes along with a loss of
information that the anisotropic interactions contain.?'? To overcome this problem, radio
frequency pulse sequences are commonly used in solid state NMR-methods to selectively
recouple anisotropic interaction by irradiation. One exemplary method to gain information

out of dipolar coupling with the help of a pulse sequence method is presented below.

6.4.1 The CODEX experiment

The CODEX (Centerband Only Detection of Exchange) experiment is based on recoupling
the chemical shift anisotropy by means of two identical rotor synchronized pulse trains.>!*
%14 The application of such rotor synchronized pulse trains leads to a stimulated echo at

the end of the second pulse train (Figure 6.7)
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Figure 6.7: Pulse sequence for the CODEX experiment. Filled and open rectangles indicate 90°
and 180° pulses, respectively, DD = dipolar decoupling and TPPM = two-pulse phase modulation
(reproduced with permission from Buffy et. al. copyright © Amercan Chemical Society).*"

This experiment is sensitive to changes in the chemical shift, which generally reflect the
orientation of the labeled segment with respect to the magnetic field, during a mixing time
tmix- Such changes can be caused either by a reorientation of the labeled molecular
segment due to slow dynamics, or by magnetisation ,diffusing® between sites with
different local orientation. Both processes lead to a reduction in the CODEX NMR
signal.®*® Two spectra are recorded for a series of mixing times, one displaying the full
intensity Sy, and a second one in which the intensity S after a certain mixing time is
displayed. A distinct reduction in signal intensity is observed for the occurrence of slow
molecular motions of the labeled segment or the presence of other nuclei in close
proximity. When slow motion is eliminated through sample cooling, the CODEX
experiment detects only spin diffusion.?*® In case of a nearby nuclei (for *°F nuclei within
internuclear distances of ~10-15 A), the signal S/S, is expected to asymptotically
approach a non-zero constant for long mixing times t, rather than decaying all the way
down to zero. For homogeneous systems consisting of a single oligomeric species with M
orientationally unique molecules, the constant value is identical to 1/M, where M is the
number of nuclei involved in the spin diffusion, such as the number of monomers in the
case of a homo-oligomer.®*®> Thus, by measuring the equilibrium value of a spin diffusion
CODEX experiment, one can extract the size of a peptide aggregate and the number of
interacting units. As spin diffusion only leads to a reduction in signal intensity when it
occurs between non-equivalent sites with different orientation, the observed spin diffusion
does not reflect neighbouring spins within the same protofilament. The labelled amino
acids are essentially only shifted along the protofilament (but not rotated to any significant
extent) and hence oriented the same way. Thus, a reduction in the signal intensity for long

mixing times indicates couplings of spins that belong to different, adjacent protofilaments.
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7 Results and discussion

7.1 The coiled coil as a model to study amyloid for  mation

The process of amyloid formation is very complex and influenced by many factors.
Therefore the mechanism is often studied with the help of peptide models which have
brought numerous advantages such as high synthetic accessibility and a simplified
aggregation pathway in order to allow for detailed mechanistic analysis.*'®

There are several strategies for the de novo design of amyloid forming model peptides.
Some of them are based on the short aggregation prone regions of prominent amyloid
forming peptides, such as AB or IAPP.1032702711317319 Hance  these models are often too
short to allow the formation of other initial secondary structures.

Amyloid formation of several native proteins, however, involves the structural transition
from an initial functional secondary structure towards another pathological one.??*3?2
Studying this behavior with the help of models requires a design that allows the peptides
to adopt at least two different secondary structures. One of the first approaches of such
‘switch peptides’ was established by Mutter et al.**®* Hydrophobic interactions have a
major contribution in stabilizing amphiphilic a-helical as well as B-sheet structures. Thus,
Mutter and coworkers designed a repetitive pattern of hydrophobic and polar amino acids
which resulted in an amphiphilic B-sheet. However, for this simple design an a-helical
arrangement was very unlikely as the hydrophobic residues would be solvent exposed
around the helical cylinder. For that reason hydrophobic Leu residues on one side of the
helical cylinder were replaced with the neutral amino acid alanine, which is neither polar
nor hydrophobic, but possesses a large propensity for helical structures.®***** Doing so,
the authors created a sequence that was amphiphilic with respect to a-helical as well as
B-sheet conformations and allowed for a switch between both structures depending on the
experimental conditions. Based on this principle many switch peptides have been

designed that react to environmental changes.*?

One of most naturally abundant folding motifs, which is also used for the de novo design
of model peptides that can undergo structural transitions, is the a-helical coiled coil. This
folding motif occurs in nature in very different functional proteins,*’ including transcription
factors,*® structural, and viral fusion proteins.*?° Classical coiled coils are composed of
two to five right-handed helical strands that wrap around each other in order to give a left-
handed helix bundle (Figure 7.1 A/B).** The primary sequence of coiled coils follows a

general buildup principle that is based on a periodicity of seven residues giving the so
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called heptad repeat (Figure 7.1 C), denoted (abcdefg ),. Positions a and d are usually
filled with hydrophobic amino acids, such as Leu, lle, Val, and Met, that form the first
recognition motif by a ‘knobs-into-holes’ packing of the hydrophobic side chains.**%3** In
an aqueous environment, this formation of a hydrophobic core is the main driving force of
the assembly of the helical strands. Polar or charged amino acids are placed in the e and
g positions to further stabilize the coiled coil by means of a second recognition motif of
electrostatic interactions.?****¥3%" The remaining b, c, and f positions are exposed to the
solvent and contain usually polar and charged amino acids as well. These b, ¢, and f
positions can tolerate substitutions more easily than the other positions without altering

the overall stability of the folding motif.

(O hydrophobic interactions
0 electrostatic interactions

Figure 7.1: Schematic representation of the a-helical coiled coil folding motif. A) Side view of a
dimeric coiled coil. B) Top view along the helical cylinder. C) Helical wheel diagram representing a
simplified top view of the coiled coil.

The oligomerization state of coiled coils is mainly influenced by the residues of the
hydrophobic core. Harbury et al. found that the a and d positions of dimers, trimers, and
tetramers that contain parallel aligned helices have different packing interactions (Figure
7.2 A).**® The dimer d position resembles the tetramer a position with a perpendicular
knobs-into-hole packing, whereas parallel packing interactions are found at the a positions
of dimers and d positions of tetramers. Trimers show a third class of interaction, the so
called acute knobs-into-hole packing. Leu was found to favor perpendicular packing while
lle prefers parallel side chain interactions. Hence, the placement of Leu or lle in either a or
d positions dictate a dimeric or tetrameric oligomerization. Trimers do not discriminate
between the two amino acids but are preferably formed when both positions contain the
same amino acid. Also, charged amino acids, which can build up hydrogen bonds in the
hydrophobic core favor dimeric oligomerization.**

The occurrence of B-branched amino acids at the hydrophobic core of dimers can also
affect the orientation of the helices. While Val at a positions favors a parallel dimeric or
trimeric orientation, the complete Leu variant can also induce an antiparallel alignment of
the helices.?*® Nevertheless, the orientation of the helices is mainly dictated by the

electrostatic interactions between the e and g positions.



RESULTS AND DISCUSSION 55

According to attractive or repulsive interhelical Coulomb interactions, a parallel or

antiparallel orientation,3*337341.342

favored (Figure 7.2 B).>*®

as well as a homo or heteromeric oligomerization, is

A) perpendicular B) Homodimer Heterodimer

@* .@ parallel

parallel
parallel .
acute antiparallel

O Ca
®cp @—Oknob (O—O hole

Figure 7.2: A) Three types of knobs into holes packing at the hydrophobic core of coiled coils
(redrawn from Harbury et al.)338 B) Possible orientations of helices in homo- and heterodimers
directed by electrostatic interactions in e and g positions.

The well studied sequence-structure relationship of this folding motif led to the
development of many amyloid forming model peptides based on the design principles of
coiled coils featured with typically amyloid inducing elements, enabling the peptides to
undertake structural conversion, 326

The group of Mihara generated a 14 residue long coiled coil dimer which was covalently
linked by disulfid bonds at the C-terminus.*** Bulky adamantine groups were introduced at
the N-termini of both helices in order to generate a hydrophobic domain (hydrophobic
defect) that induces amyloid formation. By complexing the adamantine groups with (-
cyclodextrin the authors inhibited amyloid formation. This peptide was further extensively
studied under different experimental conditions.**3*’

A different approach to induce an a-to-f structural transition at elevated temperatures was
shown upon the introduction of hydrophobic amino acids at the solvent exposed positions
of a coiled coil folding motif.>**3*° These peptides have been found to stabilize the B-sheet
structure due to the formation of a hydrophobic patch consisting of amino acids in the d, f,
and a positions.>*®

A similar approach of structural transition without the need of temperature as trigger was
achieved in the group of Prof. Koksch. Pagel et al. showed that the placement of valine
residues at three solvent exposed positions (b, ¢, and f) induce spontaneous time-

dependent amyloid formation out of initial disordered or coiled-coil structures.>*%3>?
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The hydrophobic B-branched side chain of valine prefers the adoption of B-sheet
structures.**** Thus, the formation of B-sheet amyloids is driven by an unfavorable
interaction of the hydrophobic side chain with the aqueous environment and the preferred
accommodation of the valine residues in a B-sheet conformation.

The model peptide VW18 (Figure 7.3) which is able to undergo structural transition from
an initial dimeric coiled coil fold into B-sheet rich amyloid fibrils was used in the present
work to study different aspects of amyloid formation, including the influence of nonnatural,

partially side chain fluorinated amino acids incorporated in the primary sequence.

hydrophobic interactions

electrostatic interactions

Residues involved in
a~helical coiled coil formation

Residues that promote
amyloid formation

Figure 7.3: Helical wheel presentation and sequence of VW18. The design is based on two
features: 1) intact coiled coil interaction domains (grey frame) with hydrophobic interactions (yellow)
and electrostatic interactions (red), and Il) valine at the b, ¢, and f positions to generate an intrinsic
amyloid forming propensity (blue).

Positions a and d are solely occupied by the hydrophobic amino acid leucine, forming the
hydrophobic core that represents the primary recognition motif of the dimer. Positions e
and g carry the oppositely charged amino acids glutamic acid and lysine, which are
responsible for secondary recognition through interhelical electrostatic interactions, to
further stabilize the coiled coil. The presence of oppositely charged flanking residues in
the e and g positions ensure a parallel orientation of the two helices (compare Figure 7.2
B). The remaining positions b, ¢, and f are exposed to the solvent and occupied by the
polar amino acid serine. In addition, three p-sheet preferring valines were incorporated at
positions 3, 13, and 14 in this particular region. These are the key residues which induce
the structural transition to a B-sheet rich amyloid structure within 24 hours under
physiological conditions. VW18 was previously studied in terms of inhibition due to helical
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co-assembly,** or induced by glycosidation®** or phosphorylation®*® of the solvent

exposed serine residues.
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7.2 The internal fibril architecture of VW18

Studying the process of amyloid formation and how modifications in the primary sequence
can affect the aggregation behavior requires sufficient knowledge of the peptide structure.
VW18 is a two-state system that initially adopts a stable a-helical coiled coil structure,
which undergoes a time-dependent structural reorganization towards B-sheet-rich amyloid
fibrils (Figure 7.4). Thus, the initial coiled coil fold and the final fibril architecture had to be
elucidated. Since the design of VW18 is based on the bottom up principles of an ideal
coiled coil motif the structure of the helix is well known (Figure 7.3). The dimeric
oligomerization was proven with the help of size exclusion®* and static light scattering

(see also section 7.5).
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Figure 7.4: Schematic illustration of the two-state folding mechanism of VW18. The initial coiled
coil motif undergoes a spontaneous structural transition towards g-sheet rich amyloid fibrils in an
aqueous environment.

The arrangement of the respective 3-strands within the fibril was elucidated during my
master’s thesis, which | performed in the group of Prof. Dr. Beate Koksch.**® Preliminary
results initiating this study were produced during an internship | completed in the same
group prior to my master’s thesis.**’ For this purpose, a systematic replacement of
residues in the sequence of VW18 by glycine and proline was conducted (Gly- and Pro-
scan).®® In this context, proline and glycine substitutions are especially useful in
determining the location of typical secondary structure elements.****° Due to its rigid
backbone, proline is rarely present in protein a-helices and B-sheets, but is frequently
found in turns or bends.*®! Glycine, on the other hand, shows the opposite behavior: the
absence of a side chain results in outstanding backbone flexibility, which, in turns or
bends, enables conformations that are energetically highly unfavorable for other amino

acids.**%? with respect to amyloids, systematic proline®**3*

and combined proline /
alanine scanning®® have already been used to analyze internal fibrillar architecture.
These scans provide information about the impact that particular replaced side chains and
the changed backbone flexibility have on structure stabilization and the ability to form

amyloid fibrils.*®” This is a very effective method to identify energetically important
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backbone H-bonds and side chain interactions like hydrophobic or electrostatic

interactions. Replacement of residues within the aggregation prone region,3®3%

or
substitutions of crucial electrostatic interaction partners,®® can have dramatic effects on
folding behavior and protein stability.*®” Substitution of less important residues usually has
a much less substantial effect on folding behavior.

A previous series of TEM, AFM, and X-ray fiber diffraction studies on VW18 revealed
twisted, ribbon-like fibrillar aggregates that are composed of multiple smaller units (Figure
7.5 A), the so-called protofilaments. The spacing within each protofilament unit was found
to be approximately 3.3 nm by TEM analysis of the fibrils. The fact that this value was
significantly lower than the length expected theoretically for a fully extended 26 residue (-

I**! needed careful

strand of ~ 9 nm indicated that the previously proposed structural mode
revision. Based on the protofilament dimensions it was concluded that the peptide strands
embedded in the protofilament must contain at least one bend. The distance of around ~
3.3 nm meant that no more than 9 to 10 residues could be involved in one extended

region of the B-strand (Figure 7.5 B).

" p=33:0.1nm
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Spacing of protofilaments
9.0 nm

Expected length of an extended 26 residue B-sheet
A Glycine substitution %k Proline substitution

Figure 7.5: A) Example of a density profile measured on horizontally oriented fibrils perpendicular
to their long fibril axis and the subsequent TEM image below. B) Extended @B-strand of VW18
showing substituted positions: glycine substitution (triangle), proline substitution (star). Hydrophobic
and hydrophilic parts of the sequence are highlighted in yellow and white respectively (modified
with permission according to Gerling et al. copyright © Amercan Chemical Society).358
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In the course of my internship and subsequent master’s thesis a series of single glycine
and proline mutants (Figure 7.5 B, Table 7.1) was synthesized using fully automated solid
phase peptide synthesis (SPPS) and the folding and assembly behavior of each peptide
was monitored directly using CD spectroscopy and Thioflavin T fluorescence staining.
Substitution with glycine was conducted for amino acids 6 to 10 and 18 to 22, as the
bends within the peptide strand were assumed to be in these positions. Placing glycine at
the site of a bend should result in a faster structural transition to p-sheets and amyloids,
as the formation of bends is facilitated due to higher flexibility of glycine.**® Replacing
valine in position 14 served as a negative control since it was known from previous design
studies that the three valine residues in the solvent exposed positions are crucial for the
structural transition into amyloids. In addition to glycine substitutions the residues close to
N- and C-termini (2 and 25) were substituted with proline to explore the effect of these
regions on amyloid formation. These particular segments were supposed to form
extended B-strands that have a crucial impact on the core structure of amyloid fibrils, thus
the incorporation of rigid, structure breaking proline should disrupt these structures and
inhibit amyloid formation. Furthermore, the morphology of the resulting aggregates was

characterized by TEM.

Table 7.1: Names and sequences of the VW18 variants containing Gly or Pro in the sequence.

Name Sequence

VW18 Abz-LKVELEKLKSELVVLKSELEKLKSEL
VW18-K2P Abz-LPVELEKLKSELVVLKSELEKLKSEL
VW18-E6G Abz-LKVELGKLKSELVVLKSELEKLKSEL
VW18-E6P” Abz-LKVELPKLKSELVVLKSELEKLKSEL
VW18-K7G Abz-LKVELEGLKSELVVLKSELEKLKSEL
VW18-K7P Abz-LKVELEPLKSELVVLKSELEKLKSEL
VW18-L8G Abz-LKVELEKGKSELVVLKSELEKLKSEL
VW18-K9G Abz-LKVELEKLGSELVVLKSELEKLKSEL
VW18-S10G Abz-LKVELEKLKGELVVLKSELEKLKSEL
VW18-E11P" Abz-LKVELEKLKSPLVVLKSELEKLKSEL
VW18-V14G Abz-LKVELEKLKSELVGLKSELEKLKSEL
VW18-E18G Abz-LKVELEKLKSELVVLKSGLEKLKSEL
VW18-E18P" Abz-LKVELEKLKSELVVLKSPLEKLKSEL
VW18-L19G Abz-LKVELEKLKSELVVLKSEGEKLKSEL
VW18-E20G Abz-LKVELEKLKSELVVLKSELGKLKSEL
VW18-K21G Abz-LKVELEKLKSELVVLKSELEGLKSEL
VW18-L22G Abz-LKVELEKLKSELVVLKSELEKGKSEL
VW18-E25P Abz-LKVELEKLKSELVVLKSELEKLKSPL
VW18-L8G,L19G* | Abz-LKVELEKGKSELVVLKSEGEKLKSEL

*These variants were synthesized during my internship under supervision of Dr. Kevin Pagel, 2008

* This variant was synthesized in the context of this thesis
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In the course of this PhD thesis, one double glycine mutant (Table 7.1) was synthesized
containing glycine in both expected bend regions. This variant was necessary to
determine whether one or two bends are present in the sequence. An extensive density
profile analysis of the variants containing Gly at a potential bend position was also
accomplished in this context.**® These studies revealed that the diameters of protofilament
units are equal for all of these variants, which represents a similar internal arrangement of
the B-strands in the glycine variants and the unmodified VW18 (Figure 7.5).

Compared to VW18, faster B-sheet formation and aggregation for variants containing
glycine in positions 7, 8, 19, and 21 (Figure 7.6) were found. These mutants showed (-
sheet structures already after four hours detected by CD spectroscopy. The double
glycine variant (VW18_L8G;L19G) underwent structural transition considerably faster in
comparison to VW18 and all other single glycine mutants, indicating that the B-sheet
formation is facilitated due to the incorporation of highly flexible glycine at both potential
bend positions. The remaining variants harboring glycine in positions 6, 9, 10, 18, and 22
showed no or a considerably slower transition into 3-sheet structure compared to VW18.
As assumed, for the glycine substitution in position 14 no structural conversion leading to
amyloid formation was observed. Interestingly, the mutant containing Gly at position 20
showed a somewhat slower conversion rate compared to VW18 (Figure 7.6 B). This effect
was attributed to the removal of the negatively charged side chain (glutamic acid in the
wild type sequence) upon glycine substitution. The glutamate in position 20 might be
involved in crucial electrostatic interactions between the protofilaments. Interprotofilament
interactions are often of an electrostatic or hydrophilic nature.***"* Due to the fact that the
residues 19 and 21 are found to be involved in bend formation, it is very likely that residue
20 is involved in bend 2 as well.

As assumed, the variants containing proline at either position 2 or 25 did also not adopt a
B-sheet structure or assemble into amyloids. CD spectroscopy revealed that both peptides

retain their initial a-helical structure for the entire observation period of one week.
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Figure 7.6: ThT fluorescence staining assay for glycine containing variants representing the
following parts of the fibril architecture: A) Bend 1, B) Bend 2, and C) Extended B-strand
(reproduced with permission from Gerling et al. copyright © Amercan Chemical Society).**®
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Based on these findings, and as part of this PhD thesis, a structural model was proposed
for VW18, representing the molecular arrangement within the protofilaments of the formed
amyloid fibrils. The model (Figure 7.7) consists of three extended B-strand segments
comprising residues 1 — 6, 10 — 18, and 22 — 26, and two bend regions comprising
residues 7 - 9 and 19 - 21. In contrast to B-hairpin-like structures, where 3-strands are
connected via intramolecular main chain H-bonds, in the plane of the turn,*? amyloid-like
fibrils have their bend plane orthogonal to the fibril axis and main chain H-bonds connect
the individual B-strands in an intermolecular fashion. Fibril growth can best be described
as the stacking of centrally unfolded paperclips, one upon another. The interactions
between the B-segments within the particular peptide strands are ensured by packing of

the hydrophobic side chains.

vy
-

() Fibril Axis

hydrophobic interactions

Figure 7.7: Proposed internal architecture of one protofilament in the amyloid fibril of VW18. A)
Cartoon of a fibril composed of three stacked protofilament units; extended B-segments are
displayed in blue, bend regions are highlighted in red. Vertical fibril growth is indicated by
intermolecular H-bonds between the B-sheets (¢<¢). B) View along the fibril axis showing the
intramolecular hydrophobic interactions of the particular core residues (yellow) (reprduced with
permission from Gerling et al. copyright © Amercan Chemical Society).**®

Due to the steric demand of the bulky hydrophobic side chains that are pointing towards
the interior of the fibril, the bend regions must contain at least two or more residues. This
is in good agreement with the present results. The proposed structural model implies that
the charged residues point to the exterior of the fibril and interact with the aqueous
environment, whereas the hydrophobic and uncharged residues are packed in the interior
of the fibril. The segments proximal to the C-and N-terminus likely contribute to the

hydrophobic core packing based on the results of the proline substitution experiments.
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The results of the double glycine variant gained in the context of this thesis enabled the
development of a solid structural model for the fibril architecture of VW18, which served

as basis for investigating the impact of sequence modification on amyloid formation.

7.3 The impact of proline ring puckering on turn co nformations

7.3.1 The different turn motifs of B-hairpins and amyloids

In the course of fibril architecture elucidation of VW18 by systematic glycine and proline
replacements, certain interesting phenomena were observed. The substitution of glutamic
acid in position 20 by glycine results in a peptide variant that shows a slower structural
conversion toward amyloids compared to VW18 and the other glycine variants. According
to the proposed structural model, position 20 is part of bend 2. Thus, the non-aggregating
nature of this variant was attributed to the removal of the negatively charged glutamic acid
side chain. Residue 20 might be involved in crucial electrostatic interactions between
protofilaments, which are often electrostatic or hydrophilic in nature.®° Alternatively, salt
bridges located within a bend are not uncommon for amyloid structures. Substitutions of
charged bend residues in aggregating peptides can have dramatic effects, as shown for
ABs,*"" where a toxic conformer was formed as a consequence of glutamic acid
replacement by lysine at bend position 22. However, to confirm this interpretation in the
pesent case, additional studies were necessary.

Another interesting finding during this scanning approach was that the incorporation of
proline at position 7 of VW18, having been identified as a bend region by glycine
substitution, prevented aggregation into amyloid structures. This proline variant
VW18 K7P retained a disordered structure for more than ten days. Considering the fact
that proline is mainly found in the type Il B-turns of B-hairpin structures this finding is not
completely surprising.****”® Amyloid forming peptides do not have the same structural
features as B-hairpin structures (Figure 7.8). Their turn structure is better described by the
B-bend®** or the B-arch motif.3”® B-turns are stabilized by intramolecular main chain H-
bonds between residues that are part of the formed turn. The connection via main chain
H-bonding induces a sharp bend. The side chains of the contributing amino acids are
oriented perpendicular to the plane of the turn. In contrast to that, the plane of H-bonds in
amyloid structures is perpendicular to the plane of the turn (Figure 7.8). Here, the peptide
chain folds back on itself as well, but the flanking extended B-strand segments interact via
their side chains rather than main chain H-bonds. The resulting broader loop regions in
amyloid-like structures are therefore more appropriately termed bends or arches.***"* For

instance, within amyloid fibrils the hydrophobic side chains are coplanar with the bend,
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resulting in a much broader turn motif compared to the tight kink in the backbone of (-
hairpins. This explains why bends usually contain more than two residues, and why the

rigid proline incorporated into VW18 disrupted this conformation.
B-turn motif

o o
A R PP S
0 B It
o i o iy
H L : : : 1

o O

B-bend motif o

H T
AR YA N N
A N \)J'\N }
|]/ SN NH
g

Hydrogen bond direction
Potential fibril growth direction

Figure 7.8: Comparison of the B-turn motif, found in hairpins with the B-bend motif cccuring in
amyloid fibrils. On the top: B-turn motif: The hydrogen bonds connect the 8-strands of the same (-
sheet. At the bottom: 8-bend motif: The hydrogen bonds occur parallel to the fibril axis and connect
the B-strands of different stacked B-sheets (redrawn from Zanuy et al. copyright © Elsevier).*"*

Although earlier proline scans of amyloid structures helped to identify bend

359,304,365 this strategy was not successful for elucidating the fibril architecture of

regions,
VW18. Furthermore, previously synthesized variants of VW18 in which the glutamic acid
residues at positions 6, 11, and 18 were replaced by proline were unable to adopt any
ordered secondary structure. During the entire observation period of 10 days, these
variants remained in a random coil conformation.****’ The hypothesis that any proline
mutant of VW18 would exist in an disordered state was disproven by the variants
containing Pro proximal to the N- and C-termini.**® Although these peptides do not form
amyloids, they adopt the initial coiled coil structure. Thus, the behavior of the proline
variants in which glutamic acid residues were replaced could be explained in two ways.
Either the side chains of these residues are involved in interactions that are crucial for
amyloid formation, or the relatively short sequence of VW18, with only 26 amino acids, is
too sensitive for the incorporation of the structure disrupting proline residue.

With the aim of clarifying whether the removal of the side chain upon proline substitution
causes the inability of the proline mutants to form amyloids, two proline chimera were
synthesized in the group of Prof. Koksch that contain a glutamic acid side chain, in cis- or

trans-conformation, in the pyrrolidine ring (Figure 7.9).3"
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Figure 7.9: Chemical structure of cis- and trans-proline-glutamic acid chimeras.

These chimeras provide the turn inducing conformation of proline and, in addition bear the
potential for electrostatic interactions due to the negatively charged side chain. However,
since amyloid formation is a complex process that is influenced by several factors, the
effects of the novel proline-glutamic acid chimeras were first tested on a simplified model.
With regard to the fact that none of the investigated proline containing VW18 variants ever
showed amyloid formation, the idea was to find a system that contains proline at a turn
position in the sequence to study the effect of the modified side chain. Since proline is
mainly found in the tight turns of B-hairpins, the model for this investigation was a short -
hairpin, previously described by de Alba et al.*”” The design of this model and the results

of this study are presented in the following sections.

7.3.2 The effect of a glutamate side chain on proli  ne’s ring conformation

The turn region of B-hairpins and thus the conformation of the adopted B-hairpin is
strongly affected by the ring conformation of proline (see section 2.4).” Hydrogen bonding
pattern between the interacting -strands dictate the type of B-hairpin adopted. According
to the type of the adopted turn the nomenclature of B-hairpins was introduced by Sibanda
et al.*”® The turn type is defined by the H-bond pattern of the turn contributing residues
which includes the number of H-bonds that connect these residues and defines which
residue of the turn sequence forms an H-bond with the opposing B-strand (Figure 7.10).

H?\NHAWNJ\NH = fﬁ\NH/\W j\NH/\H/ %X‘NH\/EF\H/\WNJk ﬁ(

NH

O:& j\/N\(\Nk/HW/ Oi ﬁv““ j\/ :[NH\ﬁ/\ )@ M
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2:2 hairpin 3:3 ha|rp|n 4:4 hairpin

3HOLNH/4YH\)?\NH/\WH\ KR\NH/Y \/?kNH/W/ . ?‘NH\)\ /\WNJ& ﬁ(

NH Q .9 o NH
o | o
j&NHj\l/Hjo(\”JK/HTo( HN\@ ﬁVNH :(NH\U/\N% M
2:4 hairpin 35 ha|rpin 4:6 hairpin

Figure 7.10: A selection of B-hairpin types differing in the number and pattern of hydrogen bonds
that connect the turn contributing residues.
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Introducing electron withdrawing substituents such as fluorine, hydroxyl, or acetyl residues
on the pyrrolidine ring of proline strongly affects the ring puckering.”*7"37°3% The effect
that an electronegative glutamate side chain exerts on the ring conformation of proline
and how this in turn affects the turn conformation of a short B-hairpin was to be tested in
the present investigation. Basis for this study was a 10 residue long B-hairpin forming
peptide IYSNPDGTWT (P1_P) that contains a proline residue as one of four turn-
contributing residues Ash-Pro-Asp-Gly (NPDG). The peptide was first described by de
Alba et al.*”” who studied different variants of this B-hairpin with altered turn conformations
resulting in several coexisting B-hairpin types with different H-bond patterns (Figure
7.11).%® It is water soluble, non-aggregating in nature, and forms an equilibrium of two
hairpin types in aqueous solution with a 3:5 3-hairpin (type | B-turn) predominating over a

4:4 B3-hairpin conformation (G1 B-bulge).

w%w : %W% e
e 1 ¥
EESRL. ”%«5“ g ﬁwm wwﬁkm«s

2:2 B-halrpln 3:5 B-hairpin 4:4 B-hairpin

Figure 7.11: Types of B-hairpins that P1_P can adopt. X5 is the position that was replaced in the
study of de Alba et al. to study the effect of an altered turn motif on the B-hairpin conformation
(based on de Alba et al.)*®

Two proline chimeras, carrying a glutamic acid side chain in a cis- or trans-configuration
on C3 of the pyrrolidine ring (Figure 7.9), were previously synthesized in our group.®’®
Starting from trans-4-hydroxy proline, a straightforward synthesis yielded enantiomerically
pure Fmoc protected 3-substituted cis- and trans-proline-glutamic acid chimeras, which
were suitable for incorporation into peptide sequences via solid phase peptide synthesis
(SPPS). Pro 5 of the model peptide P1_P is part of the turn moiety and was replaced by
either of the two diastereomers of the proline chimeras to result in the peptides P1_P*
and P1_P"™"F The consequences of this modification were studied with 1D- and 2D-
NMR analysis, CD spectroscopy, and a combined size exclusion chromatography / static
light scattering analysis to elucidate the impact of the proline chimera’s side chain on the

turn region of the B-hairpin.?

The results presented in chapter 7.3 have been publised in: J. Maity, U. I. M. Gerling, S. Vukeli¢, A.
Schéfer, B. Koksch, Amino Acids 2014, 46, 177-186.
The final publication is available at link.springer.com: http://dx.doi.org/10.1007/s00726-013-1610-1
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7.3.2.1 'H-NMR analysis of the B-hairpins

In collaboration with Dr. J. Maity and Dr. A. Schafer, the *H-NMR spectra of the three

peptides in aqueous solution were assigned using the standard sequential assignment

procedure via total correlation spectroscopy (TOCSY).**%*%** Nuclear Overhauser effect

spectroscopy (NOESY) and rotating frame nuclear Overhauser spectroscopy (ROESY)

were used to gain information about the proximity of the protons. The peak arising from

CsH3 (lle) of the unmodified model peptide P1_P was used as reference in the *H-NMR

spectra for both peptides containing the proline chimera. The chemical shifts of the proton

resonances for the peptides (P1_P®® and P1_P"™"F) in aqueous solution at 5 °C and pH

4.3 are listed in Table 7.2 and Table 7.3 respectively.

Table 7.2: Chemical shift assignments of peptide (P1_P®*F)

residue | NH | Hq Hg Other

lle 1 3.8 191 C,H 1.42, 1.14; CyH5 0.93; CsH3 0.86

Tyr 2 8.5 | 4.65 2.89,2.78 | CsH 7.07; C,H 6.78

Ser3 |8.18 | 4.26 3.62,3.62

Asn4 | 8.44 | 472 2.81,257 | NgH27.62,7.00

Pro®* 4.44 2.79 C,H 2.15, 1.72; CyH 2.44, 2.37; C;H 3.87, 3.66
Asp 6 8.78 | 4.59 2.98,2.91

Gly 7 7.98 | 3.85,3.81

Thr 8 7.96 | 4.28 411 C,Hs 1.08

Trp 9 8.35 | 4.78 3.30,3.20 | NgH 10.09; CuH 7.19; CsH 7.57; CzsH 7.09; Cp2H 7.17; CooH 7.44
Thr10 | 7.99 | 4.24 4.2 C,Hs 1.06

Table 7.3: Chemical shift assignments of peptide (P1_P""F)
residue NH Hq Hg Other
lle 1 3.82 1.93 C,H 1.43, 1.14; CyH3 0.94; CsH3 0.86
Tyr 2 8.52 | 4.63 2.89,2.89 | CsH 7.07; CH 6.78
Ser3 8.16 | 4.3 3.57, 3.57
Asn 4 8.49 | 4.79 2.79,2.64 | NsH2 7.64, 7.02
Pro"™"® 4.03 2.62 CyH 2.23, 1.78; C,H 2.60, 2.48; CsH 3.96, 3.73
Asp 6 8.76 | 4.61 2.98, 2.92
Gly 7 8.21 | 3.93, 3.88
Thr 8 797 | 431 4.14 CHs31.10
Trp 9 8.4 4.77 3.31,3.20 | NegaH 10.11; CxH 7.21; CesH 7.55; CzsH 7.09; Ci2H 7.19; CroH 7.44
Thr 10 8.06 | 4.29 4.22 C,H31.08

The chemical shift of the C, proton (H,) can be used to designate the secondary structure

of peptides.***3* The particular amino acid experiences an a-'H upfield shift relative to the
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random coil value when placed in a helical configuration, while the a-'H chemical shift is
found to move downfield when the residue is placed in a B-strand or extended
configuration. Thus, the deviation of the chemical shift ((AOH,) = dH, (observed) — dH,
(random coil)) of Hy of a certain amino acid from the random coil values is negative in turn
or helical regions and positive in B-strand regions. This procedure was accomplished for
all residues of P1_P“F and P1_P"SE. |n general all residues of both peptides show
similar trends for ABH, (Figure 7.12); however, variation with regard to the proline chimera
moieties were found. The conformational shift H, was positive in case of P while for

P""*E this value was negative. As the negative ASH, values are more suitable with

Ptrans -E

residues at a turn position of a B-hairpin, the moiety fits more appropriately into the

B-turn position in contrast to the P“*"F moiety.

B PI P(cis-E)
P1 P(trans-E)

oH, - SHrc, ppm

ASH, =

Peptide Sequence

Figure 7.12: Histograms of the conformational shift values of the H, (A6H,) relative to random coil
values in the peptides P1_P®F and P1_P"*™* at pH 4.3 and 5 °C in aqueous solution.

NOE spectra were recorded to gain information about the proximity of non-adjacent
residues. For P°*F long range NOEs originating from the backbone protons, NH(Y2)-
NH(T10), Hy(S3)-NH(T10) and H«(S3)-H«(W9) were found, indicating the presence of a
3:5 B-hairpin (

Figure 7.13 A). These cross peaks strongly suggest that the segment Y2-S3 of one B-
strand faces toward the segment W9-T10 of the opposing B-strand. In addition to these
backbone NOEs, strong NH-NH interaction of S3 and D6 were observed, which points to
the formation of a 2:2 3-hairpin (

Figure 7.13 B). However, the expected Hy(Y2)-Hy(G7) interaction was not observed. The
data reveal that P adopts two different types of B-hairpin (3:5 and 2:2) in aqueous

solution, which are in equilibrium with each other.



68 RESULTS AND DISCUSSION

NH2

H
@ f\‘l% o peis E o
: H

HN |1 1)
o n ‘ S3 N OH
HN T‘ Y2 4 ““ N4 o
=~ / N H o H—N o
o H L o H HO \
TI0/, T8 | MO
HO N
W\ WA\ TlO T%\ Tg NTH
(o) H (o) N
ok OH W9
H
2:2 B-hairpin 3:5 B-hairpin

Figure 7.13: Cross strand NOEs observed for PYE at5°Cin aqueous solutions at pH 4.3. NH-NH
interactions are highlighted in red; HN-CH interactions are indicated by blue arrows and CH-CH
proximities are given in green.

P1_P"E showed long range NOEs between the NH's of S3 and D6 indicating the
formation of a 2:2 B-hairpin. Additionally, NH-NH NOEs of Y2 and G7 as well as Hy(Y2)-
NH(G?7) interaction imply the presence of another species, the 4:4 B-hairpin (Figure 7.14).
However, the type of 4:4 B-hairpin found for P1_P""*F s not exactly the same that the
reference peptide P1_P forms (Figure 7.11). In case of P1_P the distal residues are S3
and T8 and N4, P5, D6, and G7 form the turn region. In contrast, in P1_P""F the distal
PtranS—E

strand residues are Y2 and G7 and the four turn participating residues are S3, N4,
and D6.
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Figure 7.14: Cross strand NOEs observed for P at 5 °C in aqueous solutions at pH 4.3. NH-
NH interactions are highlighted in red; HN-CH interactions are indicated by blue arrows and CH-CH
proximities are given in green.

Vicinal coupling constant values (3JNHCqH) have been considered as a means of verification
for the B-sheet formation of peptides, where values greater than 6 Hz are characteristic for
the B-strand structure. These values have been calculated for the P1_P variants and are
summarized in the Table 7.4. Almost all of the residues have values larger than 6 Hz,

indicating their existence in B-strand structures. The residues Asn, Asp, and Gly show
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smaller values because they participate in the turn formation. For residues near the C and
N-terminus of the peptide larger 3 Juncan Values were found as these residues adopt the

extended B-strand structures.

Table 7.4: *Jypcan values for P1_P*® and P1_P""*F

Pl PCIS—E Pl Ptrans-E

Residue  *Jnncar (H2)  Inncan (H2)

Tyr 2 7.8 7.3

Ser3 7.8 7.8
Asn 4 6.9 6.4
Asp 6 6.4 6.4
Gly 7 4.3 5.6
Thr 8 7.8 8.2
Trp 9 7.3 7.4
Thr 10 8.6 8.6

NMR analysis of the modified peptides revealed that the substitution of Pro with P“*F
results in an equilibrium of 2:2 B-hairpins with 3:5 B-hairpins, while the incorporation of
P""E Jeads to the formation of 2:2 B-hairpins and 4:4 B-hairpins. The reference peptide
has been described to exist in an equilibrium of 3:5 and 4:4 B-hairpins.®”” The
stereochemistry of the glutamic acid side chain at C3 of the proline chimera as the only

pransE \was thus found to

distinguishing factor between the peptides P1_P“F and P1_
have a crucial impact on the ring conformation, which in turn affects the type of p-hairpin

being adopted (Figure 7.15).
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Figure 7.15: Schematic illustration of the altered [B-hairpin conformations that results from
incorporation of the two proline chimeras into the turn motif of P1_P.
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7.3.2.2 Conformational studies with CD spectroscop vy

In addition to the NMR analysis, the conformations of the peptides were investigated by
CD spectroscopy. Due to the short sequences of only 10 residues, no characteristic -
sheet spectra with a minimum around 216 nm were obtained (compare Figure 6.3, section
6.1). However, some specific secondary structure signatures were observed. For all types
of B-hairpins found with NMR analysis, no more than three residues per strand are
involved in stretched B-strands; thus, the obtained spectra of all three peptides resemble
more a random coil-like structure (Figure 7.16 A). Nevertheless, a small minimum around
216 nm was observed, which increases with peptide concentration. Also, the
characteristic random coil minimum at 198 nm is slightly shifted towards 201 nm for
300 uM and 500 pM samples, indicating a higher amount of ordered structures with
increasing peptide concentration. The maximum between 220 and 230 nm indicates that
the aromatic residues (Trp, Tyr) are part of ordered structures (Figure 7.16 B).*®%7 A
systematic decrease in this maximum was observed at elevated temperatures, supporting
this assumption. The obtained results, which are in good agreement with previously

377,386

published CD spectra, show that all three peptides adopt similar structures in
aqueous solution. Indications for a p-hairpin conformation were found in the CD spectra,
but a distinction between the different 3-hairpin types that were found with NMR cannot be

made with CD spectroscopy alone.
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Figure 7.16: CD spectra of the P1_P variants in aqueous solution at pH 4.3. A) Spectra of three
different sample concentrations at 5 °C. B) Spectra of 300 uM samples at increasing temperatures.
The grey arrows indicate the shifts of the characteristic minima and maxima.
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7.3.2.3 Determination of oligomerization state

To exclude higher oligomers or aggregates of peptides the oligomerization state of the
P1_P variants has been investigated by size exclusion (SEC) experiments coupled with
static light scattering (SLS) analysis. The obtained results show that all peptides were
found to be monomeric in solution, which is in good agreement with the NMR and CD
results. Single species were found for all three peptides in the SEC experiments, and the
corresponding molecular weights determined with SLS are comparable to the theoretical
monomer masses (Table 7.5, Figure 7.17). The My values and SEC spectra, reported as
the mean of three individual measurements, confirm that the observed B-hairpins consist
of single peptide strands, and that the interaction found in the NMR measurements are

indeed of intramolecular nature rather than occurring between two individual molecules.
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Figure 7.17: SEC/SLS chromatograms of P1_P variants. Single peaks were detected with UV at
280 nm (red). Corresponding Rayleigh ratio (black) and molar mass distribution (blue) indicate
monomeric species for all peptides.

Table 7.5: Theoretical and experimental determined molecular weights of the peptide variants.

Theoretical SEC/SLS
Peptide monomer mass [Da] determined mass [Da]
P1 P 1153 1104 £ 145 Da
P1_p°F 1211 1188 + 195 Da
p1_p"ansE 1211 1166 + 130 Da

The results of this study clearly show the importance of the proline ring puckering on the

conformation of the turn motif in B-hairpins. Even small alterations in this sensitive region



72 RESULTS AND DISCUSSION

can have large consequences on the whole peptide conformation as the turn type dictates
the type of B-hairpin that is formed. The puckering of the rigid pyrrolidine ring is very
sensitive to modifications. Electronegative residues can shift the equilibrium of CY-exo
versus C'-endo towards one preferred conformation. Thus, the proline chimeras that differ
only at one single chiral center, can alter the B-hairpin structures of the corresponding
peptides. This study has shown that even slight variations in side chain conformation can
significantly influence the entire conformation of a peptide.

Based on the results of this study, the proline-glutamic acid chimeras should be
incorporated into the sequence of VW18 in order to explore the influence of charged
residues at the bend positions of VW18 on amyloid formation (future directions). Due to

time constraints, these investigations were not accomplished in the context of this thesis.

7.4 The role of oligomeric intermediates in the amy  loid formation
process of VW18

Although the process of amyloid formation has been extensively studied over the years,

|136,388—391

the mechanism is still not fully understood. Numerous experimenta and

theoretical®®?3%

approaches have been developed to probe the structural and kinetic
aspects of amyloid formation. By these means, the small precursor and intermediate
species that occur at a very early stage of amyloid formation, rather than the mature
fibrils, were found to be the neurotoxic species.**"*%* However, it has turned out that it is
very challenging to characterize the early stages of this reaction, in particular the primary
nucleation events and the formation of low relative molecular weight oligomers that often
act as seeds or templates for fibril growth, and thus induce the actual cascade process.

Amyloid formation in general is understood to proceed via a nucleated growth mechanism.
This is an activated process displaying certain characteristic properties: 1) a lag time
before aggregates can be detected and 2) a maximum growth rate after nucleation is
triggered.*®*% Nucleation, which is generally found to be the rate-limiting step,*’
requires the system to overcome an energy barrier associated with the formation of the
nucleus. Thus, nucleated growth is often characterized by a lag phase proceeded by rapid
fibril growth.***°® The multi-stage amyloid formation process includes a number of
consecutive or parallel processes by which the soluble monomer is converted to large
aggregates. This includes, for instance, partial unfolding or refolding, oligomerization,
conformational conversion, elongation, condensation, and fragmentation.**’*°® A number
of models describing aggregation have been proposed,*®*** which result from the variety

of kinetic behaviors depending on the protein and the experimental condition studied.
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However, the formation of oligomeric intermediate species, which are normally soluble
and sometimes structurally unstable or metastable, is a key step in the nucleation
process. 34045417 Ny cleation is mostly completed by the structural conversion of these
small intermediate species into small prefibrillar structures that act as templates triggering
the rapid fibril growth. Also, native or native-like structures can form the nucleus that
consists of oligomeric aggregates, and the conversion to amyloids subsequently takes
place within the aggregates.*®*1°

A wide range of experimental strategies is currently being developed in order to detect the
actual nucleus size.****'? This usually requires a combination of several techniques that
are processed in parallel, such as the combination of Thioflavin T fluorescence staining to
monitor B-sheet fibril formation and dynamic light scattering to detect non-fibrillar
intermediates.*'* Also, size exclusion, NMR-methods, or electrospray differential mobility
analysis were used in concert, and several models describing the nucleation process of
different proteins have been proposed.*®*%4? QOther approaches to develop a
mechanistic model for the amyloid formation process uses theoretical approaches such as
simulations, molecular dynamics, or model based calculations.**4442°

The nucleus size can also be calculated from experimental data by applying the theory of
nucleated growth polymerization.*****#* Sych an approach requires monitoring of the
aggregation process at many different concentrations, as well as the determination of the
critical concentration, which is the concentration of unpolymerized monomer that remains
in solution after amyloid formation has reached the end point characterized by a typical
plateau in a ThT-staining experiment. This strategy was used to define the size of the
critical monomer for the here utilized model peptide VW18. Knowing the nucleus size
enables conclusions to be drawn regarding the mechanism of structural conversion and
amyloid formation of VW18, and gives information about potential intermediate species.
According to nucleated growth polymerization theory, the nucleus is the state in which the
free energy (along the reaction coordinate) is maximized. The nucleus size, n,, is the

number of polymerizing units (peptides in our case) that form the nucleus. If the initial
concentration of non-aggregated peptides in an aggregation kinetics experiment is c, then

the rate at which the concentration of aggregated peptides, c, initially grows, is:

dc, _ K.c,
dt

Where k. is the second order rate constant for growth; the concentration of nuclei, c,,

c (7.1)

grows at the following rate:

dc
D=k ™ 7.2
p Y (7.2)
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Here k, is the n,™-order rate constant for nucleation. Integrating Eq. 7.2 and inserting the
result into Eq. 7.1 gives:

n“+1t 2
)

C, :%k+ch (7.3)

which allows the nucleus size to be determined in three steps:

First, c,(t) is measured at various initial concentrations c. Second, for each c, the prefactor
1 +1 - . . . .
p(c):zk+ch”51(|n the initial stages of aggregation, that is, at the limit t — 0) is

determined.

Finally, n, is determined by finding the value that best matches these values of p(c).

The ThT-binding has been used to assess the concentration of the aggregated peptides
and it was assumed that the ThT-signal is linearly dependent on c,.

The amyloid formation rates of VW18 were monitored at various sample concentrations
(Figure 7.18)
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Figure 7.18: Measured ThT-intensity at 485 nm as a function of time for VW18 at different initial
sample concentrations.

At sample concentrations smaller than 12 uM, no amyloid formation was observed for
VW18 for an incubation period of ten days (Figure 7.18 A). With increasing sample
concentration, amyloid formation proceeded via a typical nucleated growth polymerization

mechanism (Figure 7.18 B/C/D) demonstrated by a certain lag phase that is followed by a
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rapid fibril growth phase, and a plateau stage indicating the endpoint of amyloid formation.
At concentrations lower than 30 pM, the length of the lag phase was found to depend
upon the particular sample concentration (Figure 7.18 B). The amyloid formation rates of
samples between 30 uM and 200 pM showed no differences regarding the length of the
lag phase and the overall shape of the ThT curve, indicating a similar amyloid formation
process for these samples.

Interestingly, reduced amyloid formation rates were observed for VW18 samples of
300 uM or higher concentrations (Figure 7.19). An explanation for this phenomenon might
be the increasing viscosity of the samples. The highly viscous solutions might reduce the
mobility of the molecules and thereby reduce the kinetics of amyloid formation. Mobility of
the individual molecules contributes to amyloid formation which was proven in several
studies that use agitated conditions during fibril formation.?*%#24% gych an effect was
also observed for VW18 and several fluorinated variants and is described in detail in
section 7.5.4.1
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Figure 7.19: Measured ThT-intensity at 485 nm as a function of time for VW18 at initial sample
concentrations of 100 uM, 200 uM, 300 uM, 400 uM, and 500 pM.

The critical concentration of non-aggregated monomer that remains in solution after fibril
formation is completed was determined using an HPLC-based assay. After the endpoint of
amyloid formation was detected with ThT-staining, the samples were incubated for further
24 hours. Afterwards the samples were thoroughly mixed and aliquots of 500 pL were
taken from each particular sample at the individual concentrations. The fibrils were
gquantitatively precipitated by centrifuging the samples at 30000 g (at 25 °C ) for around 18
hours using a microcentrifuge (MIKRO 220R, Hettich). A volume of 50 uL of the
supernatant solution was removed and diluted with 50 pL ACN containing 0.1% TFA and

analyzed by analytical HPLC using a linear CH;CN/H,O gradient. The monomer
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concentration was calculated according to the corresponding peak area using the linear
dependency on a calibration curve that was previously prepared for several non-
aggregated VW18 concentrations (Figure 7.20).

The critical concentration (c.y) was calculated as the mean of all investigated sample
concentrations. The value of ¢y = 10.36 uM (= 10.4 uM) correlates nicely with the
observation that amyloid formation does not occur at sample concentrations below 12 uM
(Figure 7.18 A).
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Figure 7.20: Calibration curve for determining the concentration of unpolymerized VW18 monomer
after completion of fibril formation.

For each of the sample concentrations ThT-binding was used to assess the time
dependence of concentration of aggregated peptides, assuming the ThT-signal is linearly
dependent on c,. The measured ThT-signal for an initial concentration ¢ = 100 uM (Figure

7.21 A) was used to extract c4(t) (Figure 7.20 B) using the formula:

ThT (t) -ThT (0)

ThT(t - w)-ThT(0) " %) (7.4)

Calt) =

where c.; is the critical concentration below which no aggregation takes place (measured
to be ¢y = 10.4 uM for VW18). For a sample concentration of ¢ =100 pM, ThT(0) = 11.57
and ThT(t — «) = 542.41. Figure 7.21 C shows the same data as Figure 7.21 B, but
plotted as a function of t°, and focusing on the aggregation of the first 10% of the total
amount that will be aggregated. The linear fit for determining the prefactor p(100 pM) =

0.4329 is also shown.
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This procedure has been performed for all ThT curves at the indicated concentrations.
Finally, In (p(c)) as a function of In (c) for all investigated amyloid formation rates is shown
in Figure 7.21 D. The solid line is a fit to the values between the dashed vertical lines.
High concentrations were excluded because the data were presumably affected by the
increase in viscosity of the sample solution. Low concentrations were excluded because
Ccit Was very likely slightly overestimated, which has a big effect at low concentrations.
The slope of the fit is 1.9, which can be translated into a nucleus size of n*=1.9-1=0.9
~ 1.
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Figure 7.21: A) Measured ThT-intensity of 100 uM VW18 at A = 485 nm as a function of time. B)
Concentration of aggregated peptide extracted from ThT-intensity displayed in A) by using equation
7.4. C) Concentration of aggregated peptide as a function of t°. The slope of the fit gives p(100 uM)
= 0.4329. D) Log-log plot of prefactors p(c) as a function of initial concentrations (c). The fit is to
the data between the vertical lines (slope of 1.9), corresponding to a nucleus size of one.

The calculated nucleus size of one can be interpreted to an amyloid formation mechanism
of VW18 that involves a disordered monomeric transition state. The separation of the two
helices that form the initial dimeric coiled coil is then regarded as the energy barrier that
the system has to overcome to form the nucleus (Figure 7.22). The attachment of further
monomers to the formed nucleus is energetically downhill for the system due to the
formation of hydrogen bonds between the molecules. The detailed structure of the

nucleus could not be extracted from the results of the described method. Previous studies,

25
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however, indicated that VW18 adopts a three-stranded B-sheet conformation in the final
fibril structure (Figure 7.7).%*® The intermediate species could, thus, either have a random
coil-like structure or contain partially B-sheet content. The nucleus does not necessarily
have to show the B-sheet arrangement found in the final fibril architecture. The conversion
to the B-sheet rich structure can also take place within the aggregates during the process
of monomer attachment.*®**° Due to the fact that structural conversion of the coiled coil
dimer towards the B-sheet rich amyloid structure is triggered by an unfavorable
accommodation of the valines in the solvent exposed positions, it seems likely that during
the process of nucleus formation intermediate species show structures in which the
majority of hydrophobic residues are excluded from the aqueous environment. The
optimized arrangement of hydrophobic residues being buried at the inside of the structure
would correspond to the model of internal fibril architecture that has been previously
proposed (Figure 7.7).>® A nucleus size of one was also found for the Poly(Gln) protein
related to Huntington’s disease,*** which was calculated according to the same strategy
that was used here to determine the nucleus size of VW18. For Poly(GIn) the proposed
model describes an unfavorable transition state for the nucleation process.*** The nucleus
is formed from an extended, statistical coil state that converts to a compact state. Fibril
elongation is understood as an initial binding of the nucleus to a monomer of an extended
conformation followed by a consolidation of the structure that generates a new binding site
for a monomer. Thus, a rearrangement of the initial nucleus structure of VW18 towards a
more favorable conformation is not unlikely. Further molecular modeling investigations
and molecular dynamic simulations addressing the conformation of the nucleus and the

energetics of the amyloid formation process are currently in progress.
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Figure 7.22: Suggested energy course for the structural transition of VW18.
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7.5 Altering amyloid formation by fluorinated amino acids

Amyloid formation has been extensively studied for naturally occurring as well as for fully
de novo designed peptides and proteins (section 3). One motivation for this investigation
is an understanding of the aggregation mechanism and the factors that influence this
process. The finding that amyloid fibrils are also used by nature for protective and storage
purposes (section 3.3) has inspired researchers to investigate amyloids in terms of their
potential application as biomaterials. Many natural and nonnatural building blocks have
been used for this purpose. Nonnatural and fluorinated amino acids in particular have
become a standard tool to modify the properties of peptides and proteins (section 2 and
4). This application of fluorine is based on its unique stereoelectronic properties, which
combine small size, very low polarizability, and the strongest inductive effect among all
chemical elements.*® The presence of fluorine within a molecule can often favorably and
predictably alter the biophysical and chemical properties, such as hydrophobicity, acidity /
basicity, reactivity, and conformation,®® and the substituents can be readily observed by
YF.NMR.* Many studies in which peptides have been modified with fluorinated amino
acids resulted in elaborated structures. This effect has been found for helical,*****® and B-

242-245

sheet based scaffolds, and was manly explained by an increase in hydrophobicity of

the fluorinated variants compared to their hydrocarbon analogues.? 229223224429 Haowever,
fluorinated amino acids have been rarely investigated in the context of amyloids.?”® One
common application is the use of fluorinated amino acids as NMR-label to gain insights
into the mechanism of structural conversion and amyloid formation,3334249.264430431 Thg
assumption in such NMR studies is that the fluorine label being introduced into the
sequence does not significantly alter the fibril structure and the mechanism of amyloid
formation to allow for adequate conclusions with respect to the unaltered structure.
However, a systematic study that includes a consideration of the altered properties
combined with fluorinated amino acids such as size, hydrophobicity, fluorine content, and
secondary structure propensity as factors to influence folding and aggregation is still
missing.

In the present thesis several partial side chain fluorinated amino acids have been
investigated on their potential to influence the amyloid formation process. The basis for
this study was the model peptide VW18, which was previously extensively studied in
terms of structural modifications. Natural amino acids within the sequence of VW18 were

substituted with a set of fluorinated amino acids that contain different fluorine content in

The results presented in chapter 7.5 have been publised in: U. I. M. Gerling, M. Salwiczek, C. D.
Cadicamo, H. Erdbrink, C. Czekelius, S. L. Grage, P. Wadhwani, A. S. Ulrich, M. Behrends, G.
Haufe, B. Koksch, Chem. Sci. 2014, 5, 819-830. DOI: http://dx.doi.org/10.1039/C3SC52932K
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their side chains. This approach enables a systematic evaluation of fluorine’s impact on

amyloid formation.**
7.5.1 The fluorinated building blocks

The fluorinated amino acids that were used to study fluorine’s impact on amyloid
formation are derivatives of a-L-aminobutyric acid (Abu) in which one, two, or three
hydrogen atoms of the y-methly group have been replaced by fluorine (Figure 7.23). A
single fluorine atom was introduced in monofluoroethylglycine MfeGly (1). The racemic ‘Bu
ester was provided by the group of Prof. Haufe (University Muenster). With the help of
Acylase |, it was converted to the enantiomerically pure L-amino acid, in our group.
Subsequent Fmoc protection of the L-form gave a product suitable for peptide
incorporation. Double and triple fluorination of the ethyl side chain of Abu led to
difluoroethylglycine DfeGly (2) and trifluoroethylglycine TfeGly (3), respectively. Two
diastereoisomers of trifluorovaline, (2S,3S)-TfV (4) and (2S,3R)-TfV (5) were synthesized
as Boc-protected derivatives in the group of Dr. Czekelius (Holger Erdbrink). The Boc-
protected amino acids were converted to Fmoc-species in order to allow incorporation into
peptides via SPPS. The synthesis of the amino acids has been described elsewhere and
will not be discussed in detail here.?***¥%® However, the synthetic procedures are given

in the Experimental Section.

F
H H H F F F F F
WH .\\H .\\H _\\H
HoN COOH HoN COOH HoN COOH HoN COOH
Abu MfeGly (1) DfeGly (2) TfeGly (3)
WH FaC™ N\ H FaC' DoH o
HoN COOH H,N COOH HaN COOH HoN COOH
Val (2S,3S)-TfV (4) (2S,2R)-TfV (5) Leu (6)

Figure 7.23: Chemical structure and names of the amino acids investigated in the present study.
Abu was not incorporated into VW18; the properties of this amino acid (hydrophobicity and helix
propensity), which were compared to the fluorinated derivatives, were taken from previous
studies.*®**® val is the amino acid to be replaced in the sequence of VW18.

VW18 contains three valine residues, at positions 3, 13, and 14, which are initially
exposed to the solvent when the peptide adopts the coiled coil fold (Figure 7.3, section
7.1).%® The valines at positions 13 and 14 were individually substituted with a series of
fluorinated a-L-aminobutyric acid analogues (1-3) (Figure 7.24). The diastereoisomers of
trifluorovaline (4, 5), were only introduced instead of valine 14 to see if the orientation of

the CF; group alters the amyloid formation process. In addition, both valine residues (13
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and 14) were replaced by the nonfluorinated amino acid leucine (6) to create a second set
of reference peptides. Since Leu is the most hydrophobic amino acid among the canonical
aliphatic amino acids, it was used to study the impact of hydrophobicity on amyloid
formation, to be compared with the results obtained for the fluorinated amino acids.
Simultaneous substitution of all three valines (3, 13, and 14) was only carried out for the
highly fluorinated amino acid TfeGly (3) and for the nonfluorinated amino acid Leu (6)
(Figure 7.23).

The single substitutions of the neighboring valines 13 and 14 were found to affect the
central B-strand of the proposed internal fibril folding motif (Figure 7.24 B).**® Due to the
fact that the side chains of the neighboring residues in the central B-strand are oriented in
different directions, an effect on the interaction with the hydrophobic side chains of the
flanking B-strands was expected. The consequences of the incorporation of fluorinated
amino acids into the sequence of VW18 were studied with several analytical methods, and

the results are discussed in the following sections.

A) The a-helical coiled coil motif B) The internal fibril architecture
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Figure 7.24: A) Helical wheel diagram of peptide VW18. Valines 13 and 14 were individually
replaced by amino acids 1 — 6 (green arrows). All three valines were simultaneously replaced by
TfeGly (3) or by Leu (6) (purple square). B) Proposed model of the internal architecture of the
peptide strands within the fibrils of VW18.%® The top wiew along the fibril axis show the
intramolecular hydrophobic interactions of the particular core residues (yellow) and the positions of
substituted valine residues (green arrows and purple squares).

7.5.2 Hydrophobicity and spatial demand of fluorina  ted amino acids

Although hydrogen and fluorine atoms are often discussed as being isosteric, the CF;

group occupies approximately twice the van der Waals volume of a CH; group, and the
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steric effect of the CF5 group is close to that of an isopropyl group (see section 2.1).*%*%

That the size of amino acid side chains closely correlate with their hydrophobicity has
been previously shown by Samsonov et al.*® They investigated the relationship between
side chain volume (van der Waals volume) and hydrophobicity of some fluorinated amino
acids in comparison to the natural aliphatic hydrophobic amino acids with the help of an
RP-HPLC assay. The impact of increasing fluorine content of the a-L-aminobutyric acid
analogues on the hydrophobicity of aliphatic amino acids was shown to vary non-linearly
with the increase in steric size by elongation and branching of the side chain (Figure
7.25). TfeGly (3) was found to be very similar to the canonical amino acid valine with
regard to its properties, hydrophobicity and van der Waals volume. DfeGly (2) is less
hydrophobic compared to valine but still more hydrophobic than the nonfluorinated Abu
analogue. Single fluorination of Abu, however, induced a loss in hydrophobicity. Although
being larger than Abu with regard to the side chain volume, MfeGly (1) is nevertheless
less hydrophobic. The induced dipole moment endows this amino acid with a more
hydrophilic or polar character.

For this thesis this study was extended to include the fluorinated valine analogues
(2S,3S)-TtV (4) and (2S,3R)-TfV (5). These two amino acids were found to be comparable

to Leu and lle with regard to both properties.
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Figure 7.25: Retention times of the Fmoc-amino acids plotted against the van der Waals volume of
the side chains. Nonfluorinated amino acids are represented by blue squares, the correlation
between them is shown with a black line, and fluorinated amino acids are represented by green
squares.

7.5.3 The a-helix propensity of fluorinated amino acids

The intrinsic propensity of canonical amino acids to promote certain secondary structures

is an important factor in peptide and protein folding. Cheng and coworkers investigated
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the a-helix propensities of several canonical amino acids and their fluorinated analogues
using an alanine-based peptide sequence Ac-YGGKAAAAKA-Xaa-AAKAAAAK-NH, that
forms a monomeric a-helix.”****° The amino acid of interest was placed at the guest
position Xaa, and the a-helix propensity was calculated from the corresponding CD data
by using a modified Lifson-Roig theory.?****° The authors stated that fluorinated amino
acids exhibit a reduced a-helix propensity compared to their hydrocarbon analogues.

Analogous to the design and methods of Cheng et al., %%

the a-helix propensities of the
fluorinated amino acids 1 — 5 (Figure 7.23) were investigated. It was found that increases
in the fluorine content per side chain additively reduce the a-helix propensity (Figure 7.26;
Table 7.6). Introducing a single fluorine atom into the Abu side chain in case of MfeGly (1)
resulted already in a decrease of the helix propensity in comparison to the nonfluorinated
Abu. However, the value for MfeGly (1) is still twice as high as the one for valine. Thus,
MfeGly is presumably better accommodated in the initial a-helical structure of VW18 than
Val. The value of DfeGly (2) is comparable to Val, and TfeGly (3) has a very low, almost

nonexistent, a-helix propensity, which is consistent with the findings of Cheng et al.?*®

Table 7.6: Mean residue ellipticity (6,,,), fraction helix (freix), and helix propensity (w) of KXaa
peptides for various amino acids. The values for Abu (grey) have been taken from Cheng et al.?*°

o Amino acid [0 222 nm] f helix [0)
é 5+ Abu®* -18100 +200 | 0.52 +0,01 1.22+0.14
E’ " MfeGly -16814 +379 | 0.48+0,01 | 0.873+0.068
§ ol DfeGly -13969 +569 | 0.40+0,02 | 0.497 +0.060
k5 TfeGly 7469 +475 | 0.22+0,01 | 0.057 +0.022
g ™ =t Leu -17457 +465 | 0.50+0,01 | 0.994 +0.093
e / —E%Af‘gﬁ val -13054 £452 | 0.38+0,01 | 0.411+0.041
@ - ' e (2S,35)-TfV | -2685+526 | 0.08+0,02 0
] ——K (25,38)-TFV
2 (2S,3R)-TfV | -3887+547 | 0.11+0,02 0

200 2‘;0 2%0 2:":0 2:10
% (nm)

Figure 7.26: CD spectra of the KXaa peptides at pH 7 in 1 mM phosphate, borate, and citrate with

1 M NacCl at 0 °C. The displayed spectra represent the mean of three independent measurements

at concentrations of 80 pM, 50 pM, and 30 pM. The ellipticity (6) value at 222 nm was used to

calculate the fractional helical content (fneix) @and the subsequent a-helix propensity ().

The trifluorinated valine analogues (4, 5) incorporated at the guest position of the referred
peptide sequence resulted in disordered structures with a very low fractional helical
content (freix). The calculation of the helix propensity (o) resulted in slightly negative
values and were thus interpreted as zero.?** Since valine was already declared as a f-
sheet preferring amino acid,®® it was not surprising that the fluorination of one of the
methyl groups increases this effect even further. The large CF; group in close proximity to

the backbone is highly unfavorable for the formation of a-helical structures, hence



84 RESULTS AND DISCUSSION

explaining the absence of a propensity for a-helical structures of both diastereoisomers of
TfV (Table 7.6).>*

The monomeric oligomerization state, which is a requirement for correct a-helix propensity
calculation based on the Lifson-Roig theory, was demonstrated for all peptide variants
with SEC / SLS analysis (Figure 7.27, Table 7.7). Obtained results show monomeric
oligomerization of all peptides variants. Single peaks were found for all Ala based
peptides during SEC, containing species with a molecular weight comparable to the

theoretical monomer masses.
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Figure 7.27: SEC/SLS chromatograms of KXaa peptides. Single peaks were detected with UV at
230 (red). Corresponding Rayleigh ratio (black) and molar mass distribution (blue) indicate
monomeric species for all peptide variants.
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Table 7.7: Theoretical end experimental determined molecular weights of KXaa peptides.

Peptide theoretical SEC/SLS
monomer mass [Da] determined mass [Da]
K TfeGly 1771 1950 + 220
K DfeGly 1752 1948 + 236
K MfeGly 1733 1909 + 226
K Val 1729 2029 + 143
K (25,39)-TfV 1782 1998 + 183
K (2S,3R)-TfV 1783 1919 + 243

The results show that the helix propensity of fluorinated amino acids depends on the
extent of side chain fluorination. Thus, the statement of Cheng et al.?*® that fluorinated
analogues indeed display reduced propensities for helical conformations compared to the
hydrocarbon variants could be confirmed. However, the measurements of this study show
that the decrease in helix propensity occurs stepwise with increasing fluorine content.

However, the interpretation that decreased a-helix propensity values are a result of
increased side chain volumes and hydrophobicities would be misleading. This has been
clearly demonstrated in a comparative study investigating the helix propensites of several
fluorinated isoleucine analogues. Nyakatura, and Koksch studied the hydrophobicity and
helix propensity of (2S,3S)-5'F;lle and compared the results to the previously investigated

(2S,3S)-4'-F;lle*** and the nonfluorinated reference isoleucine (Figure 7.28).**°
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Figure 7.28: A) Chemical structures and Names of isoleucine and the trifluorinated analogues. B)
Retention times of the Fmoc-amino acids plotted against the van der Waals volume of the side
chains showing the increased size and hydrophobicity of 4’-Fslle and 5-F;lle in comparison to lle.
C) Mean residue ellipticity (6,,,), fraction helix (fneix), @and helix propensity (w) of the KXaa peptides
containing the lle variants and D) according CD spectra of KXaa peptides that were used to
calculate the fractional helix content and the helix propensity (according to Erdbrink et al.). 439
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Both fluorinated analogues show increased side chain volumes and hydrophobicities
compared to lle. The fluorinated analogues differ only in the position in which they carry
the CF; group (Figure 7.28 A); hence, their hydrophobicity is equal (Figure 7.28 B).
Nevertheless, their helix propensities are strikingly different. The value of (2S,3S)-5'-F;lle,
albeit lower than that of lle, is significantly increased in comparison to (2S,3S)-4'-F;lle
(Figure 7.28 C/D). Thus, not the hydrophobicity discriminates the helix propensity in this
case, but the distance of the fluorine substituents from the amino acid backbone. This
effect is similar for the canonical amino acids Leu and lle that have equal hydrophobicity
and side chain volumes but different helix propensities based on the different shape of
their side chains. The B-branched side chain of lle is unfavorable for adopting helical
structures but more suitable for B-sheet conformations. That helix propensity does not
correlate with hydrophobicity can also be seen for Abu and its monofluorinated analogue
MfeGly (1). Although being less hydrophobic than Abu, MfeGly also possesses the lower
helix propensity (Figure 7.26, Table 7.6).

These results clearly show that the helix propensities of fluorinated amino acids cannot be
easily predicted. Since this property, however, is a crucial factor for the formation of
secondary structures it should be generally considered during the investigation of
fluorinated amino acids in peptide environments. The fact that the model peptide VW18,
being modified with fluorinated residues, initially adopts an a-helical coiled coil structure

requires the knowledge of the helix propensity values of the utilized amino acids.

7.5.4 Amyloid formation rates of fluorinated VW18 v ariants

By replacing valine with TfeGly (3), size and hydrophobicity were kept similar, thus having
the opportunity to study the impact of fluorine on the amyloid formation process of the
model peptide. The reduction of fluorine content in the side chains of DfeGly (2) and
MfeGly (1) led to amino acids that are less hydrophobic compared to valine. In contrast,
the two reference peptides that contain a single Leu instead of Val at one of the two
positions (13 or 14) are even more hydrophobic than VW18. This set of peptides allowed
a systematic comparison of the influence of hydrophobicity and spatial demand of the side
chain on amyloid formation of VW18. As Leu is larger with regard to the van der Waals
volume and also more hydrophobic than the replaced valine, the leucine containing
peptides were expected to fold faster into amyloids than the valine containing parent
peptide. This assumption was based on the design of the coiled coil model peptide where
placement of hydrophobic residues at the solvent exposed positions of the coiled coil

triggers the structural transition into amyloids.***>®
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The structural transition of all peptides was investigated under non-agitated conditions
with CD spectroscopy, and the amyloid formation rates were determined with Thioflavin T
fluorescence staining assays. Except for the two TfV containing peptides (Figure 7.30), all
VW18 variants show clear initial helical structures in the CD spectra with characteristic
minima at 208 and 222 nm, which time dependently change over to (3-sheet structures

with a characteristic minimum around 216 nm (Figure 7.29).
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Figure 7.29: CD spectra of VW18 and single substituted variants (100 uM each) after different
periods of incubation in 10 mM phosphate buffer at pH 7.4.
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Figure 7.30: CD spectra of VW18 and triple substituted variants (100 uM each) after different
periods of incubation in 10 mM phosphate buffer at pH 7.4.
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The amyloid formation rates of the fluorinated peptide variants were found to be strongly
influenced by the nature of the incorporated amino acid. Reducing fluorine content per
side chain (TfeGly (3) > DfeGly (2) > MfeGly (1)) dramatically reduced amyloid formation
rates were observed (Figure 7.31). While the structural transition occurred within only a
few hours in case of a single TfeGly (3) substitution, it took several days for the MfeGly (1)
peptides (Figure 7.31 A/B). This effect was observed for both positions, 13 and 14,
although the absolute folding rates show a dependency on the particular position
substituted (discussed in section 7.5.5). The overall structural conversion of peptides
containing TfeGly and DfeGly in position 14 was found to be slower in comparison to the
peptides containing the same amino acids in position 13. However, within each set of
substitutions the same trend of amyloid formation rates was found for both positions
independently, with TfeGly variants aggregating faster than DfeGly peptides, which in turn

aggregate faster than MfeGly variants.
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Figure 7.31: ThT fluorescence staining assay for peptide variants compared to VW18 (®) and the
Leu containing reference peptides (O). Single substitution of valine 13 (A) and valine 14 (B) with
fluorinated analogues of L-amino butyric acid: TfeGly (m), DfeGly (H), and MfeGly (m). C)
Simultaneous substitution of all three valine residues with TfeGly (@), and Leu (O).

A decrease in fluorine content per side chain for the series TfeGly (3), DfeGly (2), and
MfeGly (1) led to a systematic decrease in hydrophobicity and side chain volume (van der
Waals volume) of the latter two fluorinated amino acids (Figure 7.25). DfeGly (2) and
MfeGly (1) are less hydrophobic and smaller than the replaced canonical amino acid
valine. At first glance, it seems obvious that these factors are the reason for reduced
amyloid formation rates. However, reduced hydrophobicity and size are obviously not the
main reasons for the reduced amyloid formation kinetics, because also the Leu (6)
containing reference peptides (VW18_Leu 13 and VW18_Leu 14), which are even more
hydrophobic than VW18, showed reduced amyloid formation rates. The effects found for
single TfeGly (3) and single Leu (6) substitutions were even enhanced in the triply
substituted variants (Figure 7.31 C). The peptide in which TfeGly (3) was substituted for
all three valine residues (VW18_TfeGly 3,13,14) showed even faster structural conversion

into amyloids than the single TfeGly (3) variants. The triple Leu (6) variant (VW18 Leu
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3,13,14) undergoes amyloid formation with a reduced rate compared to the single leucine
mutants (Figure 7.31 A/B/C). Thus, hydrophobicity and side chain volume are not the only
driving forces for the structural rearrangement and amyloid formation of VW18.

The fluorinated amino acids have been found to have a strong impact on the amyloid
formation rates of the model peptide. Taking into account the previously described helix
propensity measurements of the fluorinated amino acids, it can be stated that the
fluorinated amino acids significantly influence the initially formed a-helical coiled coll
structure of VW18. A stabilizing or destabilizing effect of this folding motif as a result of
different a-helix propensities of the particularly incorporated amino acids strongly

correlates with reduced or enhanced structural transition to the amyloid structure.

7.5.4.1 Altered fibril forming conditions

Experimental conditions and sample handling are also crucial factors determining the rate
of amyloid formation. This was investigated with the series of peptides in which position
13 was replaced. The samples were continuously agitated, and the influence on the

amyloid formation kinetics was determined (Figure 7.32).
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Figure 7.32: ThT fluorescence staining assay under constantly agitated conditions for VW18 (@)
and the variants containing TfeGly (®),DfeGly (®),MfeGly (®), and Leu (O) in position 13.

Agitation of the samples was found to significantly reduce the lag phase and increases
amyloid formation rates in every case, which was in good agreement with other
studies.?4%®424426 However, the same trend of folding rates was observed for the peptides
modified in position 13 compared to the non-agitated conditions and, thus concluded that
the mechanism of structural transition is the same for all investigated VW18 variants. The
observed trend of amyloid formation rates of the studied peptide variants was independent
of the conditions under which the fibrils were formed, but appeared as a result of the

particularly incorporated fluorinated amino acids.



90 RESULTS AND DISCUSSION

7.5.4.2 The orientation of the fluorine substituen  ts as a discriminating factor

Whether the local orientation of the CF; group influences the amyloid formation of VW18,
due to structural differences in the internal fibril packing (Figure 7.7, section 7.2), was
tested with two diastereomers of trifluorovaline (TfV). Valine in position 14 was replaced
with either (2S,3S)-TfV (4) or (2S,3R)-TfV (5). The unfavorable a-helix propensity of the

two TfV-isomers (Table 7.6) discussed in section 7.5.3,**

was significant enough to
completely disrupt the initial coiled coil motif that VW18 usually adopts, even though only
a single valine residue was replaced. Both peptide variants containing TfV show an
initially unfolded structure (Figure 7.33 A/B) that rapidly assembles into amyloid
aggregates (Figure 7.33 C). Interestingly, this effect is stronger than that observed for any
of the other fluorinated VW18 variants. TfeGly (3), for instance, has a very low a-helix
propensity as well (Table 7.6), but all TfeGly peptide variants adopt clear initial a-helical

coiled coil structures (Figure 7.29 F/I; Figure 7.30 C).
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Figure 7.33: CD spectra of VW18 and the variants containing (2S,3S)-TfV (A), and (2S,3R)-TfV
(B) in position 14. Sample concentration was 100 pM each at different time points of incubation in
10 mM phosphate buffer at pH 7.4. C) ThT fluorescence staining assay for TfV variants compared
to the control peptides VW18 and VW18_Leu 14.
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These findings support the hypothesis that the particular incorporated fluorinated amino
acid influences the initial coiled coil structure of VW18, and that the rate of structural
conversion is strongly dependent on the stability of that initial motif. Consequently, the
destabilized, or rather non-existing, initial a-helical structure of the TfV-variants results in
very rapid amyloid formation (within one hour). Although van der Waals volume and
hydrophobicities of (2S,3S)-TfV (4) and (2S,3R)-TfV (5) are comparable to Leu (6) (Figure
7.25), the leucine containing variant (VW18 Leu 14) shows a notably slower structural
transition into amyloids (Figure 7.33 C). The much higher a-helix propensity of Leu (6)
compared to Val and TfV (Table 7.6) offers a reasonable explanation. However, an
influence of the local orientation of the CF; group on amyloid formation, due to different

packing patterns in the fibril, has not been observed for the particularly replaced position
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14 of VW18. Both peptide variants VW18 (2S,3S)-TfV 14 and VW18 (2S,3R)-TfV 14)

show almost the same rate of amyloid formation (Figure 7.33 C).

7.5.5 Analysis of the overall VW18 fibril structure by solid state *°F-NMR

7.5.5.1 Chemical shift analysis

The VW18 variants containing MfeGly (1) in either position 13 or 14 have been used to
gain further insights in the fibril structure with the help of solid state F-NMR
measurements. These investigations have been accomplished in collaboration with the
group of Prof. Dr. A. Ulrich at the Karlsruhe Institute of Technology (KIT) in Karlsruhe.

The NMR chemical shift and dipolar couplings are sensitive to the local chemical
environment and presence of nearby spins. In particular, due to the large dispersion of the
F chemical shift and the large gyromagnetic ratio of '°F, small differences in the
molecular environment can be readily picked up, and *°F-*°F distances up to 10-15 A are
detectable.

The two MfeGly variants (VW18_MfeGly 13 and VW18_MfeGly 14) were analyzed using
magic angle spinning experiments with 25 kHz spinning speed to obtain high resolution in
the °F chemical shift region (see section 6.4). The F-NMR spectra of both types of
labeled fibrils show two resolved sighals each, at -215.8 ppm and -218.9 ppm in the case
of VW18_MfeGly 13 (Figure 7.34 A), and at -216.3 ppm and -218.1 ppm in the case of
VW18_MfeGly 14 (Figure 7.34 B).
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Figure 7.34: Solid state *’F-NMR spectra under 25 kHz magic angle spinning of VW18_MfeGly 13
fibrils (A), VW18 _MfeGly 14 fibrils (B), the pure amino acid MfeGly (C), dry VW18 MfeGly 13
powder (D) and dry VW18_MfeGly 14 powder (E). Both fluorine-substituted analogues display two
signals, one with a similar chemical shift as the micro-crystalline amino acid (-218.5 ppm).
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Comparing the *F-NMR spectra of these two fibrils with the respective spectra of the dry
peptide powders of VW18 MfeGly 13 (Figure 7.34 D), and VW18 MfeGly 14 (Figure 7.34
E), much wider lines were noted for the dry powder samples, reflecting a considerable
local heterogenity of chemical environments, as is often found in amorphous materials.
The comparatively narrow lines observed in the fibrillar samples (Figure 7.34 A/B) indicate
a much lower structural variation, as typically found in NMR studies of fibrils, thus
confirming that fibrils have indeed formed throughout. Remarkably, two signals are
observed for both variants in the decoupled spectra, although only one position was
labeled. This indicates that the '°F-label on MfeGly has to be exposed to two different
local chemical environments. The signal intensities differ, in both cases the left (downfield)
resonance is stronger and exceeds the upfield signal by a factor of 1.9 for VW18_MfeGly
13, and 2.9 for VW18 _MfeGly 14, respectively. This observation of two different chemical
environments, of which one is more abundant in the fibrils, is most likely a signature of the
internal structure of the amyloids. The fibrils are known to consist of a ribbon of typically
three protofilaments, which was shown previously in TEM-studies (see section 7.2).%*®

The two outer protofilaments must experience different solvent exposure than the inner
ones. Thus, the two outer protofilaments could give rise to the more intense downfield
signal, while the inner protofilament would be shielded more from the solvent and give rise
to the *°F chemical shift corresponding to the smaller upfield signal. In the case of
VW18 MfeGly 13, the intensity ratio of approximately 2:1 would agree with such an
assembly of two types of protofilaments. For VW18 MfeGly 14, the observed ratio may
have a larger error due to lower resolution of the peaks. However, the assumption is
further supported by the almost identical *°F chemical shift of the smaller, upfield signal of
MfeGly incorporated in the VW18 fibrils (Figure 7.34 A, -218.9 ppm, and Figure 7.34 B, -
218.1 ppm), and that of the free amorphous MfeGly amino acid (Figure 7.34 C, -218.5
ppm). Also the center of the signals of the dry peptide powder appears at a similar
chemical shift (Figure 7.34 D/E, approx. -218 ppm). In both cases, the inner protofilament
and the microcrystalline packing of the dry amino acid, the fluorine subsituent would be
surrounded by a similar, rather crystalline-like environment, whereas the outer

protofilaments are influenced more by the solvent.

7.5.5.2 Evaluation of dipolar couplings

In addition to the chemical shift evaluation, the CODEX (Centerband Only Detection of
Exchange) experiment was employed to probe potential dipolar couplings between non-
equivalent spins.®*3!°* Using this experiment, potential contacts between different

protofilament units can be evaluated, as this experiment is sensitive to changes in the
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chemical shift, which generally reflect the orientation of the labeled segment with respect
to the magnetic field, during a mixing time tyx. Such changes can be caused either by a
reorientation of the labeled molecular segment due to slow dynamics, or by magnetization
Ldiffusing” between sites with different local orientation. These processes lead to a
reduction of the CODEX NMR signal.

Two spectra were recorded for a series of mixing times, one displaying the full intensity
So, and a second one of intensity S that is reduced by slow dynamics or spin diffusion
during the mixing time. As an example, the CODEX spectra of VW18_MfeGly 13 and
VW18 MfeGly 14 for t,x=400 ms are shown in Figure 7.35 A and B, respectively. A
distinct reduction in signal intensity is observed for both amyloid analogues, indicating the

occurrence of slow molecular motions or the presence of *°F nuclei in close proximity.
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Figure 7.35: The CODEX experiment was used to examine spin diffusion and probe for proximities
of non-equivalent *°F nuclei in VW18_MfeGly 13 (A/C) and VW18 MfeGly 14 (B/D). As an
example, the full spectra without spin diffusion (denoted by S,) and spectra with reduced intensity
indicating the presence of spin diffusion (denoted S) for a mixing time of 400 ms, are shown for
VW18 MfeGly 13 (A) and VW18_MfeGly 14 (B) . The ratio S/Sy was measured for different mixing
times t,x (C/D) and fitted as described in the Experimental section (solid line).

CODEX experiments have been used to study slow dynamics, e.g. in soft polymers, but
the hydrogen-bonded architecture of amyloid fibrils is much more rigid compared to
polymers. Solid state *°F-NMR studies of [KIGAKI]; amyloid-like assemblies and *C-NMR
analyses of the dynamics of AB amyloids have shown very rigid core structures of the
fibrils.****° Since the positions 13 and 14, labeled in VW18, are located in the center of the
fibrils (Figure 7.7 B), they should experience only very low flexibility as well. A further

possibility to explain the CODEX decay by mobility could be exchange between different
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side chain rotamer conformations on a timescale of ~10ms. In a recent study of side chain
mobility in amyloids, motion on this timescale has indeed been observed but has been
attributed to the overall mobility of monomers.*** Otherwise a large range of timescales
ranging from ns to s has been reported for side chain mobility, an interconversion rate just
in the range affecting the CODEX experiment, hence seems not probable. Thus,
dynamics is unlikely to be the main cause of the observed signal reduction in the CODEX
experiment. The decay of the signal ratio S/Sy as a function of the mixing time t.x (Figure
7.35 C/D) is indeed much better explained by spin diffusion between nearby *°F nuclei
(within internuclear distances of ~10-15 A). In this case, the signal S/S, is expected to
asymptotically approach a non-zero constant for long mixing times t,yx, rather than
decaying all the way down to zero, which was observed for both VW18 variants.**®* The
constant value is identical to 1/M, where M is the number of nuclei involved in the spin
diffusion, such as the number of monomers in the case of a homo-oligomer.315 For
VW18 MfeGlyl3 and VW18_MfeGlyl4 it was observed that S/S, approached a finite
value corresponding to M=1.8 and M=1.6, respectively.

As spin diffusion only leads to a reduction in signal intensity when it occurs between non-
equivalent sites with different orientation, the observed spin diffusion does not reflect
neighbouring spins within the same protofilament (along the fibril axis). That is because
the F-labelled amino acids are essentially only shifted along the protofilament but not
rotated to any significant extent. Hence, they are oriented the same way and do not give
rise to spin diffusion. The slight macroscopic twist of the fibrillar ribbon, found in TEM-
studies (Figure 7.36), is presumably too small to lead to a significant difference in
orientation that would cause an appreciable effect in the CODEX experiment. Hence, the
results seem to indicate couplings of spins that belong to different, adjacent
protofilaments. Thus, the CODEX experiment and the two signals observed in the *°F-

NMR spectra support the formation of fibrils consisting of several - most likely three —
358

protofilaments, as also found for VW18 in previous TEM-studies (compare section 7.2).
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Figure 7.36: TEM micrographs of PTA stained fibrils of A) VW18, B) VW18 MfeGly 13, and C)
VW18 MfeGly 14.
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A further issue addressed by F-NMR concerns the substitution of positions 13 and 14 by
MfeGly, as the two pairs of signals (Figure 7.34 A/B) exhibit slight differences in their
chemical shifts. A small variation in the chemical environment is expected, given the
different neighbouring residues in the B-strand. Slightly different folding rates have also
been observed depending on the particular replaced position (see Figure 7.31). On the
other hand, both analogues give rise to two components in the *F-NMR spectra, with
roughly the same intensity distribution. In the CODEX experiment (Figure 7.35), the decay
of MfeGly in position 13 is similar to that in position 14. Overall, the **F-NMR results
suggest a rather similar architecture of the two peptide variants. In the end, despite the
dramatic influence on the kinetics of fibril formation, the final fibril structure appears to be

much less affected by the fluorine substitution.

7.5.6 The importance of the initial structure on am  yloid formation rates

VW18 is a two-state system having the opportunity to adopt two stable conformations (a-
helical coiled coil and B-sheet-rich amyloid fibrils). However, to compare the amyloid
formation rates of all variants, the folding mechanism should be identical. If fluorine
incorporation, for instance, alters the oligomerzation state of the initial coiled coil, a
potentially different folding mechanism could be assumed, which might not follow the
same pathway of structural transition compared to unmodified VW18. To exclude that the
observed folding rates of the fluorinated variants are the consequence of an altered initial
coiled coil assembly, the oligomerization state was determined with SEC/SLS analysis.
The variants containing TfeGly, DfeGly, MfeGly, and Leu in position 13 or 14, as well as

the all-Leu variant initially form dimeric coiled coils (Table 7.8, Figure 7.37, Figure 7.38).

Table 7.8: Theoretical and experimentally determined molecular weights of VW18 variants.

theoretical dimer SEC/SLS determined

peptide mass [Da] mass [Da]

VW18 6286 6317 +£539
VW18 TfeGly 13 6366 6277 £ 502
VW18 TfeGly 14 6366 6198 £ 475
VW18_DfeGly 13 6330 6160 + 441
VW18_DfeGly 14 6330 5911 + 654
VW18 MfeGly 13 6294 6055 + 401
VW18 MfeGly 14 6294 6191 £ 495
VW18 Leu 13 6314 6092 + 509
VW18 Leu 14 6314 6115 + 488
VW18 Leu 3,13,14 6370 6203 + 447

* The oligomerization of the TfV variants and the all-TfeGly variant could not be detected due to fast amyloid
formation of these peptides.
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Figure 7.37: SEC/SLS chromatograms of VW18, the variants containing single Leu in either
position 13 14, and of the all-Leu variant. Single peaks were detected with UV at 230 (red).
Corresponding Rayleigh ratio (black) and molar mass distribution (blue) show an initial dimeric
species for all peptides.
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Figure 7.38: SEC/SLS chromatograms of VW18 variants containing TfeGly, DfeGly, or MfeGly in
either position 13 or 14. Single peaks were detected with UV at 230 (red). Corresponding Rayleigh
ratio (black) and molar mass distribution (blue) show an initial dimeric species for all peptides.

Thus, the oligomerization state of the initial coiled coil was not affected by the substitution
of the valine residues. However, helix propensity measurements revealed that the stability
of the initial a-helical structure was found to be strongly associated with the folding rates
towards the B-sheet rich amyloid structure.

Two intrinsic properties of the particular incorporated amino acids influence the stability of
the a-helical starting structure; the hydrophobicity and the helix propensity. An amino acid
with a high a-helix propensity stabilizes the coiled coil structure, whereas placing a highly
hydrophobic amino acid at the water exposed position 13 or 14 leads to destabilization
due to unfavorable water exposure of the hydrophobic side chain. Thus, even slight

differences in these two intrinsic properties of the particular incorporated amino acids can
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affect the structural transition process. The bar chart (Figure 7.39) illustrates the
relationships between a-helix propensity and hydrophobicity for the studied fluorinated
and nonfluorinated amino acids. It can easily be seen that the a-helix propensities of the
amino acids systematically decrease with increasing fluorine content, while the
hydrophobicity gradually increases.
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Figure 7.39: Relative comparison of selected hydrocarbon amino acids with their fluorinated
analogues in terms of two intrinsic amino acid properties: helix propensity (green) and
hydrophobicity (blue). The values for helix propensity and hydrophobicity are shown in Figure 7.24
and Table 7.5, respectively.

The exception is leucine, having both high a-helix propensity and large hydrophobicity.
The single leucine variants were found to aggregate faster into amyloids compared to the
single MfeGly variants; even though leucine has a slightly higher a-helix propensity
compared to MfeGly (Table 7.6) and should, according to the previous statement,
aggregate slower. The fact that leucine is much more hydrophobic compared to MfeGly
(Figure 7.25 and Figure 7.39) offers a reasonable explanation for the enhanced amyloid
formation rates of the single leucine variants. MfeGly possesses a strong dipole moment
due to the electron-withdrawing single fluorine atom. This induced polarity makes MfeGly
relatively hydrophilic, even more so than the nonfluorinated Abu derivative (Figure 7.25).
Thus, MfeGly should be considered as a polar amino acid rather than a hydrophobic one.
From the design of the ideal coiled coil, it is easily understandable that MfeGly is much
better accommodated in a water exposed environment than is the hydrophobic leucine,
thus explaining the greater stability of the MfeGly peptide in the initial coiled coil formation.
In contrast, TfeGly has a very low a-helix propensity (Figure 7.39 front row), lower than
the substituted valine residue; hence, it destabilizes the initial a-helical coiled coill
structure. Peptide variants containing TfeGly therefore show fast structural transitions into

B-sheet rich amyloids (Figure 7.31 A/B), although the size and hydrophobicity are
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comparable to the replaced valine residue (Figure 7.25). This destabilizing effect is further
enhanced when all three valines are replaced by TfeGly (Figure 7.31 C).

DfeGly possesses a similar a-helix propensity compared to the replaced valine (Table 7.6)
but is less hydrophobic (Figure 7.39 back row). Thus DfeGly containing peptides show
similar or somewhat slower amyloid formation rates (Figure 7.31 A/B).

Amyloid formation rates were observed to depend on which residue is substituted,
position 13 or 14. The overall structural conversion of peptides containing TfeGly and
DfeGly in position 14 was found to be slower in comparison to the peptides containing the
same amino acids in position 13. This position dependent effect might be explained by the
different environments of the two positions in helical, as well as in fibril structures. *°F-
NMR results also indicated such differences between the positions in the fibril structure.
However, within each set of substitutions, the same trend of amyloid formation rates was
found for both positions independently, which can be attributed to the particular

incorporated amino acids and the subsequently altered intrinsic properties.

The influence of fluorine on amyloid formation has been systematically investigated using
an enginiered two-state model peptide. While fluorination shows only marginal effects on
the structure itself, it significantly influences the kinetics of the structural transition. Since
the complex process of amyloid formation is affected by many factors, any modification of
the primary sequence requires a careful consideration of all intrinsic properties that could
be potentially altered upon sequence variation. However, de novo designed peptide
materials based on the self-assembly of amyloid-like structures could benefit from the
variety of property modulations offered by the incorporation of fluorinated amino acids.
Since fluorinated amyloid forming peptides have been rarely investigated so far, the
results achieved from this study should offer valuable information for the design of such

materials.
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8 Summary

The aim of this thesis was to study the impact of fluorinated amino acids on amyloid
formation. Secondary structure formation of peptides and proteins is strongly dictated by
the intrinsic properties of the amino acids that make up the primary sequence. Aliphatic
amino acids that are partially fluorinated have unique stereoelectronic and
physicochemical properties that influence peptide conformation, stability, and folding
behavior. Amyloid formation is a complex process that is caused by the interplay of
several factors. A well studied model peptide (VW18) has been used to examine the
influence of size, hydrophobicity, and secondary structure propensity on the amyloid
formation process.

The model peptide VW18 represents an ideal tool for this study, as it adopts a well
defined a-helical starting structure based on the design principles of a coiled coil folding
motif, and can fold into B-sheet rich amyloids under specific conditions. The internal fibril
architecture was elucidated by a systematic glycine- and proline-scanning approach. The

concept of this study can be summerized according to Figure 8.1.
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Figure 8.1: Concept of elucidating the internal fibril archtecture of VW18 by a systematic scan.

By glycine scanning two bend regions were identified in the sequence, within residues 7 —
9 and residues 19 — 21. With the help of proline substitutions at positions 2 and 25, the
residues proximal to the N- and C-terminus, respectively, were found to be part of short (3-
sheet segments that are likely crucial for core packing within the amyloid fibril. Based on
the findings a structural model was developed for VW18, representing the molecular
arrangement within the protofilaments of the formed amyloid fibrils. The model consists of
three extended B-strand segments, residues 1 — 6, residues 10 — 18, and residues 22 —
26, and two bend regions between. During proline substitution at a bend position of VW18
these regions were found to differ from the turns typically found in B-hairpin-like structures.
Whereas in B-hairpins B-strands are connected via intramolecular main chain H-bonds, in
the plane of the turn, amyloid fibrils have their bend plane orthogonal to the fibril axis, and

main chain H-bonds connect the individual B-strands in an intermolecular fashion.
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With the help of two proline-glutamic acid chimeras that differ only in the configuration (cis
or trans) of their side chain the sensitivity of the turn motif in B-hairpin structures were
further evaluated. Even small alterations of the side chain were found to significantly
influence the conformation of B-hairpin peptides. This strong influence can be attributed to
an altered ring puckering of Pro due to the introduced electronegative side chain. The ring
conformation of prolines within turn sequences dictates which B-hairpin type will be
adopted. In future studies these buliding blocks should help to evaluate the influence that

a side chain at a bend position has on amyloid formation potential of VW18.

A potential mechanism for the structural transition of VW18 from the helical coiled coil
motif toward the B-sheet rich amyloid structure was proposed by calculating the critical
nucleus size that provides the basis for the amyloid formation process. The identified
nucleus size of one indicates a disordered transition state during the structural transition
of VW18. This nucleation process, which can be conceptalizes according to Figure 8.2,
includes disassembly of the initial dimeric coiled coil which can be understood as an
energy barrier that the system must overcome. Reorganization of the unfolded monomers
into a three stranded B-sheet containing the bend regions found in the Gly- and Pro-scan
has not yet been fully elucidated. Although the single B-strand motif is presumably
unstable, it may serve as a template for further stacking B-sheets. This process can be
regarded as energetically downhill, and could include a systematic structural

reorganization towards the proposed model of the internal fibril architecture.
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Figure 8.2: Suggested aggregation pathway of VW18. The nucleation phase includes the
separation and unfolding of the coiled coil dimer and the refolding of the monomer into a 8-sheet
rich intermediate that serves as template for the attachment of further peptide strands.

The detailed structural information that were gained from VW18 provided an ideal platform

to study the influence of fluorinated amino acids on the process of amyloid formation.
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The correlation of side chain volume and hydrophobicity of the utilized fluorinated amino
acids MfeGly, DfeGly, TfeGly, (2S,3S)-TfV, (2S,3R)-TfV, and (2S,3S)-4-TfL has been
systematically evaluated. A RP-HPLC assay expressing this relation was previously
established by our group.”® This assay was expanded for the newly introduced fluorinated
analogues of valine and isoleucine. The fluorinated amino acids were found, albeit being
generally more hydrophobic than their hydrocarbon analogues, to be less hydrophobic
than their surface area would suggest at first sight. This behavior results from the fact that
fluoroalkyl side chains possess two seemingly contrary physicochemical properties,
hydrophobicity and polarity which in combination explain the observed effects. The
increasing polar character is exemplified by the monofluorinated amino acid MfeGly,
which is actually less hydrophobic than the nonfluorinated parent Abu even though it
possesses a larger side chain.

The a-helix propensities of the fluorinated amino acids were determined and compared to
aliphatic nonfluorinated amino acids. The observation that fluorinated amino acids contain
reduced helix propensities compared to their hydrocarbon analogues, made previously,*®
was also true for the fluorinated amino acids investigated here. Additionally, the decrease
in helix propensity was found to occurs in a stepwise fashion. With an increase in the
fluorine content per side chain for MfeGly, DfeGly, and TfeGly, additively reduced a-helix
propensity values were detected.

In terms of amyloid formation it was found that the fluorine content of fluorinated amino
acids significantly influences the kinetics of this process. Two aggregation promoting
valine residues in the primary sequence of VW18 were systematically replaced by the
fluorinated amino acids. A strong correlation between increasing fluorine content and
amyloid formation was found. Differences in the intrinsic amino acid properties, like size
(van der Waals volume), hydrophobicity, and a-helix propensity of the fluorinated amino
acids were carefully considered as factors that influence amyloid formation. The stability
of the initial a-helical coiled coil structure of VW18 was found to be strongly influenced by
the nature of the fluorinated amino acid, and the observed structural transition towards [3-
sheet-rich amyloids was attributed to a stabilization or destabilization of this initial state.
The a-helix propensity of the particularly incorporated amino acid was found to play a key
role in the amyloid formation process of our two-state model system.

The final fibril structure, studied by solid-state **F-NMR of the variants containing MfeGly
in either position 13 or 14, was shown to be much less affected by the substitutions than
the amyloid formation rates. The fluorinated amino acid in the particular position of the
sequence is exposed to two different chemical environments. The observed intensity ratio
of 2:1 suggests two types of protofilaments, which is in good agreement with the formation

of ribbons of three (two outer and one inner) protofilaments also found previously for
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VW18 fibrils in TEM-experiments. Contacts between the protofilaments were also
indicated in spin diffusion experiments. Thus, with the help of solid state NMR studies it
could be confirmed that the fibrils containing the MfeGly substitution seem to have the

same overall architecture as the fibrils of VW18.

In conclusion, the impact of side chain fluorination on amyloid formation kinetics was
successfully evaluated. Secondary structure propensities play a key role in amyloid
formation and should, besides other properties of fluorinated amino acids, generally be
considered in the design of fluorinated peptides and proteins. With these results, which
can be summarized according to Figure 8.3, a credible prediction of the outcome of a
peptide or protein modification with these investigated fluorinated amino acids within a 8 -

sheet forming entity of arbitrary sequences may be possible for the first time.
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Figure 8.3: General observed trend for the amyloid formation rates of VW18 variants, containing
one of the displayed amino acid in position 13 or 14, which result from the interplay of the intrinsic
properties of the particularly incorporated amino acid.

The results gained within this thesis complement the current understanding of fluorine’s
ability to modulate the structures and properties of peptides. This knowledge of how
partially side chain fluorinated amino acids can influence conformation and the kinetics of
structural transitions and amyloid formation will help to define general criteria for the
design of fluorinated peptides with beneficial properties for medicinal and industrial

applications.
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9 Outlook

In the context of this thesis, the effect of fluorination of canonical aliphatic side chains on
the formation of amyloid fibrils from an a-helical starting structure in a peptide model
system was determined. We used analogues of Abu that were fluorinated to different
extents, and found that their a-helical propensity decreases and their hydrophobicity
increases with increasing fluorine content. Peptides containing higher degrees of
fluorination tend to form amyloid fibrils faster, and this trend varies directly or inversely
with the a-helix propensity and hydrophobicity of the judiciously placed nonnatural building
blocks. Future studies of these systems should focus on the following main aspects: a)
additional structural studies, b) systematically introducing higher degrees of fluorination, c)
investigating other peptide systems, especially sequences of known biomaterials, d)
investigating the impact of fluorination on biologically and industrially relevant proteins,
and e) exploiting fluorine’s unique properties in analytical techniques at surfaces or

membranes, especially in mixed peptide polymer systems.

a) Further structural investigations of VW18 will be needed. Although the F-NMR results
of the MfeGly variants seem to support our suggested internal fibril architecture of VW18,
the model of the protofilaments is still based on conclusions drawn from low resolution
techniques. Independent confirmation of the internal fibril packing could be achieved in
solid state NMR-measurements of *C or N labeled VW18 variants. The successful
elucidation of the VW18 fibril structure would offer greater insight into our existing
structural model by providing more detail on the arrangement of peptide strands inside the
fibril. In addition the influence of the charged residues at the bend positions of VW18 on
the process of amyloid formation should be investigated by incorporating the two proline

chimera into the sequence.

b) The extent to which fluorination can drive the formation of supramolecular aggregates,
such as fibrils, remains to be determined, especially in the case of multiple fluorine atoms.
In the present thesis, only one variant of VW18 was synthesized that contained the highly
fluorinated amino acid TfeGly in multiple positions of the sequence. For this variant, we
observed an increased folding rate compared to the respective singly substituted variants.
It could be valuable to test how further fluorination of the sequence influences the
behavior of VW18, not only in terms of amyloids but also with respect to the initial coiled
coil folding motif. The replacement of all leucine residues, providing the hydrophobic core

of the coiled coil motif, would possibly lead to an assembly in which the core packing is
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provided solely by fluorinated amino acids, similar to the GCN4 variant studied by
Kumar.?*® The behavior of such so called ‘Teflon proteins’ in aqueous, organic, or fluorous
solvents is certainly worth studying.*”> Depending on the solvent environment, perhaps
the arrangement of the assembly could be controlled, analogous to the formation of
several phases as observed in mixtures of water, organic, and fluorinated media.

c¢) Fluorine’s impact on the structure and properties of peptide-based materials should be
more broadly evaluated. Amyloids have been used for a variety of biomaterial applications
(see section 3.3), and their assembly is known to mainly be driven by the hydrophobic
effect. Partial or complete fluorination of the amino acid side chain strongly influences
hydrophobicity and polarity, thus, fluorinated amino acids that differ with regard to this
property could be used to fine tune the assembly behavior of amyloid forming peptides.
This effect could be tested on a more synthetically accessible model, such as the amyloid
stretch of the A protein, consisting of a sequence of only five amino acids (KLVFF). For
this model, the a-helix propensity values determined for our fluorinated amino acids could
be neglected, as the short motif is unable to form helical conformations. Amyloid formation
rates would, thus, mainly depend upon hydrophobicity/polarity and fluorine content of the

particular amino acid.

d) A long-term goal would be the development of fluorinated proteins. Larger proteins are
not accessible with solid phase peptide synthesis, instead their synthesis requires in vivo
incorporation strategies. Efforts toward enabling the incorporation different fluorinated
amino acids via tRNA activation are currently in progress in a collaboration project with
the laboratory of Prof. Dr. N. Budisa (TU-Berlin).

e) Fluorine as an additional orthogonal functionality in fibril structures could also serve as
a powerful tool. The most obvious application is its utility as a reporter group for analytical
techniques, to follow processes like interactions with surfaces or membranes. Whether the
fluorinated side chains displayed on the surface of a fibril could be used in specific
interactions might be interesting to test. Highly fluorinated aliphatic hydrocarbon chains

show specific noncovalent interactions. Such ‘fluorous tags’ have been used in many

443,444 445,446

applications ranging from separation and purification approaches to large
functional supramolecular complexes.*’ Perfluoroalkyl chains have also been used to
modulate the self assembly of insulin upon complexation with Zn" and phenol which are
based on intermolecular fluorous interactions.**® Perfluorinated alkyl chains of varying
length were attached to the amino side chain functionality of a C-terminal lysine residue.
The peptide variants showed different scenarios of aggregation depending on the chain

length of the particularly attached fluorous tag. The group of Prof. Dr. R. Haag (FU-Berlin)
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has shown that large dendrimeric complexes can be formed via the interaction of
perfluorinated alkyl chains.*”® The size of the complexes could be fine-tuned by varying
the length of the fluorine tags. It could be interesting to test whether similar interactions
could be achieved between fluorinated amyloid fibrils and fluorinated polymer chains.
Fibrils consisting of parallel stacked B-sheets would contain the fluorinated amino acid at
the same position of neighboring peptide strands. This would result in an alignment of the
fluorinated side chains in a pearl necklace arrangement on the fibril surface. Perhaps
these multiple fluorine side chains would resemble a perfluorinated alkyl chain and, thus,
could also specifically interact with other perfluorinated molecules such as polymers or
dendrimers. If fluorinated amino acids that typically contain one or two CFs-groups are not
sufficient for such an interaction, one could think of incorporating building blocks

containing perfluorinated alkyl side chains into the peptide sequence.
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10 Experimental Section

10.1 General Methods

Solvents used for peptide synthesis (DMF, NMP) were obtained ‘synthesis grade’ from
VWR or Acros Organics. Water used for HPLC and to prepare buffers was purified with a
MilliPore device. Acetonitrile (HPLC grade), Piperidine (99%, extra pure) and DIPEA
(98%) were purchased from VWR or Acros Organics. TFA for HPLC (Uvasol® grade) and
DBU (synthesis grade) were obtained from Merck.

Resins for peptide synthesis were purchased from NovaBiochem. Fmoc- and orthogonal
side chain protected amino acids and coupling reagents were obtained from Iris Biotech,
NovaBiochem, Fa. Gehardt, Sigma Aldrich, Opregen, or VWR and applied without further
purification.

Solvents used for synthesis of the fluorinated amino acids were dried with the solvent
purification system MB-SPS 800 from M. Braun, or freshly distilled according to standard
laboratory methods.

All syntheses involving air- and moisture-sensitive compounds were carried out using
standard Schlenk-type glassware under an atmosphere of argon.

'H and F NMR spectra were recorded at room temperature using a Bruker AC 250,
JEOL ECX 400, JEOL Eclipse 500, or Bruker Advance 3 (700 MHz). *H NMR and **C
NMR: chemical shift (8) is given relative to TMS and referenced to the solvent signal.
F NMR: chemical shift (d) is given relative to CFCl; (external reference). The order of
citation in parentheses is a) multiplicity (s = singlet, d = doublet, t = triplet, g = quartet, m =
multiplet, br = broad), b) coupling constant, ¢) number of nuclei, and d) assignment.

Coupling constants (J) are reported in Hertz (Hz).

10.2 Synthesis of fluorinated amino acids

The fluorinated amino acid (S)-2-amino-4,4-difluorobutanoic acid (DfeGly, (2)) was
synthesized according to to Winkler et al.*** and kindly provided as the Fmoc protected

derivative by Dr. Cosimo D. Cadicamo.
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10.2.1 Synthesis of (S)-2-amino-4,4,4-trifluorobuta  noic acid (TfeGly) (3) *332%
10.2.1.1 Synthesis of diethyl 2-acetamido-2-(2,2,2 -trifluoroethyl) malonate (3a)

According to Tsushima et al.**® diethyl 2-acetamido-2-(2,2,2-trifluoroethyl) malonate (1.0
eq.; 9.30 g, 43.0 mmol) and potassium tert-butoxide (1.0 eq.; 4.80 g, 43.0 mmol) were
dissolved in dry THF (80 mL), heated to 60 °C and refluxed for approximately two hours.
The mixture was cooled to room temperature, and trifluoromethyl 2,2,2-
trifluoroethanesulfonate (1.1 eq.; 6.77 mL, 47.0 mmol) was added via cannula. The
suspension was refluxed for two days. The mixture was cooled to room temperature and
concentrated in vacuo. The reaction was quenched with 1M HCI (50 mL) and extracted
with ethyl acetate (4 x 50 mL). The organic phases were combined, washed with water (2
x 20 mL), dried over sodium sulfate, and concentrated in vacuo. The crude product was
purified by column chromatography on silica gel using a mixture of hexane and ethyl
acetate (Hexane/EtOAc =3:1) as eluent. The yellow solid was recrystallized from
diethylether and hexane, and the product was obtained as white needle-like crystals.
Yield: 5.40 g (23.6 mmol, 42%). The obtained spectra accorded to the literature.**

0 'H NMR (400 MHz, 298 K, CDCl,): d [ppm] = 6.91 (s, 1H, NH), 4.27 (q,
E1O OEt Jnn = 7.2 Hz, 4H, 2 x CHy), 3.31 (g, Jun = 10.5 Hz, 2H, CH,CF3), 2.08
AcHN CF, (s, 3H, COCHz), 1.28 (t, Juy = 7.1 Hz, 6H, 2 x CHy).
F NMR (376 MHz, 298 K, CDCly): & [ppm] = -62.01 (t, 'J¢ = 5.3 Hz,
3F, CFy).

10.2.1.2 Synthesis of 2-amino-4,4,4-trifluorobutan  oic acid (3b)

According to Tsushima et al.**®* compound 3a (5.40 g, 23.6 mmol) was dissolved in
concentrated HCI (5 mL) and refluxed overnight. The mixture was concentrated in vacuo,
and the residue was lyophilized. Yield: 3.61 g (22.98 mmol, 97%) The obtained spectra

accord to the literature.**

F3C 'H NMR (400 MHz, 298 K, D,O): & [ppm] = 4.39 (dd, Jy4 = 8.1, 4.0 Hz,
1H, CH), 2.89-3.13 (m, 2H, CH,).

H,N~ “COOH 1 _ _ _—

F NMR (376 MHz, 298 K, D,O): & [ppm] = -64.06 (t, “J, = 10.2 Hz, 3F,

CF»).
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10.2.1.3 Synthesis of 2-acetamido-4,4,4-trifluorob  utanoic acid (3c) **°

According to Chiu et al.**® the racemic amino acid 3b (1.0 eq.; 2.60 g, 16.6 mmol) was
dissolved in water (50 mL, Millipore) and the pH was adjusted to 9. The solution was
cooled to 0 °C in an ice bath. Acetic anhydride (1.0 eq.; 1.72 mL, 18.2 mmol) was added
dropwise, and the pH was adjusted to 8-9 using a WTW pH526 pH-meter and an InLab®
microelectrode (Mettler Toledo). The mixture was stirred for 30 min in an ice bath, warmed
to room temperature, and stirred another two hours at room temperature. Then the
reaction was slowly acidified to pH 2 using conc. HCI, and extracted with ethyl acetate (5 x
50 mL). The organic layers were combined, dried over sodium sulfate, and concentrated
in vacuo. The product was obtained as a white solid. Yield: 2.00 g (10.1 mmol, 61%) The

obtained spectra accord to the literature.?*

FaCe IH NMR (400 MHz, 298 K, D,0): & [ppm] = 4.70 (dd, Ju = 9.5, 3.8 Hz,
1H, CH), 2.69-2.92 (m, 2H, CHj), 2.01 (s, 3H, OCH).
AcHN COOH 19 \MR (376 MHZ, 298 K, D,0): & [ppm] = -64.30 (t, 13y = 10.2 Hz,

3F, CFs).

10.2.1.4 Synthesis of (S)-2-amino-4,4,4-trifluorob  utanoic acid (3d) 2%

According to Chiu et al.?*®

the N-acetylated amino acid 3c (1.0 eq.; 2.00 g, 10.1 mmol)
was dissolved in water (Millipore) to give a 50 mM final concentration. The pH was first
adjusted to 11 using 1N NaOH, then adjusted to pH 7 using 10% AcOH, to produce a
buffer system. Acylase | (0.10 g, grade Il, 553 units / mg) was allowed to hydrate for 5 min
in 5 mL water, after which it was added to the amino acid solution. The pH was readjusted
to 7.0 using 0.1% AcOH or 0.01 N NaOH. The mixture was gently stirred at 36 °C for a
few hours, then overnight at room temperature. The mixture was brought to pH 4 using
10% AcOH and filtered through an ion exchange resin (Dowex 50W X8; 100-200 mesh).
The resin was washed with Millipore water until the eluting solution had a neutral pH.
Afterwards the free L-amino acid was eluted from the resin using 1IN NHs. All fractions
containing amino acid (positive Ninhydrin reaction) were combined, and the product

lyophilized. The product was obtained as a white powder. Yield: 0.76 g (4.84 mmol, 48%)

FsC 'H NMR (400 MHz, 298 K, D,0): & [ppm] = 3.75 (dd, Jun = 8.1, 4.4 Hz,
)\ 1H, CH), 2.58-2.89 (m, 2H, CH,).
H,N© 'COOH 13 _ 1
C NMR (126 MHz, D,0) & [ppm] = 176.08 (s, COOH) 126.30 (q, "Jcr
= 276.5 Hz, CF5), 50.17 (s, CHCOOH), 36.30 (g, 2Jcr = 28.6 Hz, CH,CF5).
F NMR (376 MHz, 298 K, D,0): & [ppm] = -64.06 (t, *Jyr = 10.2 Hz, 3F, CFy).
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10.2.1.5 Synthesis of (S)-2-(((9H-fluoren-9-yl)meth  oxy)carbonylamino)-4,4,4-
trifluorobutanoic acid (3e) %%

According to Chiu et al.?*® the L-enantiomer of amino acid 3d (1.0 eq.; 0.76 g, 4.84 mmol)
was dissolved in 10% Na,CO; (5 mL) and cooled to 0 °C using an ice bath. Dioxane (1mL)
was added dropwise via cannula. After stirring the suspension for 15 min at 0 °C, Fmoc-
succinimide (1.1 eq.; 1.79 g, 5.32 mmol) was added. The mixture was stirred for three
hours at 0 °C, then at room temperature overnight.

The reaction was quenched with water (50 mL) and extracted with diethylether (1x 50
mL). The aqueous phase was cooled in an ice-bath and the pH was carefully adjusted to 2
using conc. HCI. Precipitation of a white solid was observed. The suspension was
extracted with DCM (4 x 50 mL), and the combined organic phases were washed with
water (1 x 50 mL), dried over sodium sulfate, and concentrated in vacuo. The crude
product was purified using preparative HPLC (Knauer; see section 10.2.5) with a
Phenomenex ® Luna C8 10 um (250 mm x 21.2 mm) reverse phase column. HPLC runs
were performed with a flow rate of 20 mL/min applying a linear eluent gradient of H,O
(solvent A) and ACN (solvent B) containing 0.1% TFA (solvent B: 30% — 100% in 30
min), with UV-detection at Aps = 280 nm. The fractions containing the pure Fmoc-amino
acid were combined and ACN was removed in vacuo. The pure product was obtained as
a white solid after lyophilization and identified by ESI-ToF MS. Yield: 1.43 g (3.77 mmol,
78%).

O '"H NMR (400 MHz, 298 K, CDCly): & [ppm] = 7.77 (d, Jun =
7.5 Hz, 2H, Ar (Fmoc)), 7.58 (d, Juy = 7.4 Hz, 2H, Ar
. (Fmoc)), 7.42 (t, Jun = 7.4 Hz, 2H, Ar (Fmoc)), 7.38 (t, Iy =
O N*WCF?’ 7.4, 1.0 Hz, 2H, Ar (Fmoc)), 5.53 (d, Jun = 9.4 Hz, 1H, NH),
4.64 (dd, Ju = 8.1, 4.4 Hz, 1H, CH), 4.42-4.25 (m, 2H,
COOCH, (Fmoc)), 4.23 (t, Juy = 6.1 Hz, 1H, COOCH,CH (Fmoc)), 2.85-2.72 (m, 2H,
CH.CF5).
3C NMR (126 MHz, CDCI;) & [ppm] = 168.75 (s, COOH), 151.67 (s, COOCH,), 142.54 (s,
Ar-C), 141.42 (s, Ar-C), 128.33 (s, Ar-C), 127.91 (q, "Jcr = 276.2 Hz, CF3) 127.56 (s, Ar-
C), 125.33 (s, Ar-C), 120.29 (s, Ar-C), 73.06 (s, COOCH,CH), 57.37 (s, HO,CCH) 46.46
(s, CHCOOH), 25.56 (g, 2Jcr = 28.2 Hz, CH,CFy).
F NMR (376 MHz, 298 K, CDCl): & [ppm] = -62.92 (t, *Jy¢ = 10.2 Hz, 3 F, CF).
HRMS (ESI): found m/z: 378.1091, calcd. for [C1gH15FsNO,] : 378.0959.

COOH
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10.2.2 Synthesis of (S)-2-amino-4-fluorobutanoic ac  id (MfeGly) (1)

An enantiomeric mixture of the tert-butylester (4-amino-6-fluoro-2,2-dimethylhexan-3-one)

450,436

was synthesized by Malte Behrends, and kindly provided by the group of Prof. Dr. G.

Haufe (University of Muenster) for this study.

10.2.2.1 2-acetamido-4-fluorobutanoic acid (1a)

4-amino-6-fluoro-2,2-dimethylhexan-3-one (1.0 eq.; 0.3 g, 1.7 mmol) was dissolved in
DCM (10 mL) and cooled to 0 °C using an ice bath. After adding DIPEA (1.0 eq; 0.29 mL,
1.7 mmol) via cannula and freshly distilled acetic anhydride (1.1 eq.; 177 pL, 1.87 mmol)
dropwise using a 200 mL Eppendorf® pipette, the mixture was stirred for three hours at
room temperature. The mixture was quenched with 0.1 M HCI (50 mL) and extracted with
ethyl acetate (4 x 50 mL). The organic phases were combined, dried over sodium sulfate,
and concentrated in vacuo.

The residue was stirred in DCM / TFA (3 mL / 3 mL) for three hours at room temperature
and the solvent was removed in vacuo. The residue was dissolved in distilled water (50
mL). The pH was adjusted to 2 using 0.1 M HCI and the product extracted with ethyl
acetate (4 x 50 mL). The organic phases were combined, dried over sodium sulfate, and
concentrated in vacuo. The product was obtained as a yellow solid. Yield: 0.27 g (1.65

mmol, 97%), crude, over two steps.

F 'H NMR (400 MHz, 298 K, D,0): & [ppm] = 6.74 (d, Jus = 6.9 Hz, 1H,
K NH), 4.75 (dd, Juu = 12.3, 6.6 Hz, 1H, CH), 4.66 (t, Juy = 5.0 Hz, 1H,
AcHN” Jcoon CH2F), 4.54 (t, Ju = 5.0 Hz, 1H, CH,F), 2.42-2.29 (m, 2H, CHy), 2.14 (s,
3H, CH,).
3C NMR (126 MHz, D,0) & [ppm] = 175.32 (s, COOCHj), 174.44 (s, COOH), 81.35 (d,
1Jce = 160.7 Hz, CH,F), 49.80 (s, CHCOOH), 31.49 (d, 2Jcr = 19.8 Hz, CH,), 21.76 (s,
CH,).
F NMR (471 MHz, D,0) & [ppm] = -219.98 (tdd, 2Jue = 46.8 Hz, 3Jy = 23.1, 3Jye = 23.9

Hz).

10.2.2.2 Synthesis of (S)-2-amino-4-fluorobutanoic  acid (1b)

2-acetamido-4-fluorobutanoic acid 1a (0.27 g, 1.65 mmol) was dissolved in water (30 mL,
Millipore), and the separation of the two enantiomers was accomplished similar to the
procedure described in for TfeGly (section 9.3.1.4). Yield: 94. 4 mg (0.78 mmol, 47%).
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F 'H NMR (400 MHz, D,0) & [ppm] = 4.70 — 4.65 (m, 1H), 4.58 — 4.54 (m,
1H), 4.16 (dd, Juy = 7.0, 5.5 Hz, 1H), 2.36 — 2.21 (m, 2H).
HN” > COOH 3C NMR (101 MHz, D,0) & [ppm] = 171.38 (s, COOH), 81.13 (d, "Jcr =
160.6 Hz, CH,F), 50.58 (s, CHCOOH), 30.39 (d, 2cr = 19.2 Hz, CH)).
F NMR (471 MHz, D,0) & [ppm] = -219.93 (tdd, 2Jur = 46.4 Hz, %Ju = 28.8, %), = 28.4
Hz).

10.2.2.3 Synthesis of (S)-2-(((9H-fluoren-9-yl)met hoxy)carbonylamino)-4-
fluorobutanoic acid (1c)

The Fmoc protection of the free L-amino acid was conducted similar to the procedure
described in section 10.3.1.5. Yield: 208.4 mg (0.61 mmol, 78%).

O 'H NMR (500 MHz, 298 K, CDCI3): & [ppm] = 7.76 (d, Juy =
7.2 Hz, 2H, Ar (Fmoc)), 7.58 (d, Juu = 7.2 Hz, 2H, Ar
O. H\(\/F (Fmoc)), 7.40 (t, Jun = 7.3 Hz, 2H, Ar (Fmoc)), 7.31 (t, Jun =
Oj( - oon 7.4 Hz, 2H, Ar (Fmoc)), 5.37 (d, Ju = 5.7 Hz, 1H, NH), 4.41
O (t, Jun = 7.1 Hz, 1H, COOCH,CH (Fmoc)), ), 4.27 — 4.17 (m,
2H, COOCH, (Fmoc)) 4.08-4.02 (m, 2H, CH,F), 3.47 (dd, Juy = 11.7, 5.8 Hz, 1H, CH),
2.61-2.59 (m, 2H, CH,).
3C NMR (126 MHz, CDCl3) & [ppm] = 174.51 (s, COOH), 154.83 (s, COOCH,), 144.39 (s,
Ar-C), 141.63 (s, Ar-C), 127.70 (s, Ar-C), 127.19 (s, Ar-C), 124.78 (s, Ar-C), 120.17 (s, Ar-
C), 80.35 (d, "Jcr ~ 160 Hz, CH,F), 65.27 (s, COOCH,CH), 50.43 (CHCOOH), 31.79 (d,
2Jcr = 19.4 Hz, CH)).
F NMR (471 MHz, CDCl;) & [ppm] = -219.96 (tdd, ?Ju = 40.5 Hz, *Ju = 22.9, %), = 23.1
Hz).
HRMS (ESI): found m/z: 342.1162, calcd. for [C190H17FNO4] : 342.1147.

10.2.3 Synthesis of Fmoc protected TfV and Tfl

The enantiomerically pure, Boc protected amino acids (2S, 3S)-TfV, (2S, 3R)-TfV, and
(2S, 3R)-4'-Tfl were synthesized by Holger Erdbrink,*** and kindly provided by the group
of PD. Dr. C. Czekelius (Freie Universitat Berlin). Boc deprotection and Fmoc protection
was accomplished for all three amino acids according to the following general procedure:

The Boc protected amino acids were stirred in a 1:1 mixture of DCM / TFA for three hours
at room temperature. DCM and TFA were removed under reduced pressure. The

remaining brown oil was dissolved in 10% Na,CO3; and Dioxane. The mixture was cooled
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to 0 °C, and 1.1 eq. Fmoc-OSu was added. The reaction was stirred for three hours at
0 °C, then overnight at room temperature. The reaction was quenched with water and
acidified with HCI to pH 2. The aqueous phase was extracted with DCM (4 x 50 mL). The
combined organic phases were dried over sodium sulfate, filtered, and concentrated in
vacuo. The crude product was purified by reversed-phase preparative HPLC using linear
CH3;CN/H,O gradients containing 0.1% trifluoroacetic acid (TFA), and identified by ESI-
ToF MS.

10.2.3.1 Synthesis of (2S,3S)-2-(((9H-fluoren-9-yl) methoxy)carbonyl)amino)-4,4,4-tri-
fluoro-3-methylbutanoic acid (4)

According to the described general procedure, the corresponding Boc protected amino
acid (120 mg, 0.443 mmol) was stirred in DCM / TFA (3 mL /3 mL) for three hours at room
temperature, and the solvent was removed in vacuo. The residue was dissolved in 10%
Na,CO; and dioxane, cooled to 0 °C, and Fmoc-OSu (164,2 mg, 0,487 mmol) was added.
After stirring the reaction mixture overnight, and the subsequent workup, the product was
obtained as a white solid. Yield: 63.4 mg (0.161 mmol, 36%).

'H NMR (500 MHz, 298 K, CDCls): d [ppm] = 7.76 (d, Juy = 7.5 Hz,
2H, Ar (Fmoc)), 7.58 (d, Juy = 7.3 Hz, 2H, Ar (Fmoc)), 7.40 (t, J =7.4
Hz, 2H, Ar (Fmoc)), 7.31 (t, Jun = 7.5, 1.0 Hz, 2H, Ar (Fmoc)), 5.42 (d,
Jun = 9.4 Hz, 1H, NH), 4.89 (dd, Juy = 9.2, 2.8 Hz, 1H, CHCO;H),
4.63-4.34 (m, 2H, COOCH, (Fmoc)), 4.24 (t, Jyy = 7.0 Hz, 1H, COOCH,CH (Fmoc)), 3.02-
2.85 (m, 1H, CHCFs3), 1.21 (d, Jun = 7.2 Hz, 3H, CHjy).

3C NMR (101 MHz, Acetone-D6): & [ppm] = 173.45 (s, COOH), 157.09 (s, COOCH,),
143, 62 (s, Ar-C), 142.05 (s, Ar-C), 128.32 (s, Ar-C), 128.20 (q, “Jec ~ 280 Hz, CFy),
127.89 (s, Ar-C), 125.46 (s, Ar-C), 120.71 (s, Ar-C), 67.46 (s, CO,CH,CH), 53.34 (m,,
HO,CCH), 47.80 (s, CO,CH,CH), 40.16 (q, 2Jec = 26.5 Hz), 8.67 (q, *J = 2.4 Hz, CH3).

F NMR (376 MHz, 298 K, CDCl,): & [ppm] = =70.5 (d, Jue = 8.6 Hz, 3F, CF5).

HRMS (ESI): found m/z: 393.1197, calcd. for [CooH1gFsNO,4]: 393.1188.

O CFj

HO Y
NHFmoc

10.2.3.2 Synthesis of (2S,3R)-2-(((9H-fluoren-9-yl) methoxy)carbonyl)amino)-4,4,4-tri-
fluoro-3-methylbutanoic acid (5)

According to the described general procedure, the corresponding Boc protected amino
acid (150 mg, 0.553 mmol) was stirred in DCM / TFA (3 mL / 3mL) for three hours at room
temperature, and the solvent was removed in vacuo. The residue was dissolved in 10%
Na,CO; and dioxane, cooled to 0 °C, and Fmoc-OSu (205.3 mg, 0,609 mmol) was added.



116 EXPERIMENTAL SECTION

After stirring the reaction mixture overnight, and the subsequent workup, the product was
obtained as a white solid. Yield: 65.2 mg (0.166 mmol, 30%).

') CFs3 'H NMR (500 MHz, 298 K, CDCly): d [ppm] = 7.76 (d, Juy = 7.4 Hz,

J\/"\ 2H, Ar (Fmoc)), 7.58 (d, Juy = 7.2, 2.6 Hz, 2H, Ar (Fmoc)), 7.40 (t, Jyn
HO - = 7.4 Hz, 2H, Ar (Fmoc)), 7.31 (t, Jus = 7.4 Hz, 2H, Ar (Fmoc)), 5.36
(d, Jun = 9.7 Hz, 1H, NH), 4.68 (dd, Juy = 9.8, 3.7 Hz, 1H, CHCO,H ),
4.49-4.37 (m, 2H, COOCH, (Fmoc)), 4.24 (t, Juy = 7.0 Hz, 1H, COOCH,CH (Fmoc)), 3.07
(m, 1H, CHCF3), 1.27 (d, Jun = 7.2 Hz, 3H, CHy).
3C NMR (101 MHz, Acetone-D6): & [ppm] = 171.20 (s, COOH), 157.17 (s, COOCH,),
144, 91 (s, Ar-C), 142.04 (s, Ar-C), 128.54 (s, Ar-C), 128.27 (q, “Jec ~ 280 Hz, CFy),
127.91 (s, Ar-C), 126.13 (s, Ar-C), 120.80 (s, Ar-C), 67.58 (s, CO,CH,CH), 54.58 (m,,
HO,CCH), 47.87 (s, CO,CH,CH), 40.94 (q, Jec = 25.8 Hz, CHCF3), 11.19 (g, *J = 2.7 Hz,
CHs,).
F NMR (376 MHz, 298 K, CDCl5): & [ppm] = -68.08 (d, Jue = 8.5 Hz, 3F, CF5).
HRMS (ESI): found m/z: 393.1120, calcd. for [CooH1gFsNO,4]: 393.1188.

NHFmoc

10.2.3.3 Synthesis of (2R,3R)-2--(((9H-fluoren-9-yl )methoxy)carbonyl)amino)-4,4,4-
trifluor-3-methylbutanoic acid (6)

According general procedure 7, the corresponding Boc protected amino acid (100 mg,
0.351 mmol) was stirred in DCM / TFA (3 mL / 3 mL) for three hours at room temperature,
and the solvent was removed in vacuo. The residue was dissolved in 10% Na,CO; and
dioxane, cooled to 0 °C, and Fmoc-OSu (130.1 mg, 0.386 mmol) was added. After stirring
the reaction mixture overnight, and the subsequent workup, the product was obtained as a
white solid. Yield: 116.7 mg (0.287 mmol, 82%).

O CF, 'H NMR (500 MHz, 298 K, CDCls): & [ppm] = 7.76 (d, Juy = 7.5 Hz,

M/ 2H, Ar (Fmoc)), 7.57 (d, Juy = 7.4 Hz, 2H, Ar (Fmoc)), 7.40 (t, Iy =
HO™ 7.5 Hz, 2H, Ar (Fmoc)), 7.31 (t, Jun = 7.4 Hz, 2H, Ar (Fmoc)), 5.42 (d,
Jun = 9.2 Hz, 1H, NH), 4.89 (dd, Juy = 9.3, 2.4 Hz, 1H, CHCO,H),
4.43 (m, 2H, COOCH, (Fmoc)), 4.24 (t, Juy = 7.0 Hz, 1H, , COOCH,CH (Fmoc)), 2.72 (m,
1H, CHCFs), 1.81 (tt, Juy = 14.5, 7.4 Hz, 1H, CH,CH,), 1.66 (tt, Juy = 14.7, 7.4 Hz, 1H,
CH,CHj3), 1.09 (t, Juy = 7.4 Hz, 3H, CHy).
3C NMR (126 MHz, Acetone-D6) & [ppm] = 206.26 (s), 171.77 (s, COOH), 156.91 (s,
COOCH,), 144.67 (s, Ar-C), 141.81 (s, Ar-C), 128.31 (s, Ar-C), 128.14 (q, *Jcr ~ 280 Hz,
CF,), 127.69 (s, Ar-C), 125.92 (s, Ar-C), 120.56 (s, Ar-C), 67.32 (s, CO,CH,CH), 52.58

NHFmoc
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(m,, HO,CCH), 47.65 (s, CO,CH,CH), 46.65 (g, Jcr = 23.9 Hz, CHCF;), 18.19 (s,
CH,CHj3), 12.08 (s, CHa).

F NMR (471 MHz, 298 K, CDCl,): & [ppm] = -67.8 (d, Jur = 8.3 Hz, 3F, CF5).

HRMS (ESI): found m/z: 407.0975, calcd. for [Co1H20FsNOy4]: 407.1344.

10.3 Peptide synthesis, purification and characteri  zation

10.3.1 Automated peptide synthesis

All peptides were synthesized from the C-terminal to the N-terminal end using the

following protected derivatives of the standard canonical amino acids:

Fmoc-L-Ala-OH (alanine), Fmoc-L-Glu(OtBu)-OH (glutamic acid), Fmoc-L-Gly-OH
(glycine), Fmoc-L-lle-OH (isoleucine), Fmoc-L-Leu-OH (leucine), Fmoc-L-Lys-OH (lysine),
Fmoc-L-Pro-OH (proline), Fmoc-L-Ser(tBu)-OH (serine), Fmoc-L-Thr(tBu)-OH (threonine),
Fmoc-L-Trp(tBu)-OH (tryptophan), Fmoc-L-Tyr(tBu)-OH (tyrosine), Fmoc-Val-OH (valine).

All fluorinated and non-fluorinated variants of VW18, and all KXaa-analogues, were
synthesized according to the standard Fmoc strategy using 10 mL polypropylene reactors

in a Multi-Syntech Syro XP peptide synthesizer (MultiSynTech GmbH, Witten, Germany).

For the VW18 variants, a preloaded Fmoc-Leu-OWang resin (0.64 mmol/g, 0.05 mmol
scale) or preloaded Fmoc-Leu-NovaSyn®TGA resin (0.2 mmol/g, 0.05 mmol scale) was
used. All VW18 derivatives were N-terminally labeled with anthranilic acid (Abz) to enable

photometric concentration determination.

For the KXaa-peptides that were used for a-helix propensity measurements, a
NovaSyn®TGR-resin was preloaded with the first amino acid Fmoc-Lys(Boc)-OH (0.23
mmol/g, 0.025 mmol scale). The N-terminal amino group was acetylated using acetic

anhydride (see capping, section 10.3.3)

All peptides were synthesized using 4 eq. of Fmoc-amino acid. C-terminal activation was
carried out using 4 eq. TBTU / HOBt and 8 eq. DIPEA. Fmoc deprotection was achieved
by treatment of the resin with 2% piperidine and 2% DBU (4x5 min). The chaotropic salt
NaClO,4 (0.8 mM) was added to the dissolved amino acid to avoid on-resin aggregation
during peptide synthesis. The standard protocol applied with the particular synthesizer is

given in Table 10.1.
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The fluorinated amino acid, and the residue immediately succeeding it in the sequence,
were coupled manually using 2 eq. amino acid and HOAt / DIC activation with coupling

times of 2 x 8 h.

Table 10.1: SPPS standard protocol applied on Multi-Syntech Syro XP peptide synthesizer.

procedure reagent duration
Double swelling 2.5 mL DMF 2 X 15
coupling . Fmoc. 2 mL 2% Pip / 2% DBU in DMF | 4 x 5 min
eprotection
start
washing 2.5 mL DMF 6 X 1 min
4 eq. Fmoc-X-OH and HOBt in DMF
coupling 4 eq. TBTU in DMF 30 min
8 eq. DIPEA in NMP
washing 2.5 mL DMF 1x1min
Double

_ 4 eq. Fmoc-X-OH and HOBt in DMF
coupling coupling 4 eq. TBTU in DMF 30 min
8 eq. DIPEA in NMP

washing 2.5 mL DMF 3 x1 min
Fmoc . . .
. 2 mL 2% Pip / 2% DBU in DMF 4 x5 min
deprotection
washing 2.5 mL DMF 6 x 1 min

10.3.2 Manual peptide synthesis

The Fmoc protected building blocks (cis- and trans-proline-glutamic acid chimeras) were
synthesized and kindly provided by Dr. Jyotirmoy Maity,®”® for incorporation into the
peptide sequences and the conformational study of the resulting B-hairpins.

P1 P peptides, and the two analogues (P1_P“*®, p1_P"™™F) containing the proline
chimeras, were manually synthesized according to the standard Fmoc strategy. A
NovaSyn®TGA-resin was preloaded with the first amino acid Fmoc-Thr-('Bu)-OH (0.35
mmol/g, 0.05 mmol scale). C-terminal activation was carried out using 4 eq. Dic / HOBt.
The Fmoc protected proline chimera, and the amino acid directly succeeding it in the
sequence, were coupled manually for 2 x 8 h using 2 eq. amino acid and HOAt / DIC
activation. Gly (7) was introduced carrying a DMB protecting group on the amino function

to avoid aspartimide formation with the neighboring Asp (6) under basic conditions during
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Fmoc deprotection steps. Fmoc deprotection was achieved by treatment of the resin with
20% piperidine in DMF.

10.3.3 Capping

For capping of the free amino groups with acetic anhydride, a solution of Ac,O (10% (v/v))
and DIPEA (10% (v/v)) in DMF (3 mL) was added to the resin in three batches. The
reaction was shaken for 3 x 10 min. Afterwards, the resin was washed with 5 mL DMF (3 x
1 min) and 5 mL DCM (3 x 1 min).

10.3.4 Cleavage from the resin

Peptides based on the sequence of VW18 and all KXaa variants were cleaved from the
resin by treatment with 2 mL of a solution containing triisopropylsilane (10%, w/v), water
(1%, wiv), and TFA (89%, w/v). The resin was shaken for 3 h and then filtered into a 100
mL flask. The resin was washed with 0.5 mL TFA and 0.5 mL DCM, and the washing
solutions were combined with the cleavage solution. DCM was removed under a gentle
stream of argon, and the peptides were precipitated by the addition of 80 mL ice-cold
diethylether. The supernatant of the suspension was removed by centrifugation, and the
precipitated raw peptide was washed with 15 mL ice-cold diethylether. The crude peptide
was dried before purification.

P1 P peptides and its analogues were cleaved from the resin with 2 mL of a solution
containing triisopropylsilane (10%, w/v), water (1%, w/v), and TFA (89%, w/v). To cleave
the ethyl ester of the proline chimera side chain, the crude peptide was stirred in 1M LiOH
solution at room temperature overnight. Afterwards the peptide was precipitated in cold

ether and handled in a manner similar to the other peptides, as described above.

10.3.5 Preparative HPLC

The crude peptides were dissolved in a mixture of H,O and ACN containing 01 % TFA,
and purified by reversed-phase preparative HPLC using a Knauer high-pressure-gradient
system, with Smartline Manager 5000 interface with solvent degasser, two Smartline 1000
pumps (one for each eluent), variable UV-detector 2500, injection valve, high-pressure-
gradient mixer, and a 5 mL sample loop. Separation was accomplished with a
Phenomenex ® Luna C8 10 um (250 mm x 21.2 mm) reversed-phase column. HPLC

runs were performed with a flow rate of 20 mL/min, applying linear eluent gradients of
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H,O (solvent A) and ACN (solvent B) containing 0.1% TFA, with UV-detection at Ays =
320 nm for VW18 based peptides containing Abz and A,,s = 280 nm for KXaa and P1_P
peptide variants containing the aromatic amino acid tyrosine (Tyr).

VW18 variants containing MfeGly in position 13 or 14 that were used for solid state *°F-
NMR experiments were purified under TFA free conditions to avoid background *°F-
signals. Gradients of water / acetonitrile supplemented with 5 mM HCL instead of 0.1%
TFA were used as previously described in detail.***

After separation, the purity of the collected fractions was determined by analytical HPLC.
Fractions with sufficient purity were combined, and ACN was removed by rotary

evaporation. Lyophilization of the remaining aqueous solution yielded the pure peptide.

10.3.6 Analytical HPLC

The purity of the synthesized peptides was determined by analytical HPLC. Analytical
HPLC was performed on either a computer-controlled high-pressure-gradient LaChrom-
HPLC-system (Merck-Hitachi), with L-7000 interface; two L-7100 pumps (one for each
eluent); diode array detector L-7450; autosampler L-7200 with 100 pL sample loop;
solvent degasser L-7612; high-pressure gradient mixer; Rheodyne injection valve 7725i,
20 pL sample loop, or on a computer-controlled high-pressure-gradient Elite LaChrom-
HPLC-system (VWR-Hitachi) with two pumps L-2130 (one for each eluent); diode array
detector L-2455; a fluorescence detector L-2485; autosampler L-2200 with 100 pL sample
loop, and a solvent degasser L-7612. HPLC runs were performed with a flow rate of 1
mL/min applying linear eluent gradients of H,O (solvent A) and ACN (solvent B) containing
0.1% TFA. UV-detection was set to A;s = 320 nm for VW18 based peptides containing
Abz, Ays = 280 nm for KXaa and P1_P peptide variants containing the aromatic amino
acid tyrosine (Tyr), and Agps = 220 nm for both unlabeled peptide fragments and for purity
control of the final peptides. Data analysis was accomplished using the LaChrome

Software version 4.0.
The following reversed phase columns were used:
Phenomenex® Jupiter C4 5 uM (250 mm x 4.6 mm), Phenomenex® Luna C8 (2) 5 uM

(250 mm x 4.6 mm), Phenomenex® Luna C8(2) 10 uM (250 mm x 4.6 mm), Capcell C18
5 uM (250 mm x 4.6 mm).
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10.3.7 Characterization by ESI-ToF

Peptides were identified by ESI-ToF MS using an Agilent 6210 ESI-ToF LC-MS
spectrometer (Agilent Technologies Inc., Santa Clara, CA, USA) with manual sample
injection via a syringe pump (Harvard Apparatus 11 Plus) at a flow rate of 0.2 mL/min.

The peptides VW18 _MfeGly 13 and VW18 MfeGly 14, used for solid state °F-NMR
experiments were identified using an Agilent 1100 LC series coupled to a Brucker uyTOF

mass spectrometer.

10.4 Synthesized peptides

The peptide sequences summarized in Table 10.2 — 10.4 were synthesized within the

scope of the present thesis and identified by ESI-ToF mass spectrometry.

Table 10.2: Names, sequences, and identification of synthesized VW18 variants.

Name Sequence observed calculated
M+3]** [M+3]**

VW18 Abz-LKVELEKLKSELVVLKSELEKLKSEL 1048.6149 | 1048.6177
VW18_G8,G19 Abz-LKVELEKGKSELVVLKSEGEKLKSEL 1011.2523 | 1011.2359
VW18_TfeGly 133 Abz-LKVELEKLKSEL-TfeGly- VLKSELEKLKSEL 1061.9436 | 1061.9582
VW18_TfeGly 14" Abz-LKVELEKLKSELV-TfeGly- LKSELEKLKSEL 1061.9501 | 1061.9582
VW18_DfeGly 13 Abz-LKVELEKLKSEL-DfeGly- VLKSELEKLKSEL 1055.9345 | 1055.9615
VW18_DfeGly 14 Abz-LKVELEKLKSELV-DfeGly- LKSELEKLKSEL 1055.9358 | 1055.9615
VW18_MfeGly 13 Abz-LKVELEKLKSEL-MfeGly- VLKSELEKLKSEL 1049.9629 | 1049.9649
VW18_MfeGly 14 Abz-LKVELEKLKSELV-MfeGly- LKSELEKLKSEL 1049.9597 | 1049.9649
VW18_Leu 13* Abz-LKVELEKLKSEL-Leu-VLKSELEKLKSEL 1053.2982 | 1053.2895
VW18_Leu 14° Abz-LKVELEKLKSELV-Leu-LKSELEKLKSEL 1053.2890 | 1053.2895
VW18 TfeGly 3,13,14 Abz-LK-TfeGly- ELEKLKSEL-TfeGly-TfeGly-

LKSELEKLKSEL 1088.5842 | 1088.6392
VW18_leu 3,13,14 Abz-LK-Leu-ELEKLKSEL-Leu-Leu -LKSELEKLKSEL 1062.6406 | 1062.6333
VW18_(SS)-TfV 14 Abz-LKVELEKLKSELV-(2S,3S)-TfV-LKSELEKLKSEL | 1066.6173 | 1066.6315
VW18_(SR)-TfV 14 Abz-LKVELEKLKSELV-(2S,3R)-TfV-LKSELEKLKSEL | 1066.6172 | 1066.6315

® Synthesized by Olaf Wagner during an internship under my supervision, 2010.
* Synthesized by Kristin Folmert during an internship under my supervision, 2010.
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Table 10.3: Names, sequences, and identification of synthesized KXaa peptide variants.
observed | calculated
Name Sequence
[M+2]2+ [M+2]2+
K Ala® Ac-YGGKAAAAKA-Ala- AAKAAAAK-NH, 851.4915 |851.4920
K Leu® Ac-YGGKAAAAKA-Leu- AAKAAAAK-NH2 872.5213 872.5155
K val® Ac-YGGKAAAAKA-Val-AAKAAAAK-NH, 865.5041 865.5077
K MfeGly ® Ac-YGGKAAAAKA-MfeGly- AAKAAAAK-NH, 867.4920 867.5285
K DfeGly*® Ac-YGGKAAAAKA-DfeGly- AAKAAAAK-NH, 876.4890 876.5235
K TfeGly® Ac-YGGKAAAAKA-TfeGly- AAKAAAAK-NH, 885.4880 885.5185
K (28,38)-Tf\/4 Ac-YGGKAAAAKA-(2S,3S)-TfV-AAKAAAAK-NH, 892.4904 892.5285
K (28,3R)-Tf\/4 Ac-YGGKAAAAKA-(2S,3R)-TfV-AAKAAAAK-NH; 892.4919 892.5285
Klle’ Ac-YGGKAAAAKA-Ile-AAKAAAAK-NH2 872.0341 872.5177
K (2S,3S)-TfI° Ac-YGGKAAAAKA-(2S,3S)-TfV -AAKAAAAK-NH2 899.5220 | 899.5485

Table 10.4: Names, sequences, and identification of the P1_P peptide variants.

observed calculated
Name Sequence
[M+l]1+ [M+l]1+
P1_P IYSNPDGTWT 1153.5219 | 1153.5165
P1_P®* IYSNP***DGTWT 1211.5259 1211.6303
P1_p™™E IYSNP™™ DGTWT 1211.5269 1211.6303
10.5 Folding studies
10.5.1 Sample preparation and concentration determi  nation

10.5.1.1 Fibril forming peptides (VW18 variants)

Lyophilized peptide was dissolved in HFIP and sonicated for 15 minutes at room

temperature. An aliquot of the stock solution was taken, and the HFIP was removed under

a gentle stream of argon. The resulting film was dissolved in 1 mL 10 mM phosphate

buffer (pH 7.4), and the concentration was determined by UV spectroscopy at 320 nm

using a Varian Cary 50 spectrophotometer (Varian Medical Systems, Palo Alto, CA, USA)
and PMMA cuvettes (10 mm path length, 1.5 mL, Plastibrand®, VWR International GmbH,

Darmstadt, Germany). Prior to analysis, a calibration curve with Abz-Gly-OH (Bachem

GmbH, Weil am Rhein, Germany) in phosphate buffer (10 mM, pH 7.4) was recorded at

° Synthesized by Sarah Chebli during her bachelor thesis under the supervision of Mario
Salwiczek, 2010; kindly provided for this study by Mario Salwiczek.

® Synthesized by Sergej Schwagerus during his bachelor thesis under my supervision, 2011.
’ Synthesized by Christian Knoll during an internship under my supervision, 2012.
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different concentrations. The desired amount of peptide stock solution was aliquoted and
the HFIP was removed. Samples were stored at -20 °C until use. Prior to the experiments,
peptides were dissolved in freshly prepared phosphate buffer (10 mM, pH 7.4). Unless
reported differently, samples of 100 uM peptide concentration were prepared for all fibril
forming peptides. Fibrils were formed by incubation of the samples at 25 °C under

stationary or agitated conditions.

10.5.1.2 KXaa peptides used for a-helix propensity measurements

The lyophilized peptide was dissolved in 1 M NaCl, 1 mM sodium phosphate, 1 mM
sodium citrate, and 1 mM sodium borate buffer (pH 7.0). The concentration of peptide
stock solutions was determined using tyrosine absorbance in 6 M guanidinium
hydrochloride (€276nm = 1,455 mol*cm™) using a Varian Cary 50 spectrophotometer
(Varian Medical Systems, Palo Alto, CA, USA) and PMMA cuvettes (10 mm path length,
1.5 mL, Plastibrand®, VWR International GmbH, Darmstadt, Germany). Stock solutions of

1 mM concentration were prepared for each peptide.

10.5.1.3 P1_P peptide variants used for  B-hairpin conformational studies

For preparation of the NMR-samples, the lyophilized peptide was dissolved in either H,O /
D,0O = 9:1 or pure D,O to obtain a 5 mM stock solution. The concentration of peptide stock
solutions was determined in aqueous 6 M guanidine hydrochloride by adding 100 pL of
the stock solution to 7 M guanidine hydrochloride solution, which was further diluted with
water to result in a final guanidine hydrochloride concentration of 6 M. The absorbance of
tyrosine and tryptophan were determined using a Varian Cary 50 spectrophotometer
(Varian Medical Systems, Palo Alto, CA, USA) and PMMA cuvettes (10 mm path length,
1.5 mL, Plastibrand®, VWR International GmbH, Darmstadt, Germany). The concentration
of the stock solution was calculated using the known extinction coefficients of Tyr and Trp
(€ryrat 280 nm = 1.200 mol™*cm™, &1, at 280 nm = 5.560 mol*cm™) according to equation
10.1:

_ A
[N Qery, ) + N Q)10 (10.1)

c

with A = absorption at 280 nm, | = path length (1 cm), n = number of times the particular
residue appears in the sequence, and ¢ = extinction coefficient.
The stock solutions were diluted to the desired concentrations required for NMR or CD

experiments, and the pH was adjusted to 4.3 as described below.
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10.5.2 pH adjustment

The pH of the buffer solutions and all peptide samples were adjusted using a WTW pH526

pH-Meter and an InLab® microelectrode (Mettler Toledo).

10.5.3 CD spectroscopy

10.5.3.1 VW18 variants

CD spectra of fibril forming peptide variants were recorded with a Jasco J-810
spectropolarimeter equipped with RCS-Lauda Thermo-Regulator (LAUDA Dr. R. Wobser
GmbH & Co. KG) according to the parameters summarized below. Quartz cells (1.0 mm
path length) were used throughout. Sample concentration of all peptide solutions was
adjusted to 100 uM in 10 mM phosphate buffer at pH 7.4. The spectra were obtained as
the average of three scans that had been background-corrected by subtracting the
corresponding buffer spectra. The measured CD data in mdeg were converted into molar

ellipticity per residue [6] = (10°- mdeg@m*dmol™-residue™).

Parameters:

Start wavelength: 240 nm Response: 2s
End wavelength: 190 nm Band width: 2nm
Step resolution: 0.5 nm Temperature: 20 °C
Scan speed: 100 nm / min Accumulation: 3

10.5.3.2 P1_P peptide variants

The peptide stock solutions (H,O / D,O = 9:1; pH 4.3) were diluted to give solutions with
final concentrations of 100 uM, 300 uM, and 500 uM. CD spectra of the peptide variants
were recorded with a Jasco J-810 spectropolarimeter at 5 °C. Quartz cells (0.2 mm path
length for 300 pM and 500 pM samples, and 1.0 mm path length for 100 uM samples)
were used throughout. The spectra were the average of three scans obtained by
collecting data from 240 to 190 nm at 0.5 nm intervals, 2 nm bandwidth, and 2 s response
times. Spectra were background-corrected by subtracting the corresponding H,O / D,O =

9:1 spectra.



EXPERIMENTAL SECTION 125

10.5.3.3 KXaa variants

CD spectra were recorded with a Jasco J-810 spectropolarimeter at 0 °C. Quartz cuvettes
(1.0 mm path length) were used. CD measurements were performed at peptide
concentrations of 30, 50, and 80 puM. Each reported CD value represents the mean of at
least 3 independent measurements. Data were collected from 250 nm to 200 nm at 0.2
nm intervals, 2 nm bandwidth, and 2 s response time. Spectra were background-corrected
by subtracting the corresponding buffer spectra. The measured CD data in mdeg were
converted into molar ellipticity per residue [6] = (10° mdegi@m?dmol™ residue™). The
mean residue molar ellipticity was independent of peptide concentration (30-80 uM) for all

peptides.

10.5.4 a-helix propensity measurements

The fractional helical content (feix) Of the KXaa peptides was calculated from the mean
residue molar ellipticity of the CD data at 222 nm. The number of backbone amides (N) is

19, and fiei Was calculated using equation 10.2.

freix = [6]222 (10.2)
2.5

The helix propensity (w) of the amino acid at the guest position was calculated from the
freix Of the corresponding peptide based on modified Lifson-Roig theory.”**#° Four
parameters need to be considered for each residue: helix propensity (w), nucleation (v),
N-terminal capping propensity (n), and C-terminal capping propensity (c).”** For all
residues, v was set to 0.048,%° and ¢ was set to 1.%° Literature values were used for w
and n of the host residues.”® For the residue in the guest position, w was simply

calculated with n set to 1.2%438

10.5.5 HPLC assay to estimate the hydrophobicity an  d side chain volume of
the Fmoc-amino acids

The impact of fluorination on the correlation of amino acid side chain volume and
hydrophobicity was investigated with the help of an HPLC assay that was previously
established in our group.49 Fmoc-protected analogues of Gly, Ala, Abu, Val, Leu, and lle,
as well as those of MfeGly, DfeGly, TfeGly, (2S,3S)-TfV, and (2S,3R)-TfV were used, and
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their retention times determined on a C18 column (Capcell C18, 5 um). Approximately
10 pmol of the respective Fmoc-amino acid was dissolved in 5 mL of a mixture of 40%
acetonitrile (99.9%, HPLC gradient grade, VWR) in deionized water containing 0.1% TFA
(Uvasol, Merck) and filtered over a syringe filter with 0.2 um pore size. The retention times
on the C18 column were determined. A linear gradient from 40% to 70% ACN over 30 min
was applied at room temperature, and all experiments were performed in triplicate. The
van der Waals volumes of the side chains were calculated according to Zhao et al.**? All
atom and bond contributions (from Cg outward) of the side chain were considered for the

calculation according to equation 10.3 with N representing the number of bonds.

V., = 2 all atom contributions — 5.92 Ng (10.3)

The values in Table 10.5 were used for the atom contributions.

Table 10.5: atom volumes

atom Viav (A%
H 7.24
C 20.58
F 13.31

10.5.6 Size exclusion / static light scattering

The oligomerization state of the peptides was determined by applying size exclusion
chromatography (SEC) in combination with static light scattering (SLS). Size exclusion
(SEC) analysis was performed using a WTC-015S5 column (5 um, 150 A, 7.8 x 300 mm,
Wyatt Technology) connected to a high-performance liquid chromatography (HPLC)
workstation (La Chrom, VWR, Hitachi, L-2130). The separation was carried out at a
velocity of 0.3 mL/min at room temperature in an aqueous buffer consisting of 10 mM
sodium phosphate and 150 mM sodium chloride at pH 7.3. Elution of peptides was
monitored by UV detection (VWR, Hitachi, L-2400) at 230 nm. The concentration of all
injected VW18 variants was 100 puM, the sample concentration of the KXaa analogues
was 80 pM, and all P1_P variants were injected at a sample concentration of 150 uM. The
injection volume was 100 ul in each case. Static light scattering experiments were
performed at 25 °C by using a Dawn Heleos 8 light scattering photometer and an Optilab
rEX refractive index detector (Wyatt Technology). Molecular weight values were

calculated by using a dn/dc value of 0.185 mL/g. All experiments were performed in
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triplicate, and the data were analyzed with ASTRA software version 5.3.4.20 (Wyatt
Technology).

10.5.7 Thioflavin T fluorescence staining assay

All fibril forming peptides (VW18 and its variants) were prepared as described in the
section (sample preparation). Fluorescence spectra were measured with a luminescence
spectrometer LS 50B (Perkin—Elmer, Boston, MA, USA) using quartz cells (1.4 mL, 2 mm
path length). Samples were prepared by incubating the peptide solution (480 mL, 100 uM,
10 mM phosphate buffer, pH 7.4) with a solution of Thioflavin T (20 pL, 100 uM, 10 mM
phosphate buffer, pH 7.4) at 25 °C under stationary or agitated conditions for several
days, or until completion of fibril formation (plateau phase in the ThT fluorescence staining
assay). Spectra were measured by accumulating 10 scans from 470 nm to 520 nm with
an excitation wavelength of 450 nm, and background-corrected by subtracting the free-
dye spectrum. The given aggregation traces are plots of ThT fluorescence intensity at 485
nm (IFl,g5) versus the incubation time (t). The data were fitted to a sigmoidal four

parameter curve according to equation 10.4:

a

1+ exp[— (t_bt")}

FI _ F
1F =15+

(10.4)

10.5.8 Transmission electron microscopy

Negative staining TEM

Samples for staining electron microscopy were prepared by absorbing 7 uL aliquots of
peptide solution to glow-discharged carbon-coated collodium films on 400-mesh copper
grids. The grids were blotted, stained with 1% phosphotungstic acid (PTA), and air dried.
TEM micrographs were taken at a primary maghnification of 58300x using a defocus of 0.6
pm.

Cryo-TEM

The samples for cryo-TEM were prepared by placing a droplet of 10 pL peptide solution
on a hydrophilized perforated carbon filmed grid (60 s plasma treatment at 8 W using a

BALTEC MED 020 device) at room temperature. For obtaining an ultrathin layer of the
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sample solution spanning the holes of the carbon film, the supernatant fluid was removed
with filter paper. The grids were immediately vitrified in liquid ethane at its freezing point (-
184 °C) using a standard plunging device. The vitrified samples were transferred under
liquid nitrogen into a Philips CM12 transmission electron microscope by using the Gatan
cryo holder and stage (model 626). Microscopy was carried out at a sample temperature
of -175 °C by using the low-dose protocol of the microscope at a primary magnification of
58300x with a defocus of 1.5um.

10.5.9 Solution 1H-NMR spectroscopy of P1_P variant s

'H-NMR and two dimensional-NMR (TOCSY, NOESY, and ROESY) spectral
measurements were recorded in a sample volume of 0.6 mL of H,O / D,O (9:1 ratio by
volume) or in pure D,O at 275 K on an AVANCE Ill 700 MHz pulse spectrometer from
Bruker equipped with a cryo probe. Peptide concentrations for NMR experiments were 5
mM. The pH of the samples was adjusted to 4.3 with a minute amount of HCI or NaOH,
DCI or NaOD, respectively, and was no correction for the isotope effect was made.

One dimensional spectra were acquired by using a 90° pulse of 6.7 microsecond at 7W.

453

Phase sensitive two-dimensional correlation spectroscopy (COSY),™ total correlation

454 455,456

spectroscopy (TOCSY),™ nuclear Overhauser effect spectroscopy (NOESY), and

rotating frame nuclear Overhauser effect spectroscopy (ROESY)**"*®

were recorded by
standard techniques using presaturation of water signal and the time proportional phase
incrementation mode. A mixing time of 200 ms was used for NOESY spectra, whereas a
spinlock pulse of 200 ms at 24 mW was used for ROESY spectra. TOCSY spectra were
recorded using spinlock pulses of 400 ms. Additional NOESY and ROESY experiments
were performed on peptide samples in pure D,O to facilitate the observation of the Hy-H,
NOE cross peaks close to the water signal. Obtained data were processed using Bruker

TOPSPIIN software.

10.5.10 Solid-state 19F-NMR of VW18 variants contai ning MfeGly

The fibrils of the peptides VW18 MfeGly 13 and VW18-MfeGly 14 were investigated
using solid-state *F-NMR. The local chemical operating at 564.68 MHz °F resonance
frequency (600 MHz for *H) after single pulse excitation (2.5 ps pulse length) under 25
kHz magic angle spinning and 50 kHz 'H-decoupling at a temperature of 25 °C.
Approximately 5000-10000 scans separated by a recycle delay of 2s were accumulated

for a typical spectrum. The *F-NMR spectra were referenced indirectly using the *H-NMR
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water signal, and - in cases where two lines were present - fitted with two lineshapes
composed of 50% Lorentzian and 50% Gaussian profile to deconvolute their relative
intensities.

Internuclear proximities between non-equivalent °F-substituents were probed using the

313315 \vith an extended

CODEX (Centerband Only Detection of Exchange) experiment
phase cycle.* A chemical shift recoupling period of 240 us, z-filter of 80 ps, and mixing
times between 80 pus and 400 ms were used. Scans acquiring the full signal Sy, and the
signal reduced due to spin diffusion S, were collected in an interleaved fashion to assure
identical conditions for both data sets. The ratio S/S, was fitted to (1-1/M) exp(tmix/tai) +
1/M, assuming environment of the fluorine-labeled amino acid (MfeGly) and fluorine-
fluorine contacts between different *°F nuclei were examined using solid state *°F-NMR
under magic angle spinning. For the measurements, the amyloid suspensions were
ultracentrifuged, and the pellet transferred into 2.5 mm outer diameter rotors. **F-NMR
spectra were acquired using a Bruker Avance spectrometer a spin diffusion amongst M

equivalent sites with a spin diffusion time constant tg;.
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