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2. ABBREVIATIONS

ANA Amyloid-Nucleic Acid

a.u. absorbance unit

Bicine N,N-Bis(2-hydroxyethyl)glycine

CD Circular Dichroism

DEP Diethyl Phosphate

DNA Deoxyribonucleic Acid

dsDNA double-stranded DNA

HBS HEPES-Buffered Saline

HEPES 4-(2-HydroxyEthyl)-1-PiperazineEthaneSulfonic acid
HT DNA DNA from herring testes

IAPP Islet Amyloid Polypeptide

FRET Forster Resonance Energy Transfer
MES 2-(N-Morpholino)EthaneSulfonic acid
NMR Nuclear Magnetic Resonance

BY RNA Baker’s Yeast RNA

PA RNA poly(A) RNA

PMCA Protein Misfolding Cyclic Amplification
PrP Prion Protein

RMSD Root Mean-Sqare Distance

RNA Ribonucleic Acid

SH3 SRC Homology 3 [Domain]

ssDNA single-stranded DNA

ST DNA DNA from salmon testes

TEM Transmission Electron Microscopy
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Summary

3. SUMMARY

Anions including nucleic acids and lipids have been found to promote amyloid formation
in diseases including neurodegenerative conditions such as Alzheimer’s and Creutzfeldt-
Jakob disease. However, the direct effects of these close charge-based interactions are
not well understood. It is unclear what effect amyloidogenic peptides would have on
nucleic acid integrity. Similarly, the direct effects of amyloidogenic polypeptides on
liposomes are not well understood. Here I have used a simplified system of short basic
peptides with alternating hydrophobic and hydrophilic amino acid residues to study
their interactions with polyanionic nucleic acids and fatty acid liposomes. Employing
biophysical techniques including X-ray fibre diffraction, circular dichroism spectroscopy
and electron microscopy I showed that the polymerized charges of nucleic acids and
pseudo-polymerised charges of lipid membranes concentrated and enhanced the
formation of amyloid from short basic peptides, many of which would not otherwise
form fibres under the conditions explored. In turn, the same peptides bound nucleic
acids and promoted their hybridisation at concentrations below their solution Ky, as
shown by time-resolved FRET studies. The mutual interactions between peptides and
nucleic acids lead to the formation of amyloid nucleic acid (ANA) fibres, which in
addition to their importance in disease might have a potential in nano-engineering of

biomaterials.




Introduction

4. INTRODUCTION

4.1. Amyloid in Disease and Function

More than 30 polypeptides have been shown to form disease-relevant amyloid fibrils as
an alternative ordered conformation to their native fold and are thought to propagate in
vivo by templating the misfolding of their own monomeric precursors [1-3]. One of the
best-studied examples is Alzheimer’s disease, where A peptides are found in
extracellular plaques, while the usually tubulin-associated, hyperphosphorylated tau
creates intracellular tangles [4,5]. Parkinson’s disease has been proposed to be
associated with deposition of a-synuclein in Lewy bodies [5,6]. The aggregation of
huntingtin protein correlated with an extended polyglutamine-tract has been shown to
give rise to Huntington’s disease [7-9]. For prion diseases like scrapie in sheep, bovine
spongiform encephalopathy in cattle and Creutzfeldt-Jakob disease in humans the
protein-only hypothesis postulates that the infectious agent consisted only of misfolded
protein, which was thought to be found in the amyloid form of prion protein (PrP) [10-
15]. However, more recent studies have shown that the infectious particle might not be
an amyloid fibril, but a complex of the protein with other cofactors [16-19]. Dialysis-
related amyloidosis leads to the accumulation of $2-microglobulin in the blood and
proteinaceous deposits develop particularly in the joints [20]. Some forms of type II
diabetes have been found to be associated by amylin/ islet amyloid polypeptide
aggregation in the pancreas [21,22]. Also associated with diabetes, but not related to the

cause of the disease, is the formation of insulin amyloid aggregates at injection sites [23].

The amyloid fold is not only associated with deleterious effects. Tightly controlled

transition of proteins into an amyloid conformation has been found found to be
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employed by many host organisms in positive roles [1,24-26]. The yeast prion Ure2p
was involved in regulation of nitrogen catabolism in Saccharomyces cerevisiae and
formed cytoplasmic amyloid via its C-terminal prion domain. As a result, its regulatory
N-terminal domain becomes sterically inaccessible for the binding of the transcription
factors GIn3p and Gat1, which then translocated into the nucleus, giving rise to the
[URE3] prion state [26-29]. Another prion state in S. cerevisiae, [PSI*], is based on the
unavailability of the translation termination factor Sup35 either by complete
inactivation or at least sterical hindrance due to its amyloid fibre formation, leading to
nonsense suppression [26,28-31]. The conversion into and maintenance of the prion
state is regulated by the chaperone proteins Hsp104, Hsp70 and Hsp40, which can both
inhibit and promote prion nucleation and seeding from mature fibres by interacting
with oligomers and prion amyloid fibres [30] (also see below in chapter 4.2). In
Podospera anserina, heterocaryon compatibility was found to be influenced by the HET-s
protein and its associated [Het-s] prion state that consisted of amyloid aggregates
[28,32,33]. The combination of the generic amyloid structure formed by a prion domain
in combination with a regulatory domain (usually transcription factors and RNA-
processing factors) appears to be a wide-spread mechanism for phenotypic inheritance
in wild yeast, often generating beneficial traits under selective conditions [25]. Fibres of
mammalian Pmel17 are utilised for binding and orientation of toxic reactants during
melanin synthesis [34]. Some peptide hormones of the human endocrine system were
shown to be stored as amyloid aggregates [35,36] (see also below in chapter 4.4). E. coli
curli fibres [37] and C. albicans als fibres [38], used for biofilm formation, have been
shown to be amyloid fibrils, and Streptomyces coelicolor requires chaplin amyloid fibres

for its aerial hyphae and spores [39] (also see below in chapter 4.4). The adhesive
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cement of the barnacle Balanus amphitrite contains amyloid material mixed with

globular proteins [40].

Even proteins that have not been found to be associated with pathological conditions or
functional amyloid might be induced to change to the amyloid conformation. The all-a-
helical apomyoglobin can be converted to amyloid, whereupon it switches to an all-f3-
sheet conformation [41-43], similar to apocytochrome [44]. The SH3 domain of
phosphatidyl-inositol-3’-kinase readily forms well-defined fibres in vitro [45], as does
the hydrogenase maturation factor HypF [46]. These examples show that proteins can
adopt conformations that are not encoded in their primary sequence, maybe in

contradiction of the Anfinsen hypothesis [47].

Fragments and small peptide derivatives of larger polypeptides and proteins have been
regularly identified and studied as drivers of amyloid aggregation in vitro. These include
peptides with diverse sequences derived from IAPP [48], AP [49-52], B2-microglobulin
[53], prolactin [36], PrP [52,54], insulin [52], Sup35 [52,55], tau [52,56], and others
[2,57]. Differential phosphorylation of a tau-derived peptides showed that not only the
number, but also the position of charges determines the likelihood of its amyloid
formation due to charge interactions within and between the amyloid (3-sheets [56]. X-
ray microcrystallography studies has revealed generic steric zippers in microcrystals of
peptides derived from amyloidogenic proteins like Sup35, AB, and insulin and might
provide insight into the fine structure of amyloid fibrils [23,24,52,55,58]. Detailed
biophysical studies have frequently been conducted on amyloidogenic peptides derived
from their parent proteins, in a range of lengths from 5mers to 30mers [2]. For example,

AB fibril structures were frequently studied using hexamers [59], and the cytotoxity of
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[APP was examined using pentamers [48]. The core sequence of the amyloid tau paired
helical filaments was identified by using 3mer to 6mer sequences [60]. The
amyloidogenic core of 32-microglobulin has been described as 21mer [53], and the one
of a-synuclein was identified as 8mer to 10mer [61,62]. The shortest reported
amyloidogenic sequence is a phenylalanine dipeptide that seemed to form amyloid-like
hollow nanotubes [63]. This shows that amyloidogenic proteins were associated with
both beneficial and deleterious effects in vivo and that such proteins could be used to

generate and examine amyloid aggregates in vitro [2,24,64,65].

4.2. COMMON PROPERTIES OF AMYLOID AGGREGATES

Despite the fact that that they are based on varying polypeptides with different
properties and origins all amyloid aggregates are thought to share common features.
Originally amyloid deposits in the brain were identified as starch-like by Virchow, who
saw that certain areas in the brain stained with iodine, and he gave these deposits their
name (amylum (Latin) = starch) [66,67]. Later the proteinaceous nature of these
amyloid deposits became evident. The dyes Congo Red [68] and Thioflavin T [69] allow
the identification of amyloid deposits in tissue sections and in vitro. Congo Red was
found to exhibit birefringence and red-shift [68,70-73] upon binding of amyloid
aggregates, while Thioflavin T emits a characteristic fluorescence [69,72,74,75]. Both
dyes were used extensively to identify and characterise these proteinaceous deposits.
Electron microscopy revealed their fibrous nature as another central characteristic of all
amyloid aggregates [76]. Resistance to proteolysis is another macroscopic hallmark of
the conversion of native proteins to amyloid conformation [3,77]. Relatively early the
characteristic diffraction pattern of amyloid fibres, a cross-[3 pattern, was discovered

[78], but detailed underlying structures have only been elucidated relatively recently
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[23,52,59,79]. Based on some of these properties, amyloid aggregates are strictly
defined as “extracellular deposits of protein fibrils with a characteristic appearance in
the electron microscope, a typical X-ray diffraction pattern and affinity for Congo Red

with concomitant green birefringence” [2,80] (see also chapter 4.3).

C P ’
o .’
© .
[@)] .
ﬂ!_) .
[ o
[@)]
< .
Time
O ~ @ ~
P Nucleus Fibril

Figure 4-1: Nucleation polymerisation model of aggregation. The aggregation of a protein
(P) into amyloid fibrils typically begins with a lag phase in which no aggregation is observed.
During this time, the entropically unfavourable process of initial association occurs. Once the
aggregation process begins and a critical nucleus is formed, the aggregation proceeds rapidly
into amyloid fibrils (solid line). The lag phase, however, can be overcome (dotted line) by the
addition of a pre-formed nucleus (i.e., an aliquot of solution containing pre-formed fibrils).

Adapted from Nilsson (2004) and Jarret & Lansbury (1993) [72,81].
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Amyloid formation kinetics are usually described as following a nucleated growth
mechanism with a lag phase with slow rate-limiting nucleus formation, and an
elongation phase with rapid fibril extension [1,81,82] (see Figure 4-1). A key
characteristic of this nucleation-dependent phase was that it can be overcome by
seeding (see Figure 4-1) [81,83-86]. The amyloid assembly kinetics can be studied by a
wide range of techniques including dye-binding, CD and FTIR spectroscopy, light
scattering, electron and atomic force microscopy, NMR, and X-ray fibre diffraction. For
example, 3-lactoglobulin aggregation was examined by Thioflavin T fluorescence and
AFM [87], and amyloid fibre formation by a murine FBP28 WW domain was followed by
light scattering, electron microscopy and X-ray fibre diffraction [88]. Light microscopy,
AFM, Thioflavin T binding, and light scattering were used to distinguish insulin amyloid
fibre formation from amorphous aggregation during the lag phase [89]. By contrast,
some studies suggested that nucleation might be driven by amyloid-independent
interactions, for example in the case of glutamine-rich peptides derived from huntingtin
that were shown by mathematical fitting to require only a single monomer or less as a
nucleus [82,90]. This is consistent with studies by Knowles et al. who fitted master
equations to self-collected or previously reported data to determine secondary
nucleation as a rate-limiting factor during the lag phase of amyloid aggregation
[87,88,91]. These studies suggested that primary nucleation from monomers might not
be the main rate-determining factor of the lag phase, but that instead fragmentation of
mature fibres and the resulting secondary nucleation was the major factor, i.e. seeding
after the initial primary nucleation. It appeared that the lag time was inversely
correlated with the maximum growth rate of the amyloid fibres, i.e. faster growing fibres
reached quicker a critical length at which breakage and seed formation would occur

[91].
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Partial unfolding has been found to be necessary for most polypeptides to adopt the 3-
sheet-rich amyloid conformation, often supported by amino acid mutations or changes
in the environment like pH and temperature variation leading to protein denaturation
[2,43,92,93]. For example, myoglobin assembled into fibrils via unordered segments of
its native structure, but did not fully convert to a monomeric all-3-sheet conformation
[43]. The conformational conversion to $-sheet-rich polypeptides could occur after
initial native-like aggregates were formed like in the case of insulin [94], and could be
accompanied or followed by the appearance of protofibrils, spherical aggregates
consisting of about 20 monomers with 2 to 5 nm diameter detectable by TEM or AFM
[1,94-99]. Atomic force microscopy revealed the hierarchical build-up of amyloid fibrils
from B2-microglobulin, going from native polypeptides to a partially unfolded state to
protofilaments that mature into amyloid fibres (see Figure 4-2) [100]. a-synuclein has
been suggested to be a natively unfolded protein which forms amyloid fibrils in vitro, a
process that was enhanced by mutations linked to early-onset-Parkinson’s disease
[101,102]. However, Bartels et al. suggested that aggregation of a-synuclein as
measured by in vitro biochemical assays was a poor measure of physiological
aggregation since the protein may be expressed as native tetramer and might require

chaperone-mediated folding in vivo [40].

The slow initial nucleation is usually described as being followed by rapid amyloid fibre
elongation by addition of monomeric polypeptides to the ends [82,91]. The peptides are
assumed to dock to a fibre end and change their conformation according to a template
consisting of peptides already locked in the fibre [103,104]. This mechanism is
supported by increased amyloid fibre formation rates when fibrils are sheared and more

free ends are provided (seeding and secondary nucleation) [86,87,91]. In S. cerevisiae,
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the dependence of Sup35 on primary and secondary nucleation for amyloid fibre
formation is used to control and maintain the [PSI+] prion state [30,105]. The chaperone
Hsp104 promotes the formation of Sup35 oligomers for nucleation and also fragmented
mature and nascent Sup35 amyloid fibrils to provide nucleation seeds, resulting in a
reduction or elimination of lag phase [29,56,106]. This activity is dose-dependent on the
enzyme. The effects have been described as occurring at intermediate Hsp104
concentrations, while at low concentrations the lack of nucleation promotion by fibre
fragmentation or formation of oligomeric Sup35 species delays amyloid fibril formation
(lag phase). At high Hsp104 concentrations amyloid Sup35 fibres are broken down so

that the [PSI+] state could not be maintained [30,56,106].

\u

o
e

Native peptide Assumes [3- Protofilament: Protofibril: Fibril:
strand/ sheet  Alignment of parallel Twisting of Lateral association and/ or
conformation or antiparallel 3- protofilaments  elongation of protofilaments
strand/ sheet and protofibrils

Figure 4-2: Hierarchy of amyloid formation. Native protein or peptide unfolds and acquires
B-strand secondary structure. These B-strands align (both parallel and anti-parallel
arrangement have been observed [24]) to form sheets and protofibrils with the direction of
the B-strand perpendicular to the fibril axis (cross-B structure). For more details on the
amyloid structure see Figure 4-1. Adapted from Kad et al. (2003) and Harrison et al. (2007)

[2,100].
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In disease, the focus is on identifying the toxic species. A number of studies suggested
that protofibrils and early oligomers and not mature amyloid fibres are the toxic species
[107-112]. Several mechanisms have been suggested to drive the formation of toxic
aggregates. Interactions with membranes appeared to be a dominant theme:
Interactions of A oligomers with cellular membranes during amyloid fibril assembly
were seen as cause for membrane disruption and cytotoxicity [107,113,114], and
recently AP dimers were found to interfere with synaptic function in the brain and to
induce dendritic spine loss in the hippocampus of rodents, while larger aggregates with
mature fibres did not have these effects [110,115]. The AB sequence contains parts of
the extracellular and transmembrane domains of its precursor, which have been thought
to allow it to specifically interact with ganglioside lipids , enhancing aggregation on
membranes and thereby disrupting them [116-120]. Contact of human IAPP aggregates
with pancreatic islet cells triggered apoptosis [121,122]. A and IAPP were suggested to
introduce defects into membranes, as detected by AFM studies of peptide-membrane
complexes [123]. Intracellularly, integration of tau into paired helical filaments impaired
its ability to bind and regulate microtubule assembly, which consequently affected
intracellular transport in neurons [5]. a-synuclein was found to interact with
membranes more strongly when complexed in protofibrils in contrast to monomers and
mature fibrils [107], and the protofibrils were also shown to permeabilise synthetic
vesicles [107,124,125]. Prion diseases were correlated with endoplasmic reticulum
stress and dysfunction of the proteasome, perhaps interfering with these important
quality control systems of protein biosynthesis [126]. In Huntington's disease
interactions of pre-aggregated huntingtin with key transcription factors like the TATA-
box binding protein has been suggested as mechanism for toxicity [2]. Interestingly, in

vitro studies showed that amyloid aggregates of proteins that were not associated with
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disease, like the hydrogenase maturation factor N-terminal domain (HypF), interacted
with membranes and increased Ca2* permeability, perhaps suggesting that interference
with membrane function was a relatively sequence-independent and common

mechanism for cytotoxity following protein aggregation [46,127-129].

4.3. AMYLOID STRUCTURE IN DETAIL

High-resolution electron microscopy has revealed that amyloid fibres comprise several
protofilaments winding around each other [43,45]. Considerable polymorphism
regarding the number and the mode of coiling of the protofilaments even within samples
of the same polypeptide may arise from different lateral association modes that
originated from conformational differences of the fibres such that distinct
conformations would expose different functional groups at the fibre surface [130].
Polymorphisms like this have been thought to be the basis for different prion strains in
yeast [1,131,132], as well as responsible for strains of the prion protein pathologies

[24,133].
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This image has been removed due to copyright issues.

Shown here was Figure 1 from Riek (2010).

Figure 4-3: Underlying Structure of Amyloid Fibrils. (A) Amyloid fibrils are composed of long
filaments that are visible in negatively stained transmission electron micrographs. (B) The
schematic diagram of the cross- sheets in a fibril, with the backbone hydrogen bonds
represented by dashed lines, indicates the repetitive spacings that give rise to (C) the typical
fibre diffraction pattern with a meridional reflection at ~4.7 A (black dashed box) and an
equatorial reflection at ~6-11 A (white dashed box). Adapted from Greenwald, Riek (2010)

[24].

All amyloid fibres exhibit a common cross-[3 pattern (see Figure 4-3) in fibre diffraction
experiments, which arises from peptide -strands lying perpendicular to the amyloid
fibre axis in a 3-sheet sandwich [52,79,134]. The aforementioned X-ray
microcrystallography studies (see chapter 4.1) on a range of short peptides derived
from amyloidogenic regions of larger polypeptides such as Sup35, AB, tau, and insulin

revealed that the interface between the -sheets might consist of a water-free steric
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zipper of hydrophobic amino acid residues, while more hydrophilic residues would be
presented on the water interface of the 3-sheet sandwich (see Figure 4-4)
[23,52,55,58,135]. A similar study based on fibre-forming segments of Af3 revealed a
variety of steric zipper conformations even for the same peptide sequence, which could,
if such structures occurred in amyloid fibres, give rise to amyloid fibre polymorphisms
[59]. Steric zippers as shown by microcrystallography might also be a generic feature of
amyloid, agreeing with the finding that sequences with a simple alternating pattern of
hydrophobic and hydrophilic residues are suppressed due to their high propensity to
form such steric zippers [136-138]. The cross-f structure was not seen as sequence-
specific and might be primarily mediated by main chain interactions leading to the
formation of hydrogen-bonded 3-sheets [138]. A good example for this is the amyloid
formation by amino acid homopolymers like poly-L-lysine and poly-L-glutamate, which
were found to aggregate, similar to poly-L-threonine, when their side chain charges
were neutralised at pH 11 and pH 4, respectively. The absence of any protein-like amino
acid sequences pointed towards a generic potential for all (poly-)peptide sequences to
form amyloid via backbone interactions [139]. Fandrich and Dobson suggested that the
probability of this intermolecular interaction leading to amyloid fibre formation would
be strongly regulated by amino acid side chain identity and the environment [139]; in
this case the primary polypeptide sequence would not determine the 3-dimensional
protein fold as proposed by Anfinsen [47]. Indeed, interactions of the polypeptide
backbone might generally be a more important driver of protein folding than side chain

interactions [140].
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This image has been removed due to copyright issues.

Shown here were panel ¢ and d of Figure 2 from Nelson et al. (2005).

Figure 4-4: The steric zipper of GNNQQNY from Sup35. (A) The GNNQQNY crystal viewed
down the sheets (along the b axis parallel to the 2, screw axis of the crystal). Six rows of 8-
sheets run horizontally. Peptide molecules are shown in black and water molecules are red
plus signs. The atoms in the lower left unit cell are shown as spheres representing van der
Waals radii. The water-free dry interface is shown with a grey background, the wet interface
with a red background in the bottom right corner. (B) The steric zipper. This is a close-up
view of a pair of GNNQQNY molecules from the same view as panel A, showing the
remarkable shape complementarity of the asparagine and glutamine side chains protruding
into the dry interface. 2F;, - 2 F. electron density is shown, and the position of the central

screw axis is indicated. Adapted from Nelson et al. (2005) [55].

These generic properties have been exploited to design de novo amyloidogenic peptides
and proteins which provided insight into the amyloid formation process [138,141-143].
Alibrary of small proteins based on heptamer peptides with alternating hydrophobic

and hydrophilic amino acid residues linked by tetramer turn or linker sequences has
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been created, and these artificial small proteins readily formed amyloid [138,144]. This
behaviour could be broken by introduction of lysine residues on edge strands of the (3-
sandwich-like polypeptides so that charge repulsion prevented fibre formation, a
strategy common in natural proteins to avoid edge-to-edge aggregation of [3-sheets (see
Figure 4-5) [136,138,145]. In contrast, charge interactions could also have a positive
ordering effect during amyloid fibre formation: In a de novo peptide study based on
STVIIE sequence and modification variants (N-terminal acetylation and/ or C-terminal
amidation) the examined 6mer peptides required a +1 or -1 net charge for amyloid fibril

formation, but formed amorphous aggregates at 0 net charge [142,143].
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This image has been removed due to copyright issues.

Shown here were panel A to D of Figure 1 from Wang and Hecht (2002).

Figure 4-5: Conversion of a B-sheet protein from an amyloid fibre into globular units. -
strands are shown in green, and turns in silver. Polar side chains are shown in red and
nonpolar side chains in yellow. (A) Schematic representation of a fibril formed by open-
ended oligomerisation of a twelve-stranded B-sheet protein, burying hydrophobic residues
in the steric zipper of a B-sheet sandwich. (B) Monomeric twelve-stranded B-sandwich
(rotated 90° relative to A). It consists of 12 heptamer B-sheet strands (green backbone)
linked by 5 tetramer linkers (grey backbone). In the monomer, the hydrophobic side chains
of the edge stands are exposed to solvent. (C) Monomeric twelve-stranded B-sandwich in
which two hydrophobic residues are substituted with lysine side chains (blue). In the
monomeric structure, the charged ends of the lysine side chains on the edge strands are
exposed to solvent, but would lead to unfavourable charge interactions within the p-
sandwich and thereby maintain the protein as monomer. (D) Same as C, rotated by 90°.

Adapted from Wang, Hecht (2002) [138]
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The common core structure and the potential ability of all (poly-)peptides to form
amyloid fibres make a wider definition of amyloid aggregates necessary to include the
multitude of in vitro designed and generated peptides and proteins that could adopt this
conformation: Amyloid structure comprises an “unbranched protein fibre whose
repeating substructures consist of 3-strands that run perpendicular to the fibre axis,

forming a cross-f3 sheet of indefinite length” (see Figure 4-3) [24].

The generic nature of the amyloid conformation has been suggested to be an important
factor before and during the evolution of cellular life. The thermodynamic stability
under harsh conditions, especially extreme temperatures, made amyloid fibres a very
likely conformation for peptides under prebiotic conditions. The self-propagating fibre
elongation and inheritance of strain properties could form the basis for an 'amyloid-
world' [146-148] that preceded the 'RNA-world' which is based on the sequence-
dependent catalytic activities of 3-dimensionally folded RNA molecules [149,150]. The
'‘amyloid-nucleic acid-world' combines both amyloid fibre elongation and nucleic acid

catalytic activity [151-153].

4.4. FACTORS MEDIATING AND CONTROLLING AMYLOID FORMATION

The formation of functional amyloid was shown to be tightly controlled. This was
especially important for protein fibres that were destined to form under a wide variety
of environmental conditions like E. coli curli fibrils whose CsgA monomers were shown
to be nucleated by another protein, CsgB, on the membrane surface [37,154]. Potentially
toxic intermediate species during amyloid formation are avoided during Pmel17 fibre

assembly by membrane sequestration, proteolytic processing and a sequence optimised
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for very fast amyloid fibrillisation [34]. Streptomyces coelicolor chaplin fibres have been
shown to require several proteins to form amyloid fibrils and also seemed to be selected
for rapid amyloid formation in order to avoid toxic intermediates [39,155]. The use of
the amyloid structure for storage of pituitary hormones like ACTH, oxytocin, etc. implied
that this type of aggregation could under certain circumstances be reversible to release
active monomers [35]; for example, ACTH coaggregated with 3-endorphin in amyloid
complexes within secretory granules of cells in the pituitary gland. Monomers of both
peptides could be released upon dilution of the contents of the granules, which would
occur in vivo when the granules fused with the cellular membrane for hormone release.
The concentration of both peptides within the granules appeared to be the most
important driving factor for amyloid aggregate formation, while the pH difference
between granule (pH 6) and blood stream (pH 7.4) seemed to play only a minor role
[35]. There is a kinetic and thermodynamic competition between the native folding
pathway and the formation of amyloid [1]. In a limited number of cases inclusion bodies
of mammalian proteins expressed in bacteria were found to contain amyloid aggregates,
which have been suggested to be thermodynamic and kinetic traps for the unfolded
proteins in the absence of chaperones [156]. Like peptide hormones, the release of A3
monomers from amyloid fibrils could be initiated by dilution [35,157]. AB slowly
dissociated from its fibre, indicating a readily reversible equilibrium, although the
dissociation rate was much smaller than the association rate [157]. Monomers might be
recycled between amyloid fibres as shown for the SH3 domain of bovine
phosphatidylinositol-3’-kinase, suggesting constant assembly and disassembly of
amyloid complexes with competition of the protofibrils for their building blocks (see

Figure 4-6) [158].
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This image has been removed due to copyright issues.

Shown here was Figure 2 from Chiti and Dobson (2006)

Figure 4-6: Schematic representation of the many conformational states that can be
adopted by polypeptide chains and of the means by which they can be interconverted. The
transition from B-structured aggregates to amyloid fibrils can occur by addition of either
monomers or protofibrils (depending on protein) to preformed B-aggregates. All of these
different conformational states and their interconversions are carefully regulated in the

biological environment, much as enzymes regulate all the chemistry in cells, by using
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machinery such as molecular chaperones, degradatory systems, and quality control

processes. Adapted from Chiti, Dobson (2006) [1].

In contrast, pathological amyloid deposits were not regulated by their host and could
involve interaction with partners such as glycosaminoglycans, collagen and nucleic acids
[20,22,159-163]. Polyionic interactions of Heparan sulphate and heparin were shown to
promote the fibrillisation of A [164,165], tau [4,166], a-synuclein [167], and [32-
microglobulin [168]. DNA promoted amyloid fibre formation by murine PrP and a-
synuclein [6,169,170]. RNA could also promote the formation of intracellular paired
helical filaments from tau [171]. Recent studies have shown a critical role for
polynucleotides and lipids in the conversion of bacterially-expressed hamster PrP into
infectious prion particles in vitro during protein misfolding cyclic amplification (PMCA)
(see Figure 4-7) [172-175]. Although the structure of these prion particles has not yet
been determined, they might contain amyloid similarly to mouse PrP-DNA complexes
[162,169]. This finding conflicts with the 'protein only' hypothesis of prion diseases
[12,13], which is supported by the ability of PrP amyloid fibrils to induce scrapie in
hamsters and mice, albeit with low infectivity [14,15]. However, the exact nature of the
infectious agent may be difficult to establish in many assays since in vitro protein-only
aggregates may associate with host-derived nucleic acid and lipid components following
inoculation [14,19,176,177]. The nucleic acids and lipids required for high infectivity
might either alter PrP aggregates into infectious conformations and/ or may indirectly
regulate access to sites where toxic responses are observed (see Figure 4-7)
[16,18,175,177]. Interestingly, there was some selectivity of PrP during PMCA for

certain types of RNA composition [18]. Only polypyrimidines like (dT)100 and (dC)100
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facilitated prion propagation and bound PrP aggregates, while same length 100mer
polypurines (dA)100 and (dG)100 had no effect. (dT)100 closely associated with PrP
aggregates and was protected from nuclease digestion, while poly(dA)100 hardly
attached to the aggregates. Also, a minimum length of about 40 bases of homo-poly(dT)
was found to be required [18]. Interestingly, sequence-preference in PMCA-driven
infectivity also extended to differences between cellular RNA extracted from mouse and
rat brain (more efficacious) and non-mammalian RNA (E. colj, S. cerevisiae, C. elegans, D.
melanogaster) which was less efficacious [176]. Whether this was due to an underlying
species-specific base composition was not explored. The polymerized charges of nucleic
acids, heparin, heparan sulphate and even nucleotides (with increasing effect from AMP
over ADP to ATP [163]) associated with basic residues on polypeptides like
acylphosphatase and lysozyme to concentrate and enhance their rate of amyloid
formation [163]. In addition to charge-compensation by polyelectrolytes the
concentration of amyloidogenic peptides could be increased locally by crowding and
surface attachment, thereby enhancing the rate of nucleation and amyloid fibre
extension [20,178-180]. Another in vitro approach to accelerate amyloid aggregation
was to covalently link amyloidogenic peptide sequences, either via graft copolymers

[181] or short peptide linkers [138,144].
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This image has been removed due to copyright issues.

Shown here was Figure 2 from Supattapone (2010).

Figure 4-7: Nucleic acids and lipids increase infectivity of recombinant prion protein. Two
different biochemical protocols yield recombinant PrP with different infectivity. (Left)
Minimally infectious amyloid fibrils are formed by incubating recombinant PrP with chemical
denaturants. (Right) Mixing recombinant PrP with phospholipid and RNA produces highly

infectious prions of yet undetermined structure. Adapted from Supattapone (2010) [16].

Similar to linear polyanions, the complex interactions of lipids with amyloidogenic
polypeptides are not well understood. Anionic lipids have been found to be essential for
the conversion of bacterially expressed PrP into infectious prion particles where they
acted in combination with nucleic acids (see Figure 4-7) [22,112,174,175,177]. The

interaction of the N-terminal domain of apolipoprotein A with zwitterionic
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dihexanoylphosphatidylcholine prevented the conformational switch to amyloid fibrils
[64]. The interactions of A with membranes were found to be complex: While
membrane anchoring could prevent fibril formation, release of the peptide has been
suggested to lead to aggregation that has been postulated to be supported by the
membrane as a two-dimensional aggregation template, eventually leading to membrane
disruption [112,114]. Also, interactions of amyloidogenic protein oligomers and
protofibrils with membranes have been recognised as a possible cause for amyloid

cytotoxicity as mentioned above [108-112,116-120,122,124,125,128,129,182].

Figure 4-8: Interaction with decorating sequences or amyloid core. (A) Large binding
partners like nucleic acids or membrane surfaces to an amyloid fibre from large polypeptides
or proteins are more likely to interact with decorating (native-like) peptide structures (blue)
because the amyloid core (red) is less accessible. (B) Fibres formed from short peptides
consisting of only the amyloid core can interact directly with binding partners. Interactions
with the amyloid core are shown by red arrows, with the decorating sequences indicated

with blue arrows. lllustration is not to scale.

23



Introduction

Generally, the interactions of polyanions with amyloidogenic polypeptides have been
shown to be highly complex. Amyloid fibres from long peptide chains comprise discrete
sequences forming the cross-f3 spine and unincorporated sequences that decorate the
core (see Figure 4-8) [183,184]. More generally, it is not known whether polyanion
promotion of amyloid aggregate formation is based on direct interactions with the core

cross-f3 spine or indirectly via the decorating sequences.

Due to the significance of amyloid fibrils in disease and pathology research is
concentrating on finding therapeutics that can modulate their formation. Various small
molecules have been tested for their ability to inhibit amyloid aggregate formation.
Among them is the dye Congo Red which is usually used to detect amyloid aggregates
[185]. It is able to reduce AP toxicity, potentially by blocking interactions between
cytotoxic oligomers and membranes, but its exact mechanism of actions remains unclear
[186]. Antibodies raised against A amyloid complexes can initiate the clearance of A3
aggregates from the central nervous system of transgenic mouse models by stimulating
the host immunoresponse and could be used as diagnostic markers for pre-symptomatic
AP aggregation [187-191]. Passive immunisation of Alzheimer's patients is currently
being examined in several clinical trials [192]. As an alternative to antibodies several
peptides are being studied that can modulate or prevent the amyloid aggregation by
disturbing the fibre assembly and oligomerisation [193,194]. Short oligonucleotides
were able to inhibit the aggregation of huntingtin, the protein associated with

Huntington's disease, but the mechanism remains unclear [195,196].
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4.5. AIMS AND OBJECTIVES

A long-term goal is the development of therapeutics that can alleviate effects and
prevent or remove the cause of amyloid deposit-associated neurodegenerative
conditions such as Alzheimer's or Parkinson's disease. For this we needed a deeper
understanding of the basic processes that lead to polypeptide aggregation and amyloid
fibre formation as part of complexes with other biomolecules. Such changes in
polypeptide properties would have a direct effect on their biological activity, An example
is making the aggregating polypeptide inaccessible by providing amyloid fibrils as novel
interaction partners, or by forming toxic oligomers [24]. The formation of amyloid fibrils
depends on generic, primarily backbone-based, interactions, but charged residues are
likely to play a major role because they can both inhibit the formation of amyloid
structures [136,138] as well as support and enhance it [163]. Charge interactions appear
to be an important factor modulating nucleation, but they have been studied in vitro
either with short peptides without any binding partner, or with full-length proteins
[163]. In the latter case it is difficult to distinguish between interactions that are
mediated by 'decorating’ sequences and those that are driven by interaction with the

amyloid core (see Figure 4-8).

Here, I used a simplified system of short basic peptides with alternating hydrophobic
and hydrophilic amino acid residues to study interactions of amyloidogenic peptides
with nucleic acids and fatty acids under physiological conditions. Particular focus was on
the formation of amyloid-nucleic acid (ANA) complexes consisting of (poly-)peptides

associated non-covalently via charge interactions with nucleic acids.
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To gain insight into the nucleation and fibre formation process of amyloid aggregates |
studied the formation of complexes from peptides with nucleic acids or fatty acids using
a range of biophysical techniques. Assays utilising Thioflavin T and Congo Red binding
allowed the detection of amyloid aggregates, and peptide conformation changes could
be followed by circular dichroism spectroscopy. Bright field, confocal and electron
microscopy enabled us to examine the morphology of the formed complexes. X-ray fibre
diffraction allowed us to detect the amyloid fibril-specific cross-f pattern and gave
insight into the fine structure of the ANA complexes. Not only were the effects of
polyanions on amyloid nucleation examined, but also the potentially disruptive effects of
the fibres on nucleic acid integrity. For the latter, I looked at hybridisation using a
BlAcore assay, the double-strand specific fluorescence of PicoGreen and time-resolved

FRET.

[ showed that nucleic acids and fatty acid liposomes promoted aggregation and amyloid
fibre formation from peptides, many of which would not aggregate under the conditions
explored. In turn, the peptides enhanced the hybridisation of associated nucleic acids. In
my studies, reciprocal interactions of peptides with nucleic acids led to formation of
amyloid-nucleic acid (ANA) complexes with properties that were discrete from those of
their composite polymers. These mutual interactions under conditions that were
compatible with nucleic acid secondary structure supported the idea that nucleic acid
structure may in future be used to modulate amyloid fibre formation, both in

therapeutic and nano-engineering roles.

The first results section concentrates on the aggregation of peptides with alternating

polar and apolar amino acid residues in complex with either nucleic acids or fatty acid
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liposomes. The results shown are from spectrophotometric assays including Thioflavin
T fluorescence, Congo Red absorbance, and circular dichroism, as well as bright field,

confocal and electron microscopy, and X-ray fibre diffraction.

In the second results chapter the influence of the peptides on hybridisation as a
measurement for the structural integrity of nucleic acids is examined. BIAcore surface
plasmon resonance, PicoGreen fluorescence and time-resolved FRET were employed to

measure the hybridisation levels of oligonucleotide probes.
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5. MATERIALS & METHODS

5.1. PEPTIDES

5.1.1. PEPTIDE PREPARATION

Peptides (HL)3 (HLHLHL), (HL)s (HLHLHLHLHL), (KL)3 (KLKLKL), (KL)s (KLKLKLKLKL),
TVQ (TVQFHMH), (EL)3 (ELELEL) and fluorescein-labelled FITC-(HL)3 were purchased
at 95% purity from GL Biochem (PR China) or Peptide 2.0 (USA). Peptides (KL)3s
(KLKLKLK) and (KL)4 (KLKLKLKL) are a kind gift of the lab of Rudolf Allemann (Cardiff
University), and some (KL)3 and (KL)s was synthesised in the lab of Derek M. Woolfson
(Bristol University). The chemical structures of the peptides are shown in Figure 5-1 and
Figure 5-2. Peptides were usually dissolved in 20 mM HCI and dried twice to remove
excess TFA as previously described [197,198], the pH adjusted to 6.0 with NaOH and
dialyzed against water (MWCO 100 - 500 cellulose ester membrane; Spectrum
Laboratories, UK) to remove residual salt and TFA. Peptide concentrations were verified
using an OPA assay for free amine groups (Pierce). The peptide STVIIE was obtained
HPLC-purified from Severn Biotech (UK). It was solubilized in 50% Methanol/ water at
pH 11, freeze-dried and redissolved in 20 mM glycine pH 10 to create the stock solution.
Prior to use it was sonicated for 10 minutes in a bath sonicator and centrifuged for 10
minutes at 42C at 16,100 x g to remove potential larger aggregates. All peptides were
tested by both the Zyggregator [199] or the Waltz [200] algorithm for their amyloid
formation potential. The Zyggregator method scanned larger proteins with a 7-residue
window to find aggregation-prone and potentially amyloid fibre-forming regions of
larger proteins based on several properties of the examined sequence, among them

alternating patterns of hydrophilic and hydrophobic residues, secondary structure
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propensity, hydrophobicity and charge [199]. Waltz employed a position-specific
scoring matrix based a wide range of amino acid residue properties to specifically
predict amyloid fibril-forming over non-fibrillar aggregate-forming hexapeptide

sequences [200].

TVQFHMH HN__O

~N
STVIIE
OH o o o
. NH NH | NH
OH
0" >0
(EL), NG NG) NGge)
o) o) o)
. NH NH I NH I
HN | NH NH o)
o} o} o) \(/li
07 o o0~ Mo o” o

Figure 5-1: Chemical structures of TVQFHMH, STVIIE and (EL)s. Peptides are shown at pH 7
where all amino groups of the N-terminus are expected to be protonated and the carboxyl

groups on C-terminus and glutamic acid residues to be deprotonated [201].
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Figure 5-2: Chemical structures of the (HL) and (KL) peptides. Peptides are shown at pH 7
where all amino groups on N-terminus and lysine residues are expected to be protonated

and the carboxyl groups of the C-terminus to be deprotonated. The imidazole groups of the
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histidine side chains are shown deprotonated according to their theoretical pK, of 6.04

[201].

5.1.2. PEPTIDE CHARGES

The charges on the peptides were calculated using the Peptide Property Calculator
provided by a GenScript website (GenScript UK; www.genscript.com/ssl-

bin/site2 /peptide_calculation.cgi), resulting in the following net charges (further on
referred to as “calculated (net) charges”): (HL)3 has a calculated -0.5 charge at pH 8.5, +1
charge at pH 6.8, +2 charges at pH 6.2, and +3 charges at pH 5.0. (HL)s has a calculated
+0 charge at pH 8.0, +1 charge at pH 7.0, +2 charges at pH 6.5, +3 charges at pH 6.2, and
+4 charges at pH 5.5. (KL)3 is at calculated +3 charges below pH 8.5, and (KL)s has +5
calculated charges below pH 8.5. TVQFHMH has +0 charges at pH 7.6, +1 charge at pH
6.5, +2 charges at pH 5.0. The peptide (EL)3 was expected to carry negative calculated
net charge in the range of pH 5.0 to 8.5 according to the theoretical pKa = 4.07 of the y-
carboxyl groups of the glutamic acid residues [201]. This property was used as a
negative control for the (calculated) positive charges of the peptides (HL)3, (HL)s, (KL)s3,
(KL)s, and TVQFHMH, and glutamic acid was a better control than aspartic acid in this
context because it was more similar to lysine. The peptide STVIIE was used to study the
‘catalytic effects' of what were likely to be charge-based interactions with nucleic acids
and has previously been calculated to have a net charge of +1 at pH 2.6 [142]. The fact
that the pH was too low for nucleic acid hybridisation was not regarded as being a major
issue since a single stranded DNA oligonucleotide was used. Titrations were carried out
on several peptides to verify predictions (see Figure 6-1). (HL)3, (HL)s, (KL)3, (KL)s and
TVQFHMH set to pH ~3 with HCl and 1 M NaOH solution was added in 10 or 20 pl steps.

(EL)3 was set to pH 13 with NaOH and 1 M HCl was added in 10 pl steps. In both cases
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the pH was determined after each addition step. The titrations were designed and

carried out by Christine Humphreys (Cardiff University).

5.2. NUCLEIC ACIDS

Salmon testes DNA (ST DNA), herring testes DNA (HT DNA), Baker's yeast RNA (BY
RNA) and poly(A) RNA (PA RNA) were obtained from Sigma (UK). All contained nucleic
acid (double) strands ranging from few bp to several kbp as confirmed by agarose gel
electrophoresis (data not shown). Concentrations were determined via absorption at
260 nm on of a NanoDrop ND-1000 (Thermo Fisher Scientific), using e(dsDNA) = 0.020
(pg/ml)t cm-1, g(ssDNA) = 0.030 (pg/ml)1 cm1, and g(ssRNA) = 0.025 (ug/ml)1 cm1 as
extinction coefficients. The resulting concentrations were converted into base
concentrations using 309 g mol-? and 325 g mol-! as molecular weights for DNA and

RNA, respectively.

The DNA oligonucleotides oligo D, oligo E, and oligo F were custom-made by Invitrogen
(UK), while the hybridisation probes for the TR-FRET experiments were purchased from

Biomers.net (Germany). See Table 5-1 for sequences and applications.

Diethyl phosphate (Sigma, UK) was used as control for the charges of the phosphate

backbone of the nucleic acids in the gel formation tests.
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Table 5-1: Oligonucleotide sequences

Name
Oligo D

Oligo E
Oligo F

Probe 1a with 11 bp
overlap sequence

Probe 1a without overlap
sequence
Probe 1b

Probe 2a with 11 bp
overlap sequence

Probe 2a without overlap
sequence
Probe 2b

Application

BlAcore
BlIAcore, Congo Red assay on (KL)s,
PicoGreen NaCl titration

BIAcore, PicoGreen NacCl titration

FRET assay donor

FRET assay donor complementary

FRET assay acceptor

FRET assay acceptor
complementary

Sequence (5’ -> 3’)

Biotin-GAT CTT CGA GTC AGA
CAGCT

GGT CGC AAC ACT AGT TTA GCT
GTC TGA CTC GAA

AAC TAG TGT TGC GAC CTT TCG
AGT CAG ACA GCT

TGC TGA AGA GCT GAA GTT AGC
GAT CTT AGA TCA GCT ACA CCC
AGT CAC

CTC GCT CTA AGC TAG CTC GTA
GTCATT CACCAGTCAC

CTG GGT GTA GCT GAT CTA AGA
TCG CTA ACT TCA

GCT CTT CAG CAC TCG CTC TAA
GCT AGC TCG TAG TCATTC ACC
AGT CAC

CTC GCT CTA AGC TAG CTC GTA
GTCATT CACCAGTCAC

CTG GTG AAT GAC TAC GAG CTA
GCT TAG AGC GAG

5.3. PREPARATION OF PEPTIDE-NUCLEIC ACID MIXTURES

ANA complexes were usually formed immediately prior to assay by adding equal

volumes of buffered peptides and nucleic acids to generate the final concentrations

described. Unless otherwise indicated all DNA was double-stranded and from salmon

testes and all nucleic acid concentrations relate to the molarity of the phosphates. The
molarity was based on the average molecular weight of the nucleotides integrated into a
nucleic acid strand and was calculated as 309 Da per phosphate for DNA and 325 Da per
phosphate for RNA. Concentrations were determined by absorbance at 260 nM with
help of a NanoDrop ND-1000 (Thermo Fisher Scientific). 10 mM MES was used for
assays below pH 7.0 while 10 mM HEPES was used at higher pHs. When necessary,
particularly when working with (HL)s- (aggregation), (HL)3- (gel) and TVQFHMH- (gel)
ST DNA complexes for preparation of TR-FRET samples (see chapter 5.11.2, page 45),

the gels or aggregates were broken down using a pestle, to allow pipetting.
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5.4. FATTY ACID STOCK PREPARATION

Stock solutions of myristoleic, palmitoleic and oleic acid were made up to 80 mM fatty

acid in 80 mM sodium hydroxide and kept frozen at -20°C.

5.5. GEL STRENGTH ANALYSIS

To evaluate gel strength, 10 pl of peptide-(poly)anion mixture (20 pl total volume) was
aspirated several times using a calibrated Gilson P20 pipette over a period of 10 seconds
(no filter tip). The introduction of air bubbles was avoided whenever possible. Gel
strengths were rated according to 5 classes (see Table 5-2) and compared to the flow

behaviour of buffer alone, buffer with peptide and buffer with (poly)anion.

Christine Humphreys (Cardiff University) designed and conducted a preliminary

experiment before it was expanded to the format presented in this thesis.

Table 5-2: Gel strength classifications

\ Strength Description
Very strong Gel blob that blocked the pipette tip completely.
Strong Weaker gel blob that allowed some material to be aspirated, but

usually with introduction of air bubbles and not reaching the
expected level in the tip.

Medium Markedly reduced flow; expected level not reached in tip.
Weak Reduced flow and pronounced meniscus abnormalities.
Very weak Meniscus abnormalities
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5.6. DYE-BINDING ASSAYS

5.6.1. STANDARD THIOFLAVIN T AND CONGO RED ASSAYS

Enhanced Congo Red absorbance at 544 nm of (KL)s ANA complexes (0.2 mM (KL)s,

1 mM salmon testes or oligonucleotide DNA, 10 mM HEPES pH 8.0 and 50 uM Congo Red
dye) was measured using a BMG FLUOStar OPTIMA plate reader. Values were
normalized to the mean of the absorbances at 485 and 450 nm. For an examination of

the normalisation please see supplementary chapter 9.1.

Thioflavin T fluorescence of ANA complexes in 10 mM MES buffer containing 150 mM
NaCl was measured as previously described [72]. The insulin amyloid positive control
was prepared by incubating 1 mM bovine pancreas insulin (Sigma, UK) in 10 mM
hydrochloric acid for 3 days at 65°C followed by neutralization to pH 7 with NaOH.

50 uM pre-formed insulin amyloid was used in assays as positive control to check if the
assay worked due to the high variation of the highly aggregated (large, visible

aggregates) peptide hormone.

5.6.2. KINETIC THIOFLAVIN T ASSAY

The measurements were taken on a BMG FLUOStar as described above [72]. White clear
bottom plates (Costar) were used, and the fluorescence was detected from the bottom in
order to avoid issues such as air bubble formation after injection of the DNA solution.
The buffer was 150 mM NaCl in 10 mM MES pH 6.5 (+1 calculated net charge on (HL)3, -
3 calculated net charge on (El)3). Every solution included 50 uM Thioflavin T and was
equilibrated with the dye for 30 minutes before measurement to avoid the observation
of dye binding kinetics during the experiment. For the experiment, 100 pl of 1 mM ST

DNA was injected at 420 pl/sec to 100 ul 1 mM (HL)3 or (EL)3, yielding final
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concentrations of 500 uM for both peptides and nucleic acid in the mixture (1:1
calculated charge ratio). The control was 1 mM ST DNA injected into buffer. The
temperature was recorded, but could not be controlled by the instrument, and was in

the range of 27 to 30 2C. The full program consisted of the following steps:

The background level was determined by 25 measurements at 1 measurements/ 5 s,
followed by the addition of the salmon testes DNA within 1.7 seconds and a short orbital
shaking for mixing (1 s). The ThT fluorescence was followed in 60 measurements at 1

measurement/ 5 s (5 minutes total).

5.6.3. INSULIN AMYLOID FORMATION KINETICS

1 mM Bovine insulin in 10 mM hydrochloric acid (pH 2) was incubated at 652C in 1.5-ml-
tubes in a hot block (no agitation). Every 30 minutes 5 pl samples were taken and
transferred to an untreated black 96-well-plate. 195 pl 10 mM MES containing 50 pM
Thioflavin T were added and the fluorescence measured using a BMG FLUOStar plate

reader (excitation wavelength: 440 nm; emission wavelength: 480 nm).

5.6.4. THIOFLAVIN T ON FATTY ACID - PEPTIDE SAMPLES

Samples consisted of 10 mM fatty acid with either 3.33 mM (KL)3, (HL)3 or (EL)3 in 200
mM bicine pH 8.5 mixed directly before the assay and were incubated for 1 hour at room
temperature before measurement. Thioflavin T fluorescence and Congo Red absorbance

were determined as described above (see Chapter 5.6.1).

5.7. TRANSMISSION ELECTRON MICROSCOPY
ANA complex samples were formed as listed in Table 5-3. Following a 1:2 dilution in

buffer when necessary the samples were adsorbed onto Pioloform-coated copper 50
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meshes or carbon-coated Formvar-coated copper 200/300 meshes and stained with 2%
uranyl acetate as previously described [72], and examined on a Philips EM 208 (Cardiff
University, School of Biosciences) or Philips CM12 (Cardiff University, Heath Hospital)
electron microscope. The images were either scanned from the negatives using a backlit
scanner (Philips EM 208) or saved directly as 16-bit TIFF files (Philips CM12). In the
latter case a transformation to 8-bit images using Image] [202,203] was necessary. All
images were then adjusted for brightness and contrast and cropped using Gnu Image
Manipulation Program (GIMP; www.gimp.org). Scale bars were added either by using
the ones on the negatives (Philips EM 208) or from the overlay of the microscope
control software (Philips CM 12). Diameters of the 6 thinnest long fibres were manually
determined at 3 points at least ~5 nm apart using Image], i.e. 18 measurements per

sample in total [203].

EM grids were partially prepared and imaged by Ant Hann (Cardiff University, School of
Biosciences), who also suggested using rotary shadowing to enhance contrast of some of
the samples as indicated in Table 5-3. Fibre diameter measurements were taken

regardless of potential fibre thickening by rotary shadowing.
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Table 5-3: ANA complex samples for electron microscopy.

Peptide
0.2 mM (KL)s
1 mM (KL)s
0.25 mM (KL)4
0.33 mM (KL)3
1 mM (HL)s
1 mM (HL)3
5 mM (HL)3
5 mM TVQFHMH
5 mM TVQFHMH
1 mM TVQFHMH
5 mM TVQFHMH

Polyanion
1 mM ST DNA
5 mM DNA
1 mM poly(A) RNA
1 mM poly(A) RNA
1 mM ST DNA
1 mM ST DNA
5 mM ST DNA

5 mM ST DNA
1 mM ST DNA
5 mM ST DNA

Salt
150 mM NacCl
150 mM NacCl

150 mM NacCl

150 mM NacCl
150 mM NacCl
150 mM NacCl
150 mM NacCl

Buffer
10 mM HEPES
10 mM HEPES
10 mM HEPES
10 mM HEPES
10 mM MES
10 mM MES
10 mM MES
10 mM MES
10 mM MES
10 mM MES
10 mM MES

pH rotary shadowing
7.0
7.0
7.0 +
7.0 +
5.5 +
6.2
55
6.5
6.5
6.5
5.0

Table 5-3 legend: Final sample composition for transmission electron microscopy. Peptide

and polyanion (if any) were usually mixed 1:1 to generate the final solution.

5.8. CONFOCAL MICROSCOPY

FITC-(HL)3 was spiked in a 1:20 ratio into (HL)3 to generate a 12 mM (HL)3 working

solution. Salmon testes DNA was labelled by incorporating ATTO 550 nucleotides using

a nick-translation kit (Jena Biosciences, Germany). Unincorporated nucleotides were

removed by gel filtration. ATTO 550-DNA was spiked in a 1:20 ratio into salmon testes

DNA yielding a 5 mM (phosphate) working solution. Equal volumes of 5 mM DNA and

12 mM (HL)3 solutions were mixed directly on the slide for imaging. The buffer was 10

mM MES pH 5.0 or pH 6.5 containing 150 mM NacCl. A coverslip was added and the

samples sealed with clear nail varnish before imaging. Pictures were taken with a Leica

DM6000B upright microscope with a x63 oil objective using a galvanometer-driven high

precision Z-stage. The bleed-through controls were prepared as described above, with

either the DNA or the (HL)3 component left unlabelled.

The images were not manipulated for brightness and contrast. The scale bars were

taken from screenshots created with the Leica confocal software and scaled accordingly
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to fit the original 512 x 512 images extracted from the stacks using GIMP

(www.gimp.org). The final overlays were created using Image] [204].

This experiment was supported by Anthony Hayes in the Confocal Unit (Cardiff
University, School of Bioscience) and partly conducted by Christine Humphreys (Cardiff

University).

5.9. X-RAY FIBRE DIFFRACTION

Drops of ANA complex solutions were placed between 2 beeswax-covered capillaries
and allowed to dry to align the fibrillar material (see Figure 5-1 for a schematic). Table
5-4 lists the components of the starting gels for sample preparation. The resulting stalks
were placed vertically in the x-ray beam of a Rigaku RU-H3R rotating anode x-ray
generator (Cu K, with 1.5418 A wavelength), and the diffraction pattern was recorded
on a Rigaku R-AXIS IV flat plate detector with 180 or 300 mm sample to detector

distance and an exposure time of 10 to 20 minutes.
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Table 5-4: Composition of samples for X-ray fibre diffraction

Peptide Polyanion Salt Buffer pH
21.6 mM (KL)3 10.8 mM HT dsDNA None None ** pH 6.0
10 mM (KL)3 10 mM ST dsDNA None None ** pH7.0
5 mM (KL)3 5mM ST dsDNA 150 mM NacCl 10 mM HEPES pH 7.0
5 mM (KL)s 5mM ST dsDNA 150 mM NacCl 10 mM HEPES pH 7.0
5 mM (KL)s 5mM ST dsDNA None 10 mM HEPES pH 7.0
5 mM (HL)3 5mM ST dsDNA 50 mM NaCl 10 mM MES pH 6.2
10 mM (HL)3 10 mM ST dsDNA 150 mM NacCl 10 mM MES pH 6.2
12.6 mM (HL)s 6.3 mM poly(A) RNA None 5 mM MES pH 6.0
1.6 mM TVQ None None None About pH 6
1.6 mM TVQ 1.6 mM ST dsDNA None 10 mM MES pH 5.0
17.8 mM TVQ 8.9 mM poly(A) RNA None 5 mM MES pH 6.0
1 mM TVQ 1 mM ST dsDNA None 10 mM MES pH 5.0
1.6 mM TVQ 1.6 mM ST dsDNA None 10 mM MES pH 6.5
20 mM (HL)3 None None None About pH 6

3.33 mM (HL)3 None None 883 mM bicine pH 8.5
3.33 mM (KL)3 10 mM MA None 200 mM bicine pH 8.5
3.33 mM (KL)3 10 mM PA None 200 mM bicine pH 8.5
3.33 mM (KL)3 10 mM OA None 200 mM bicine pH 8.5

None 20 mM ST dsDNA None None -

None 10 mM ST dsDNA 150 mM NaCl None -

None 20 mM ST ssDNA * None None -

* ST ssDNA was prepared by heating ST dsDNA to 952C for 5 minutes before rapid cooling on
ice directly before sample preparation.
** Samples were created in sodium carbonate pH 6.0, freeze-dried and reconstituted in

water to pH the solutions while avoiding buffer salts.

The diffraction pattern was extracted with Image] [204] from the proprietary file format
used by the Rigaku CrystalClear software (version 1.40). After import as raw image (16-
bit unsigned, 3000 x 3000 pixels, white set to 0), the “Brightness & Contrast” settings
were changed to display only the range from 0 - 255 (pixel intensity values). The image
was then converted to 8-bit greyscale and saved as TIFF file; this is referred to as ‘raw
diffraction patterns’. The following modifications were carried out using the Gnu Image

Manipulation Program (GIMP; www.gimp.org): Fine-tuning of brightness and contrast,

rotation of the diffraction pattern so that the meridional axis was in the vertical, and
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cropping to a 2500 x 2500 pixel PNG or JPEG file for display. The Bragg spacings were
determined from the originally extracted 8-bit TIFF file using WCEN [205,206] and

CLEARER [207].

Sample preparation

£ A

Fibre diffraction pattern recording

Xeray bearn )]1(( )

S

Figure 5-1: Fibre diffraction sample preparation and pattern recording. A drop of sample
(about 10 pl, topped up if necessary) was left to dry between the wax-covered ends of two
capillaries. The resulting stalk was placed upright in the X-ray beam and the pattern was
recorded. The stalk defined the meridional direction as vertical, while the equatorial ones

lied horizontally.

For the generation of the overlays the raw diffraction patterns were reduced from
3000x3000 pixels to 1000x1000 pixels using the Gnu Image Manipulation Program

(GIMP; www.gimp.org) with cubic interpolation, then centred in CLEARER [207]. The
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rotation to bring the meridional axis into the vertical, modification of brightness and

contrast and creation of the coloured overlays were carried out using Image] [202,203].

5.10. CIRCULAR DICHROISM

20 mM STVIIE in 20 mM glycine pH 10.0 was diluted 1:25 in 20 mM glycine pH 2.6
(carboxyl group buffering) to yield 0.8 mM peptide with a measured pH of 2.6. Where
indicated, the 33mer DNA oligonucleotide was premixed with the dilution buffer to yield
a final concentration of 242 nM (8 uM with respect to phosphate). Samples with and
without oligo E were compared directly and analysed in parallel (5 minutes difference in
preparation timing) using the same peptide stock solution in matched cuvettes (1 mm
path length; freshly cleaned and dried directly before the experiment). An Applied
Photophysics Chirascan Circular Dichroism spectrometer was used to record the CD
spectrum from 190 to 260 nm (1 nm step size, 2.5 second integration / step) every 30
minutes for 24 hours at 202C. A background spectrum of buffer with or without DNA (3
averaged spectra) was subtracted, and the spectra were set to 0 mdeg ellipticity at 260
nm to remove baseline shift since no signal of the highly diluted (242 nM) single-

stranded oligo E could be detected.

5.11. TIME-RESOLVED FORSTER RESONANCE ENERGY TRANSFER (TR-FRET)
Time-resolved FRET (TR-FRET) was used to measure hybridisation levels of specifically
designed probes. The method follows the description in Perrins et al. [208] (it was the
same setup), but was carried out in solution without attachment of the probes to a
surface. Time-resolved FRET has greater sensitivity than intensity-based FRET, which
would be limited by fluorophore bleed-through signal. In addition, the instrument was

built within the lab by Paola Borri (Cardiff University) and well validated [209].
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5.11.1. FRET PROBES

DNA hybridisation oligonucleotides used for TR-FRET (Donor probe: 5’-CTG GGT GTA
GCT GAT CTA AGA TCG CTA AC6 TCA-3’ with 5’-TGC TGA AGA GCT GAA GTT AGC GAT CTT
AGA TCA GCT ACA CCC AGT CAC-3’ for an 11 bp overlap or 5’-CAC TGA CCA CTT ACT GAT
GCT CGA TCG AAT CTC GCT C-3’ for a 0 bp overlap; Acceptor probe: 5’-C7G GTG AAT GAC
TAC GAG CTA GCT TAG AGC GAG-3’ with 5’-GCT CTT CAG CAC TCG CTC TAA GCT AGC TCG
TAG TCATTC ACC AGT CAC-3’ for an 11 bp overlap or 5’-TGA AGT TAG CGA TCT TAG ATC
AGC TAC ACC CAG TCA C-3’ for a 0 bp overlap) were synthesized with modified dT bases
carrying either ATTO 488 (labelled 6 in the sequence above) and ATTO 550 (labelled 7
in the sequence above) on donor or acceptor oligonucleotides, respectively. The
oligonucleotides were cartridge-purified (Biomers.net, Germany) and separately
hybridized to form the primarily double-stranded probes in 150 mM NaCl in order to

generate 50 uM stock solutions by heating to 952C followed by slow cooling (see Figure

5-2).

The samples were prepared in PCR strip tubes in a volume of 10 pl by mixing 5 ul ANA
complex/peptide/ST DNA solution with 5 pl of the solution containing the probes. The
mixtures were incubated for 30 minutes before measurement. For the measurement, the
sample holder was prepared by applying a thin layer of silicone grease to both sides of a
50 x 7 ul chambered coverslip gasket (Grace Bio-Laboratories). The greased gasket was
then carefully applied to a glass coverslip to create wells. 4.5 pl of the sample solution
were filled into these wells, leaving at least 1 empty well as a spacer between samples to
avoid overspill. The wells were sealed with a second coverslip, and the coverslip-gasket-
coverslip sandwich was mounted vertically in the setup for fluorescence lifetime

measurements.
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A

Probe 1 with 11 bp overlap
3'-CACTGACCACTTACTGATGCTCGATCGAATCTCGCTCACGACTTCTCG-5"
5'-CTGGTGAATGACTACGAGCTAGCTTAGAGCGAG-3"'
Probe 2 with 11 bp overlap
3'-ACTTCAATCGCTAGAATCTAGTCGATGTGGGTC-5"
5'-TGCTGAAGAGCTGAAGTTAGCGATCTTAGATCAGCTACACCCAGTCAC-3"

Probe 1 with no overlap
3'-CACTGACCACTTACTGATGCTCGATCGAATCTCGCTC-5"

5'-CTGGTGAATGACTACGAGCTAGCTTAGAGCGAG-3" .
Probe 2 with no overlap

3'-ACTTCAATCGCTAGAATCTAGTCGATGTGGGTC-5"
5'-TGAAGTTAGCGATCTTAGATCAGCTACACCCAGTCAC-3"

B

11 bp overlap no overlap
33 bp 1b 1b 33 bp 33 bp 33 bp
dsDNA ssDNA ssDNA dsDNA dsDNA dsDNA

hybridisation \

no hybridisation

F N

473 nm 523 nm 576 nm

Figure 5-2: Construction of the FRET probes. (A) Sequences of the FRET probes. The probes
were mainly double-stranded as indicated. The residues in bold carried either ATTO 488
(probe 1; donor fluorophore) or ATTO 550 (probe 2; acceptor fluorophore). (B) Schematic of
fluorescence emission of the probe fluorophores. ATTO 488 attached to the donor probe was
the main excited fluorophore by the 473 nm laser light, emitting light at 523 nm. The
acceptor was hardly excited by the laser, and only emitted fluorescence at 576 nm with
intensity comparable to the donor when FRET occurred and the donor transferred energy to
the acceptor. This only happened when the fluorophores were brought within their Forster
radius (6.4 nm; Atto-Tec, Germany) upon hybridisation of the 11 bp overlap probes. The 0 bp
overlap probes could not give rise to FRET resulting from hybridisation because they lacked

the 11 bp complementary sequences.
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5.11.2. EXPERIMENTAL SETUP

A diode laser source provided ~50 ps pulses with 20 MHz repetition rate at 473 nm
(Becker & Hickl GmbH, Germany; run at 40% power throughout the experiments),
exciting the donor fluorophore and to a lesser degree the acceptor fluorophore (see
Figure 5-3 B for the excitation spectra). Photon counting electronics (SPC-150, Becker &
Hickl GmbH, Germany) were connected to two Hamamatsu H7422P-40
photomultipliers, collecting a band of 502 to 548 nm for the donor channel and 562 to
640 nm for the acceptor channel, which were created by dichroic mirrors and
transmission filters (see Figure 5-3 A for a rough schematic): The donor fluorescence
emission was separated out by a dichroic beam splitter (Semrock FF555-Di02, cutting at
555 nm), and a 30 nm band pass filter around 520 nm (Newfocus, Clarity filter 5911-B)
further defined the wavelength band transmitted into the first PMT by cutting off any
scattered or reflected light from the laser source. The light transmitted by the dichroic
mirror in front of the first PMT was reflected into the second PMT by a second dichroic
beam splitter (Semrock FF650-Di01; cutting at 640). This resulted in light between 562
nm and 640 nm being sent through a long pass colour filter (UQG, SCHOTT OG515;
transmission only >515 nm) to remove reflections from the laser source. The time
resolution of the system was approximately 250 ps (see Supplementary Figure 5 for the
instrument response function). The fluorescence signal was collected over a typical

integration time of 30 seconds (minimum 10 s, maximum 300 s).
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Figure 5-3: FRET fluorophore excitation and emission spectra. (A) Schematic of the TR-FRET
setup. Arrows indicate the light path. The intensity from the laser was reduced by 3
transmission filters to 1% of the output power before hitting the sample. A system of
transmission filters and dichroic mirrors created the donor and acceptor channels whose
intensity was measured by two single-photon counters. (B) A high spectral overlap of donor
emission and acceptor excitation spectra allowed highly efficient FRET to occur. The bands
caught by the single photon counters are shown in grey. The grey dashed line marks the
excitation wavelength of the blue laser at 473 nm. Note that only a low level of acceptor
fluorescence emission was caught by the donor channel, but there was a significant impact

of donor fluorescence emission in the acceptor channel that had to be corrected for.
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5.11.3. ANALYSIS

FRET occurred when donor fluorophore ATTO 488 and acceptor fluorophore ATTO 550
were brought within their Forster radius (6.4 nm; Atto-Tec, Germany) by hybridisation
of the probes (see Figure 5-2). This caused a faster fluorescence decay of the FRET
donor probe compared to the FRET time course of the donor probe alone under the
same conditions, and a delayed rise and delayed decay of acceptor probe fluorescence
compared to the time course of the acceptor probe alone under the same conditions. The
donor decay could therefore be used to extract hybridisation levels. The details of the
analysis are described below and follow the method given by Perrins et al. (which used

the same set-up) [209]:

The recorded emitted fluorescence of donor and acceptor fluorophores was corrected
for differences in collection time, and the measured background (mainly the coverslip
glass with a minor contribution from the buffer and/ or peptides and/ or nucleic acid)
was subtracted. The acceptor fluorescence time courses were corrected for the bleed-
through of the donor fluorescence using a correction factor a derived from
measurements of donor fluorophore in the absence of acceptor fluorophore under the
same conditions as the corresponding experiment (see Equation 1). The donor
fluorescence was corrected in the same way using a correction factor § by measuring
acceptor fluorescence in the absence of donor under experimental conditions, but
acceptor bleed-through into the acceptor channel was negligible (<1%; see Equation 2).
The correction factor @ was determined from background-subtracted intensity
measurements from the donor and acceptor channels of a sample containing only donor
(D) oligonucleotide under the same conditions as the experiment (buffer, salt, peptide,

ST DNA). The ratio of acceptor channel (Ch2) intensity to donor channel (Ch1) intensity
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was determined from a region (between time points n and m) that was not too noisy, i.e.

where there was actually a signal from the fluorophore and not only background.

a= ﬁZ{Lm% Equation 1
The correction factor f was determined similarly from background-subtracted intensity
measurements from the donor and acceptor channels of a sample containing only
acceptor (A) oligonucleotide under the same conditions as the experiment (buffer, salt,
peptide, ST DNA). The ratio of acceptor channel (Ch2) intensity to donor channel (Ch1)
intensity was determined from a region (between time points n and m) that was not too

noisy, i.e. where there was actually a signal from the fluorophore and not only

background.

1 Itt,ch1,4 .
B = _—Z?zmﬁ Equation 2
n-m I(t,ch2,4)

The «a factors determined on this setup in the course of the experiments were usually

about 0.45, while the 3 factors were <0.01 and negligible.

The corrected donor intensity is described by:

’ _ Itten1,0a)—Bl(t,ch2,pA4) .
I'(¢,cn1,pa) = \—Ba Equation 3

The corrected acceptor intensity is described by:

I —al
’ __ Itcnz,pa) (t,Ch1,DA) .
I'(¢,cnz,pa) = - Equation 4
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The signal was smoothed by a rolling average and normalised. The time course of the
donor was used to determine the ratio of bound to unbound donor probes. For this, the
donor time course of an experimental sample was divided by the time course of a
control sample containing only the donor probe under the same conditions (buffer, salt,
peptide, ST DNA). The fluorescence intensity of the donor fluorophore followed a single
exponential decay when no acceptor fluorophore was present, with 7, as the

fluorescence lifetime in the absence of binding:

-t
It cnipy =€ (Tub) Equation 5

When donor and acceptor fluorophore were brought within their Forster radius (6.4
nm; Atto-Tec, Germany) FRET could occur between donor and acceptor fluorophore.
This provided an additional non-radiative fluorescence decay of the donor fluorophore

with a lifetime 7. The normalised intensity is given by:

It chitpay = fube(ﬁ) + fbe(;_;) Equation 6

Division of equation 6 by equation 5 yields:

t t
; t_t .
(t,Ch1DA) _ Fup + fbe(Tub rb) Equation 7
I(t,ch1,D)

As fup + fp = 1 this can be transformed to:

t

I(t,ch1,DA) =14 fb (e(z) — 1) Equation 8

It,ch1,D)
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Where: k = %

A plot of Iigpa/Ip vs. time showed the fraction bound f; in the difference between the
line y = 1 and the plateau of the curve. This allowed determination the fraction of
binding donor probe without using the absolute intensities that could be affected by
instabilities in laser intensity, quenching by the peptides, or sample inhomogeneity (e.g.

aggregates of peptide-nucleic acid complexes).

Initially, all steps of the analysis including the data preparation before fitting were
carried out in Origin Pro 8 (OriginLab, USA). Later, a Perl script by developed by Richard
Perrins (Cardiff University) was used for correction of the starting time of the
measurement, subtraction of the background, normalisation of the fluorescence
intensity time courses, bleed-through correction and division by the corresponding
donor-only time course as outlined above. Only the final non-linear curve fitting was

done in Origin Pro 8 (OriginLab, USA).

After background subtraction, starting time correction, normalisation, bleed-through
correction and division by the corresponding donor-only time course a nonlinear curve-
fitting to the single-exponential decay was carried out in Origin Pro 8 as described in
equation 9. This yielded the ratio R of bound to unbound donor probes, which was used
to determine the amount of hybridisation f, and the concentration of free donor cfe. from

the starting concentration cy, via equations 10 and 11.

y=Ux(1+Rxe™"'") Equation 9
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1

S=TTUR

Equation 10

Chee == f)xcq Equation 11

The dissociation constant Kq was determined by fitting f over the concentration of free

donor to a hyperbolic saturation curve (equation 12) with 1 as maximum hybridisation.

f _ fmax xcfree

= K, + e Equation 12

To determine the NaCl-dependence of hybridisation, the hybridisation probes were used
at 500 nM each, a concentration about five times higher than the Ky, thereby ensuring
that only the concentration of NaCl was a limiting factor for hybridisation. The NaCl
concentration was varied from 1.125 mM to 1 M. Measurements were taken as
described above. A Hill curve (Equation 13) was fitted through the data points for

visualization purposes.

f= JmaxXCrree Equation 13

k™ +crree™

5.12. TURBIDITY ASSAY
Samples of 10 mM fatty acid with either 1 mM (KL)3, (HL)3 or (EL)3 in 200 mM bicine
pH 8.5 were mixed directly before the assay, analogous to experiments previously

carried out by Hanczyc et al. [210]. Absorbance readings at 450 nm were taken on a
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BMG FLUOStar OPTIMA plate reader in white untreated clear-bottom plates every

minute for 1 hour as described before [210].

5.13. BIACORE BINDING ASSAY

Streptavidin-coated BIAcore chips (SA chip, BIAcore Sweden) were cleaned before use
by injecting 2x 50 mM NaOH at 5 pl/min for 30 seconds. They were functionalised by
flowing over 1 uM biotinylated oligo D (see Table 5-1) in 150 mM NaCl and 10 mM
HEPES pH 7.0 (HBS) at 5 pul/min for 60 s on a BIAcore 3000 instrument at 25°C. This was
repeated until no further increase in response could be detected. Unbound
oligonucleotide was removed by injecting 50 mM NaOH at 5 pl/min for 30 sec. Chips
were stored in HBS (Hepes Buffered Saline pH 7.4, BlAcore Sweden) at 4°C for up to a

week.
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A Biotin-GATCTTCGAGTCAGACAGCT
AAGCTCAGTCTGTCGATTTGATCACAACGCTGG
AACTAGTGTTGCGACCTTTCGAGTCAGACAGCT

B %
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Figure 5-4: Schematic of oligo E and F in the BlAcore build-up experiments. (A) Sequences

of oligo D (green, 5’ to 3’), E (red, 3’ to 5’), and F (blue, 5’ to 3’), showing their overlap. The

free end on oligo F provided a hybridisation site for oligo E. (B) Oligo D (green) was captured

by streptavidin (brown) immobilised on the gold surface of a BIAcore chip. Successive

alternating injections of oligo E (red) and oligo F (blue) created a double-stranded DNA that

was linked to the gold surface.

For the build-up of longer DNA strands, 1 uM oligo E and F (see Table 5-1) were

alternatingly injected over a chip with immobilised oligo D for 5 minutes each with 7.5

minutes buffer wash intermissions (see Figure 5-4). Bound oligonucleotides were

removed with 50 mM NaOH for 30 seconds. Peptides at 10 uM were injected either on
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their own or freshly mixed with one of the oligonucleotides for varying injection times

and removed by 1 M NaCl and 50 mM NaOH for 30 seconds each.

5.14. PICOGREEN ASSAY

The PicoGreen assay was based on manufacturer’s instructions (PicoGreen Broad Range
kit, Invitrogen UK). PicoGreen fluorescence was excited at 485 nm (10 nm band-pass
filter) and read out at 520 nm (10 nm band-pass filter) on a BMG FLUOStar OPTIMA. For
the NaCl titration, 2.5 uM oligo E and 2.5 uM oligo F were incubated for 30 minutes
before measurements with 0, 5, 12.5, 25, 100, and 150 mM NaCl concentrations and
PicoGreen at a final dilution of 1:200 (stock concentration not disclosed by
manufacturer). A logistic curve was fit to the resulting fluorescence for visualisation (see
Equation 14; A2 = minimum, A; = maximum, p = potentiation factor, xy = transition

midpoint).

1—42

y=A2+A

1+(%)p

For the (KL)s titration, , 2.5 uM oligo E and oligo F were incubated with the peptide

Equation 14

concentrations ranging from 0 to 10 mM, matching the charges from the NacCl titration.
Samples were created by first mixing the oligonucleotides and incubating them at room
temperature for 30 minutes before combining them with a same volume solution
containing the peptide (KL)s (10, 1, 0.125, 0.031, 0.016, and 0.001 mM) in buffer. Both
oligonucleotide and peptide solutions contained PicoGreen at the final dilution of 1:200
(according to manufacturer's instructions). A logistic curve was fit to the resulting

fluorescence for visualisation (see Equation 14).
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5.15. LIGHT MICROSCOPY

Liposomes were prepared for use with 1 mM peptide (3.33:1 calculated charge ratio of
fatty acid vs. (KL)3)by diluting fatty acid stock solutions into 200 mM bicine pH 8.5 to a
final concentration of 10 mM before incubating for 1 hour at room temperature. Either
one of the peptides (EL)3, (HL)3, (KL)3 or water was spiked at 1:20 into the liposome

solution and mixed by vortexing.

For use with 3.33 mM peptide (1:1 calculated charge ratio of fatty acid vs. (KL)3),
liposomes were prepared by diluting fatty acid stocks into 200 mM bicine pH 8.5 to a
final concentration of 20 mM and incubating for 1 hour at room temperature. Either one
of the peptides (EL)3, (HL)3, (KL)3 at twice the final concentration or water was mixed

1:1 with the liposome solution and mixed by vortexing.

The peptide-liposome complexes were imaged either immediately or after 1 hour
incubation at room temperature on an Olympus IX-71 inverted microscope using phase
optics via bright field illumination (a 100w Halogen bulb focused through a 0.55 NA long
working distance condenser) at 20x magnification. The glass slides used were cleaned
with 70% ethanol, sonicated in water for 30min, then sonicated in ethanol for 30 min

and left to dry.
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6. RESULTS

6.1. ANALYSIS OF COFACTORS DRIVING AMYLOID AGGREGATE FORMATION

The study of the polyanion-mediated amyloid aggregate formation from short peptides
has been little researched. An investigation of a multitude of factors that might influence
(amorphous) aggregation or (ordered) amyloid fibre formation is the first step towards
an understanding the underlying processes, starting with the examination of
macroscopic properties like gel or visible clumping, followed by spectrophotometric
amyloid aggregation assays and leading to the elucidation of the microscopic structures
by electron microscopy and X-ray fibre diffraction. In this work, the main focus has been
on amyloid complex formation within peptide-nucleic acid (ANA) complexes, but a
system employing fatty acid liposomes as an alternative polyanion has also been

studied.

6.1.1. SELECTION AND PROPERTIES OF PEPTIDES USED IN THIS WORK
The main focus of this section was on the study of peptide-nucleic acid interactions
using a range of peptides and nucleic acids. The peptides were designed to have an

amyloidogenic sequence with alternating hydrophobic/ hydrophilic residues.

Preliminary experiments undertaken by Elizabeth Fraser (School of Biosciences, Cardiff
University) indicated that short basic peptides with a repeated (KL) sequence pattern in
complex with poly(A) RNA can from gels, suggesting the potential formation of
(amyloid) fibres. Based on this observation, I initially focused on highly charged
peptides with an alternating pattern of hydrophilic lysine and hydrophobic leucine

residues that have previously been shown to form gels with high 3-sheet content [211-
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213], although the question as to whether this is due to amyloid fibre formation was not
investigated by the authors. In order to allow alteration to the charge of the peptides,
whilst allowing nucleic acid hybridisation, alternating peptides were designed in which
the hydrophilic lysine residues were replaced with histidine residues that were
protonated at physiological pH values [201]. The ability to carry a positive charge that
could be influenced by pH changes was the main reason to choose histidine, although it
had other properties that differed from the replaced lysine residues, e.g. hydropathy and
shape [201]. Charge modulation by pH change would be expected to occur at pH values
close to the pK, of the imidazole group (pKa = 6.04; [201]), a range at which most
amyloidosis-related polypeptides form amyloid aggregates in vivo. In contrast, the high
pKa of 10.54 of the e-amino group was not compatible with nucleic acid hybridisation
[201], and RNA would generally not be stable under these conditions due to hydrolysis
of the phosphate backbone[201]. The 7mer peptide TVQFHMH originated from a
previous study of amyloidogenic protein design in which the sequence EVQFHMH was
suggested to drive amyloid fibre formation. This sequence was chosen as it offered the
ability to modulate pH (via the histidine residues) and included an aromatic residue that
might prove useful for future biophysical spectroscopic studies. To maximise the
potential for interactions with nucleic acids, the negatively charged glutamate residue
was replaced with a threonine residue [138]. The negatively charged peptide (EL)3 was
used as control for the basic, positively charged peptides mentioned above, although its
glutamate residues differed greatly from the lysine or histidine residues of (HL)3 or
(KL)3, respectively. Within the pH range used in this work (pH 5.0 to pH 8.0) the
glutamate side chains would be mainly deprotonated (pKa = 4.07 for the y-carboxyl

group; [201]).
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In contrast with the alternating hydrophilic/ hydrophobic peptides described above,
STVIIE was synthesised to allow a study of the kinetics of amyloid formation (see
chapter 6.1.4 and chapter 6.1.9). This peptide was described before as carrying a
positive charge at pH 2.6 allowing for interaction with nucleic acids and was able to form
amyloid on its own [143]. TVQFHMH formed amyloid on its own, but the required
concentration was incompatible with CD spectroscopy, the method chosen to follow the
conformational conformation (see chapter 6.1.9). The other peptides might also have
formed amyloid on their own at higher concentrations (not tested), as this was likely to

be a generic property of all polypeptide sequences [139].

All peptides were readily water-soluble up to 20 mM (which was set as the normal
peptide stock solution concentration) with the exception of (HL)s which required
warming to 37°C to allow stock solutions of 10 mM to be generated. The peptides were
found to act as weak surfactants as indicated by froth formation if solutions were
vortexted or pipetted vigorously. Because of these properties, care was taken to avoid
bubble formation immediately prior to use in the assays. None of the peptides were
identified as being prone to amyloid formation using the Zyggregator algorithm [199],
most likely because this algorithm predicts aggregating (not necessarily amyloid-
forming) sequences within larger polypeptide chains. The Waltz algorithm predicted
amyloid aggregation only for STVIIE, but not for any other peptide used in this work

[200].

6.1.2. PEPTIDE CHARGES
Theoretical peptide charges were calculated using the ‘Peptide Property Calculator’

from the Genscript website (https://www.genscript.com/ssl-
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bin/site2 /peptide_calculation.cgi) and were listed for the pH values explored in this
work in Table 6-1. This calculation of the peptide charges did not take into account any
neighbour effects that might influence the pKa of functional groups. All residues had the
same pK, regardless of their position within the peptide, which was an unlikely scenario.
For example, the central lysine residue of (KL)3 in $-sheet conformation would be close
to two neighbouring lysine residues, which, by charge repulsion of the positively
charged e-amino groups, would induce a reduced pK. of the central e-amino group with
resulting easier deprotonation in order to reduce this repulsion. Additionally, the
neighbour effects would be expected to change depending on the peptide conformation,

e.g. on how close the relevant groups would get to each other.

Table 6-1: Theoretical peptide charges

(KL)s +6 +5 +5 +5 +5 +5 +5 +5 +5 +5
(KL)4 +5 +4 +4 +4 +4 +4 +4 +4 +4 +4
(KL)3s +5 +4 +4 +4 +4 +4 +4 +4 +4 +4
(KL)3 +4 +3 +3 +3 +3 +3 +3 +3 +3 +3
(HL)s +6 +5 +4.5 +4 +3 +2 +1.5 +1 0 -0.25
(HL)3 +4 +3 +3 +2.5 +2 +1.5 +1 +0.5 0 -0.5
TVQFHMH | +3 +2 +2 +1.5 | +1.25 | +1 +0.5 | +0.25 0 -0.5
STVIIE +1 -1 -1 -1 -1 -1 -1 -1 -1 -1.5

Table 6-1 legend: The charges of the individual peptides were calculated by the Peptide
Property Calculator’ from the Genscript website (https://www.genscript.com/ssl-
bin/site2/peptide_calculation.cgi). The charges were extracted from the output Net Charge

vs. pH graphs. All charges were estimates only.
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The sequence-dependent pK, values were reflected in the titrations carried out on some
of the peptides used for this work (see Figure 6-1). The titration curves were more
complex than expected from the theoretical calculations with more (de)protonation
steps. As a consequence the transitions appeared less clear than the calculated titration
curves, and equivalence points were difficult to determine. This suggested, as
mentioned above, the presence of several functional groups with very similar pK, values
that were (de)protonated sequentially. Nevertheless, the calculated peptide charges

were useful approximations for the charge state of the peptides.
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Figure 6-1: Peptide titration curves. The peptides (HL)s (A), (HL)s (B), (KL)s (C), (KL)s (D) and
TVQFHMH (E) were set to pH ~3 with HCl and subsequently titrated with NaOH, and the

peptide (EL)s was set to pH ~13 with NaOH and subsequently titrated with HCI (F).
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6.1.3. GEL FORMATION BY PEPTIDE-NUCLEIC ACID MIXTURES

The formation of amyloid complexes by proteins and peptides can be accompanied by
the formation of gels over time when the proteinaceous fibres form and create entangled
nets, or the appearance of aggregates consisting of densely packed amyloid fibrils.
Although a rather weak indicator of amyloid fibre formation, potential gel and aggregate
formation would indicate complex formation or polymerisation [72], so I initially
examined mixtures of positively charged peptides (at least according to the theoretical
calculations) and negatively charged nucleic acids for gel formation to find a suitable
range for further studies. I looked at various aspects that might have affected amyloid
formation like pH (5.0 to 8.0), salt concentration (0 to 150 mM NacCl), and ratio of

peptide to nucleic acid.

Gel formation by nucleic acid solutions

The ST DNA stock solution at 20 mM concentration in water formed gels whose strength
was dependent on temperature. At room temperature only a weak gel was present,
which at 02C (stock solution usually kept on ice) increased to a medium strength gel. At
higher concentrations generated to produce the 20 mM stock solutions the gel strength
increased further, but the solution could always be pipetted. At 10 mM, the highest
concentration of ST DNA used for the gel formation assays (see Table 6-2 and Table 6-7),
no gel could be detected at room temperature. Most of the gel strength was lost after
heat-denaturation of the double-stranded ST-DNA, which then showed like PA RNA and
BY RNA only very weak gels at 20 mM concentration at 02C. At lower concentrations no
gel could be detected with any of the single-stranded nucleic acids. The addition of NaCl
did not give rise to any changes in gel strength. The oligonucleotides oligo D, oligo E,

oligo F, and the TR-FRET probes did not gel at any concentration.
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The gelation of DNA in the presence of cations has been described before, albeit with
short fragments (200 +/- 30 bp) of sonicated calf thymus DNA. Fried and Bloomfield
used sonicated calf thymus DNA (fragments of about 200 * 30 bp), which showed
gelation from about 100 uM concentration on [214]. This molar concentration would
correspond to about a 20 mM concentrations with respect to charges/ bases as used in
this work, and indeed a weak gel was seen. The gels of ST DNA used here quickly became

weaker at lower concentrations.

Gel formation by (HL)3-anion mixtures

Mixtures of (HL)3 with double-stranded salmon testes (ST DNA) formed gels within 10
seconds that decreased in strength with increasing NaCl concentrations (see Table 6-2),
suggesting that gel formation may be dependent on ionic interactions. In the absence of
NaCl the strongest gels were observed at lower pH values, corresponding to the most
protonated states of the (HL)3 peptide. Note that HEPES had to be used in place of MES
to maintain pH 8.0 and effects at this pH my therefore be dependent on buffer-peptide
interactions rather than alterations to the protonation state of the peptide. However,
trends in gel formation in the presence of MES at lower pHs were consistent with results
at pH 8.0, suggesting that effects were most likely due to peptide-mediated charge
interactions. At 75 mM NaCl (HL)3 gels were formed at pH 6.5 and pH 6.8, and
strengthened over a period of 1 hour. At 150 mM NacCl, gels were generally very weak
and did not show a clear dependence on pH. Mixtures of (HL)3 with poly(A) RNA (PA
RNA) mostly formed weaker gels than (HL)3-ST DNA mixtures and showed both gel
formation and evidence of aggregation in the form of visible aggregates and turbidity at
pH 6.2 to pH 8.0. For PA RNA mixtures in the absence of NaCl, weak gels were observed

at pH 5.0 and pH 6.2, while at higher pHs aggregation dominated. At 75 mM Nac(l, the
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same pattern emerged, but the gels were barely detectable. Interestingly, at 150 mM
NaCl slightly stronger gels (up to medium) formed while mixing peptide and RNA, but
they seemed to convert to visible aggregates and turbidity within 1 hour except at pH

5.0, where a very weak gel was maintained.

To examine the effect of non-polymerised phosphate on gel formation, diethyl
phosphate was added at concentrations that matched the charges present within the
nucleic acids. Diethyl phosphate under all NaCl concentrations and at all pHs failed to
induce gel formation. However, aggregation in the form of visible aggregates or
turbidity appeared at pH 8.0 at all NaCl concentrations. Further supporting the
suggestion that gel formation required polymerised phosphate, no gels were observed

with 5 mM (HL)3 and an equimolar concentration of NaPOa.

The gels of (HL)3-ST DNA at pH 6.2 in the absence of NaCl were the strongest ones
observed for this peptide (see Table 6-2). These conditions were chosen to carry out a
titration with varying ST DNA concentrations in order to examine if the ratio of peptide
to anion had an effect on gel formation, albeit with a lowered peptide concentration of
2.5 mM (HL)3 to allow a wider concentration range to be explored (from 4:1 to 1:4 ST
DNA to (HL)3). The strongest gels appeared close to a 1:1 charge ratio at 2.5 mM and 1.3
mM ST DNA (see Table 6.2). Gels became weaker towards higher and lower ST DNA
concentrations. No gels were detected at the same peptide concentration when varying

concentrations of diethyl phosphate were added.
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Table 6-2: Gel formation and visible aggregation by (HL)3 in mixture with (poly)anions.

buffer agg. gel agg.
10s | 1 hour | 1hour?

150 mM 5 mM (HL)3 none 10 mM MES pH 5.0 - -

150 mM 5 mM (HL)3 none 10 mM MES pH 6.2 - -

150 mM 5 mM (HL)3 none 10 mM MES pH 6.5 - -

150 mM 5 mM (HL)3 none 10 mM MES pH 6.8 - -

150 mM 5 mM (HL)3 none 10 mM HEPES pH - T - T
8.0

150 mM 5 mM (HL)3 5 mM ST DNA 10 mM MES pH 5.0 - *

150 mM 5 mM (HL)3 5 mM ST DNA 10 mM MES pH 6.2 * ok

150 mM 5 mM (HL)3 5 mM ST DNA 10 mM MES pH 6.5 * *

150 mM 5 mM (HL)3 5 mM ST DNA 10 mM MES pH 6.8 * ok

150 mM 5 mM (HL)3 5 mM ST DNA 10 mM HEPES pH ok A * A
8.0

150 mM 5 mM (HL)3 5 mM PA RNA 10 mM MES pH 5.0 ok *

150 mM 5 mM (HL)3 5 mM PA RNA 10 mM MES pH 6.2 ok - AT

150 mM 5 mM (HL)3 5 mM PA RNA 10 mM MES pH 6.5 * T - AT

150 mM 5 mM (HL)3 5 mM PA RNA 10 mM MES pH 6.8 ok A - AT

150 mM 5 mM (HL)3 5 mM PA RNA 10 mM HEPES pH okx T - AT
8.0

150 mM 5 mM (HL)3 5 mM DEP 10 mM MES pH 5.0 - -

150 mM 5 mM (HL)3 5 mM DEP 10 mM MES pH 6.2 - -

150 mM 5 mM (HL)3 5 mM DEP 10 mM MES pH 6.5 - -

150 mM 5 mM (HL)3 5 mM DEP 10 mM MES pH 6.8 - -

150 mM 5 mM (HL)3 5 mM DEP 10 mM HEPES pH - T - T
8.0

150 mM 5 mM (HL)3 none 10 mM MES pH 5.0 - -

150 mM 5 mM (HL)3 none 10 mM MES pH 6.2 - -

150 mM 5 mM (HL)3 none 10 mM MES pH 6.5 - -

150 mM 5 mM (HL)3 none 10 mM MES pH 6.8 - -

150 mM 5 mM (HL)3 none 10 mM HEPES pH - T - T
8.0

75 mM 5 mM (HL)3 none 10 mM MES pH 5.0 - -

75 mM 5 mM (HL)3 none 10 mM MES pH 6.2 - -

75 mM 5 mM (HL)3 none 10 mM MES pH 6.5 - -

75 mM 5 mM (HL)3 none 10 mM MES pH 6.8 - -

75 mM 5 mM (HL)3 none 10 mM HEPES pH - T - T
8.0

75 mM 5 mM (HL)3 5 mM ST DNA 10 mM MES pH 5.0 - *

75 mM 5 mM (HL)3 5 mM ST DNA 10 mM MES pH 6.2 ok okx

75 mM 5 mM (HL)3 5 mM ST DNA 10 mM MES pH 6.5 ok okx

75 mM 5 mM (HL)3 5 mM ST DNA 10 mM MES pH 6.8 ok ok

75 mM 5 mM (HL)3 5 mM ST DNA 10 mM HEPES pH * AT * AT
8.0

75 mM 5 mM (HL)3 5 mM PA RNA 10 mM MES pH 5.0 - *

75 mM 5 mM (HL)3 5 mM PA RNA 10 mM MES pH 6.2 * A - A

75 mM 5 mM (HL)3 5 mM PA RNA 10 mM MES pH 6.5 - AT - A

75 mM 5 mM (HL)3 5 mM PA RNA 10 mM MES pH 6.8 - AT - AT

75 mM 5 mM (HL)3 5 mM PA RNA 10 mM HEPES pH - AT - AT
8.0

75 mM 5 mM (HL)3 5 mM DEP 10 mM MES pH 5.0 - -

75 mM 5 mM (HL)3 5 mM DEP 10 mM MES pH 6.2 - -

75 mM 5 mM (HL)3 5 mM DEP 10 mM MES pH 6.5 - -

75 mM 5 mM (HL)3 5 mM DEP 10 mM MES pH 6.8 - -

75 mM 5 mM (HL)3 5 mM DEP 10 mM HEPES pH - T - T
8.0
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buffer

agg.
10s

gel

1 hour

agg.
1 hour?

0 mM 5 mM (HL)3 none 10 mM MES pH 5.0 - -
0 mM 5 mM (HL)3 none 10 mM MES pH 6.2 - -
0 mM 5 mM (HL)3 none 10 mM MES pH 6.5 - -
0 mM 5 mM (HL)3 none 10 mM MES pH 6.8 - -
0 mM 5 mM (HL)3 none 10 mM HEPES pH - T - T
8.0
0 mM 5 mM (HL)3 5 mM ST DNA 10 mM MES pH 5.0 | **** rokkkok
0 mM 5 mM (HL)3 5 mM ST DNA 10 mM MES pH 6.2 | **** okokkok
0 mM 5 mM (HL)3 5 mM ST DNA 10 mM MES pH 6.5 okx ok
0 mM 5 mM (HL)3 5 mM ST DNA 10 mM MES pH 6.8 | *** okx
0 mM 5 mM (HL)3 5 mM ST DNA 10 mM HEPES pH ok A okx A
8.0
0 mM 5 mM (HL)3 5 mM PA RNA 10 mM MES pH 5.0 ok ok
0 mM 5 mM (HL)3 5 mM PA RNA 10 mM MES pH 6.2 ok T * A
0 mM 5 mM (HL)3 5 mM PA RNA 10 mM MES pH 6.5 - AT - A
0 mM 5 mM (HL)3 5 mM PA RNA 10 mM MES pH 6.8 - AT - A
0 mM 5 mM (HL)3 5 mM PA RNA 10 mM HEPES pH * T - A
8.0
0 mM 5 mM (HL)3 5 mM DEP 10 mM MES pH 5.0 - -
0 mM 5 mM (HL)3 5 mM DEP 10 mM MES pH 6.2 - -
0 mM 5 mM (HL)3 5 mM DEP 10 mM MES pH 6.5 - -
0 mM 5 mM (HL)3 5 mM DEP 10 mM MES pH 6.8 - -
0 mM 5 mM (HL)3 5 mM DEP 10 mM HEPES pH - T - T
8.0
0 mM 2.5 mM (HL)3 10 mM ST DNA | 10 mM MES pH 6.2 * *
0 mM 2.5 mM (HL)3 7.5mM STDNA | 10 mM MES pH 6.2 ok ok
0 mM 2.5 mM (HL)3 5.0 mM STDNA | 10 mM MES pH 6.2 ok ok
0 mM 2.5 mM (HL)3 2.5mM STDNA | 10 mM MES pH 6.2 ok ok
0 mM 2.5 mM (HL)3 1.3 mM STDNA | 10 mM MES pH 6.2 ok okt
0 mM 2.5 mM (HL)3 0.8 mM STDNA | 10 mM MES pH 6.2 ok ok
0 mM 2.5 mM (HL)3 0.6 mM STDNA | 10 mM MES pH 6.2 * *
150 mM | 2.5 mM (HL)3 10 mM DEP 10 mM MES pH 6.2 - -
150 mM | 2.5 mM (HL)3 7.5 mM DEP 10 mM MES pH 6.2 - -
150 mM | 2.5 mM (HL)3 5.0 mM DEP 10 mM MES pH 6.2 - -
150 mM | 2.5 mM (HL)3 2.5 mM DEP 10 mM MES pH 6.2 - -
150 mM | 2.5 mM (HL)3 1.3 mM DEP 10 mM MES pH 6.2 - -
150 mM | 2.5 mM (HL)3 0.8 mM DEP 10 mM MES pH 6.2 - -
150 mM | 2.5 mM (HL)3 0.6 mM DEP 10 mM MES pH 6.2 - -
150 mM | 500 pM (HL)s3 none 10 mM MES pH 6.5 - -
150 mM | 500 pM (HL)s3 50 uM STDNA | 10 mM MES pH 6.5 - -
150 mM | 6mM (HL)3 + 2.5mM STDNA | 10 mM MES pH 5.0 * *
0.3 mM FITC- +0.125 mM
(HL)3 ATTO550-DNA
150 mM 6 mM (HL)3 2.5mM STDNA | 10 mM MES pH 6.5 * *
150 mM | 6mM (HL)3 + 2.5mM STDNA | 10 mM MES pH 6.5 * *
0.3 mM FITC- +0.125 mM
(HL)3 ATTO550-DNA
150 mM 50 pM (HL)3 50 uyM STDNA | 10 mM MES pH 5.5 - -
150 mM 50 pM (HL)3 50 pM STDNA | 10 mM MES pH 6.0 - -
150 mM 50 pM (HL)3 50 uM STDNA | 10 mM MES pH 6.5 - -
150 mM 50 pM (HL)3 50 puM STDNA | 10 mM MES pH 8.0 - -
150 mM 1 mM (HL)s3 1 mM ST DNA 10 mM MES pH 6.2 - *
150 mM 6 mM (HL)3 2.5mM STDNA | 10 mM MES pH 5.0 * *
150 mM 5 mM (HL)3 5 mM ST DNA 10 mM MES pH 5.5 - *
150 mM 10 mM (HL)3 10 mM ST DNA | 10 mM MES pH 6.2 ok ok
75 mM 10 mM (HL)3 none 10 mM MES pH 8.0 - T - T
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buffer gel
1 hour
50 mM 5 mM (HL)3 5 mM ST DNA 10 mM MESpH 6.2 | *
0 mM 1 mM (HL)s3 none 200 mM bicine pH - -
8.5
0 mM 3.33 mM (HL)3 none 200 mM bicine pH - -
8.5
0 mM 3.33 mM (HL)3 none 883 mM bicine pH - -
8.5
0 mM 1 mM (HL)s3 1 mM ST DNA 10 mM MES pH 6.2 ok ok
0 mM 20 mM (HL)3 none none (pH ~6) * n.d.
0 mM 10 pM (HL)3 0.5 uM oligo E 10 mM MES pH 6.2 - -
150 mM 1 mM (HL)s3 9 mM ST DNA 10 mM MES pH 6.8 - n.d.
150 mM 2 mM (HL)3 8 mM ST DNA 10 mM MES pH 6.8 - n.d.
150 mM 3 mM (HL)3 7 mM ST DNA 10 mM MES pH 6.8 - n.d.
150 mM 4 mM (HL)3 6 mM ST DNA 10 mM MES pH 6.8 - n.d.
150 mM 5 mM (HL)3 5 mM ST DNA 10 mM MES pH 6.8 - n.d.
150 mM 6 mM (HL)3 4 mM ST DNA 10 mM MES pH 6.8 * n.d.
150 mM 7 mM (HL)3 3 mM ST DNA 10 mM MES pH 6.8 * n.d.
150 mM 8 mM (HL)3 2mM ST DNA 10 mM MES pH 6.8 * n.d.
150 mM 9 mM (HL)3 1 mM ST DNA 10 mM MES pH 6.8 * n.d.
150 mM 10 mM (HL)3 none 10 mM MES pH 6.8 - n.d.
150 mM 10 mM (HL)3 10 mM ST DNA | 10 mM MES pH 6.8 ok n.d.
150 mM 5 mM (HL)3 5 mM NaPO4 10 mM MES pH 6.8 - n.d.
150 mM 5 mM (HL)3 5 mM PA RNA 10 mM MES pH 6.8 - n.d.
75 mM 12 mM (HL)3 5 mM ST DNA 10 mM MES pH 5.0 - n.d.
75 mM 12 mM (HL)3 5 mM ST DNA 10 mM MES pH 6.2 | **** n.d.
75 mM 12 mM (HL)3 5 mM ST DNA 10 mM MES pH 6.5 | **** n.d.
75 mM 12 mM (HL)3 100 mM NaPO4 | 10 mM MES pH 5.0 - n.d.
75 mM 12 mM (HL)3 100 mM NaPO4 | 10 mM MES pH 6.2 - n.d.
75 mM 12 mM (HL)3 100 mM NaPO4 | 10 mM MES pH 6.5 - n.d.
75 mM 2.4 mM (HL)3 5 mM ST DNA 10 mM MES pH 5.0 - n.d.
75 mM 2.4 mM (HL)3 5 mM ST DNA 10 mM MES pH 6.2 * n.d.
75 mM 2.4 mM (HL)3 5 mM ST DNA 10 mM MES pH 6.5 * n.d.
50 mM 10 uM (HL)3 0.5mM oligo E | 10 mM MES pH 6.2 - -
150 mM 5 mM (HL)3 100 mM NaPO4 | 10 mM MES pH 5.0 - n.d.
150 mM 5 mM (HL)3 100 mM NaPO4 | 10 mM MES pH 6.2 - n.d.
150 mM 5 mM (HL)3 100 mM NaPO4 | 10 mM MES pH 6.5 - n.d.
150 mM 10 pM (HL)3 0.5 mM oligo E | 10 mM MES pH 6.2 - -

Table 6-2 legend: The peptide (HL); was mixed with equal volumes (poly)anion solutions (ST
DNA = salmon testes DNA, PA RNA = poly(A) RNA, DEP = diethyl phosphate, buffer) to give
the indicated concentration in the indicated buffers with 0, 75, or 150 mM NacCl. Mixtures
were monitored for strength and speed (within 10 seconds during mixing/ 1 hour) of gel
formation. Absence of gel was denoted by
very strong (*****), strong (****), medium (***), weak (**), or very weak (*), following the
classification given in Table 5-2. Aggregation was denoted by A (larger aggregates in clear

solution), T (turbidity), and AT (aggregates in turbid solution).

“ u,

; n.d. = not determined. Gels were denoted as
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This data was collected in collaboration with Christine Humphreys (Cardiff University).

Some conditions described in Table 6-2above were replicated in subsequent
experiments (see sections 6.1.4, 6.1.5, 6.1.6, 6.1.7, and 6.2.3). Where assay-specific
requirements dictated, non-standard conditions were occasionally examined and these
conditions have been included in Table 6-2 shown. For example, lower concentrations of
peptide and DNA had to be used in ThT assays to avoid saturating detector responses. In
the case of the ThT assays, the 50 pM and 500 uM peptide concentration failed to form
gels. This may have either been a result of a lower ratio of interaction between nucleic
acid and peptide or may have resulted from the presence of weaker gels that did not
register as being viscous in the assay format (see chapter 6.1.4, Figure 6-4 and Figure
6-5). Similarly, under the conditions used for confocal microscopy (chapter 6.1.6; 6 mM
(HL)3 with 2.5 mM ST DNA, pH 6.2 and pH 5.0, 150 mM NacCl) a weak gel appeared, as
well as for the same concentrations with 1:20 FITC-(HL)3 and 1:20 ATTO550-ST DNA
(used for confocal microscopy; chapter 5.8, Figure 6-13). The solutions used for the TR-
FRET studies (1 mM (HL)3 with 1 mM ST DNA in 150 mM NaCl at pH 6.2; chapter 6.2.3,
Figure 6-41, Figure 6-44, Figure 6-46) were barely detectable as gels. The fibre
diffraction samples (see also Table 5-4 for their composition) formed weak gels with 5
mM (HL)3 with 5 mM ST DNA in 50 mM NacCl at pH 6.2, up to medium gels with 10 mM
(HL)3 with 10 mM ST DNA in 150 mM NacCl at pH 6.2 (Chapter 6.1.7, Figure 6-14), and
small aggregates became visible as turbidity with 3.33 mM (HL)3 in 883 mM bicine pH
8.5 or (see Chapter 6.1.8, Figure 6-25). The 20 mM (HL)3 stock solution (~pH 6) showed
neither gels nor aggregates before it was used to create a fibre diffraction stalk. The

samples for electron microscopy (see also chapter 5.7, Table 5-3) showed weak (5 mM
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(HL)3, 5 mM ST DNA, 150 mM NacCl, pH 5.5) to medium (1 mM (HL)3, 1 mM ST DNA, pH

6.2) gels (chapter 6.1.5, Figure 6-9).

Gel formation by (KL)3-anion mixtures

(KL)3 formed relatively weak gels, which only appeared in mixtures of the peptide with
ST DNA or PA RNA (see Table 6-3). No gel formation could be detected with (KL)3 alone
or in mixture with diethyl phosphate. Interestingly, there was some turbidity and gel
formation seen at pH 6.2 in the absence of NaCl with (KL)3-ST DNA and (KL)3-PA RNA,

suggesting the presence of small aggregates.

Table 6-3: Gel formation and visible aggregation by (KL)3 in mixture with (poly)anions.

buffer gel agg. gel agg.

10s 10s 1hour 1 hour?

150 mM 5 mM (KL)3 none 10 mM MES pH 5.0 -
150 mM 5 mM (KL)3 none 10 mM MES pH 6.2 -
150 mM 5 mM (KL)3 none 10 mM MES pH 6.5 -
150 mM 5 mM (KL)3 none 10 mM MES pH 6.8 -
150 mM 5 mM (KL)3 none 10 mM HEPES pH 8.0 -
150 mM 5 mM (KL)3 5 mM ST DNA 10 mM MES pH 5.0 -
150 mM 5 mM (KL)3 5 mM ST DNA 10 mM MES pH 6.2 *
150 mM 5 mM (KL)3 5 mM ST DNA 10 mM MES pH 6.5 *
150 mM 5 mM (KL)3 5 mM ST DNA 10 mM MES pH 6.8 *
150 mM 5 mM (KL)3 5 mM ST DNA 10 mM HEPES pH 8.0 -
150 mM 50 pM (KL)3 50 pM ST DNA | 10 mM HEPES pH 7.0 -
150 mM 5 mM (KL)3 5 mM PA RNA 10 mM MES pH 5.0 -
150 mM 5 mM (KL)3 5 mM PA RNA 10 mM MES pH 6.2 *
150 mM 5 mM (KL)3 5 mM PA RNA 10 mM MES pH 6.5 -
150 mM 5 mM (KL)3 5 mM PA RNA 10 mM MES pH 6.8 -
150 mM 5 mM (KL)3 5 mM PA RNA 10 mM HEPES pH 8.0 -
150 mM 5 mM (KL)3 5 mM DEP 10 mM MES pH 5.0 -
150 mM 5 mM (KL)3 5 mM DEP 10 mM MES pH 6.2 -
150 mM 5 mM (KL)3 5 mM DEP 10 mM MES pH 6.5 -
150 mM 5 mM (KL)3 5 mM DEP 10 mM MES pH 6.8 -
150 mM 5 mM (KL)3 5 mM DEP 10 mM HEPES pH 8.0 -
75 mM 5 mM (KL)3 none 10 mM MES pH 5.0 -
75 mM 5 mM (KL)3 none 10 mM MES pH 6.2 -
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buffer

gel

10s

gel

1 hour

75 mM 5 mM (KL)3 none 10 mM MES pH 6.5 - -
75 mM 5 mM (KL)3 none 10 mM MES pH 6.8 - -
75 mM 5 mM (KL)3 none 10 mM HEPES pH 8.0 - -
75 mM 5 mM (KL)3 5 mM ST DNA 10 mM MES pH 5.0 * *
75 mM 5 mM (KL)3 5 mM ST DNA 10 mM MES pH 6.2 * *
75 mM 5 mM (KL)3 5 mM ST DNA 10 mM MES pH 6.5 - *
75 mM 5 mM (KL)3 5 mM ST DNA 10 mM MES pH 6.8 - *
75 mM 5 mM (KL)3 5 mM ST DNA 10 mM HEPES pH 8.0 - *
75 mM 5 mM (KL)3 5 mM PA RNA 10 mM MES pH 5.0 ok ok
75 mM 5 mM (KL)3 5 mM PA RNA 10 mM MES pH 6.2 * *
75 mM 5 mM (KL)3 5 mM PA RNA 10 mM MES pH 6.5 - *
75 mM 5 mM (KL)3 5 mM PA RNA 10 mM MES pH 6.8 - -
75 mM 5 mM (KL)3 5mMPARNA | 10 mM HEPES pH 8.0 - -
75 mM 5 mM (KL)3 5 mM DEP 10 mM MES pH 5.0 - -
75 mM 5 mM (KL)3 5 mM DEP 10 mM MES pH 6.2 - -
75 mM 5 mM (KL)3 5 mM DEP 10 mM MES pH 6.5 - -
75 mM 5 mM (KL)3 5 mM DEP 10 mM MES pH 6.8 - -
75 mM 5 mM (KL)3 5 mM DEP 10 mM HEPES pH 8.0 - -
0 mM 5 mM (KL)3 none 10 mM MES pH 5.0 - -
0 mM 5 mM (KL)3 none 10 mM MES pH 6.2 - -
0 mM 5 mM (KL)3 none 10 mM MES pH 6.5 - -
0 mM 5 mM (KL)3 none 10 mM MES pH 6.8 - -
0 mM 5 mM (KL)3 none 10 mM HEPES pH 8.0 - -
0 mM 5 mM (KL)3 5 mM ST DNA 10 mM MES pH 5.0 * *
0 mM 5 mM (KL)3 5 mM ST DNA 10 mM MES pH 6.2 * *
0 mM 5 mM (KL)3 5 mM ST DNA 10 mM MES pH 6.5 ok ok
0 mM 5 mM (KL)3 5 mM ST DNA 10 mM MES pH 6.8 * *
0 mM 5 mM (KL)3 5 mM ST DNA 10 mM HEPES pH 8.0 - *
0 mM 5 mM (KL)3 5 mM PA RNA 10 mM MES pH 5.0 * *
0 mM 5 mM (KL)3 5 mM PA RNA 10 mM MES pH 6.2 * *
0 mM 5 mM (KL)3 5 mM PA RNA 10 mM MES pH 6.5 - *
0 mM 5 mM (KL)3 5 mM PA RNA 10 mM MES pH 6.8 - -
0 mM 5 mM (KL)3 5mM PARNA | 10 mM HEPES pH 8.0 - -
0 mM 5 mM (KL)3 5 mM DEP 10 mM MES pH 5.0 - -
0 mM 5 mM (KL)3 5 mM DEP 10 mM MES pH 6.2 - -
0 mM 5 mM (KL)3 5 mM DEP 10 mM MES pH 6.5 - -
0 mM 5 mM (KL)3 5 mM DEP 10 mM MES pH 6.8 - -
0 mM 5 mM (KL)3 5 mM DEP 10 mM HEPES pH 8.0 - -
0 mM 5 mM (KL)3 none 10 mM MES pH 5.0 - -
0 mM 5 mM (KL)3 none 10 mM MES pH 6.2 - -
0 mM 5 mM (KL)3 none 10 mM MES pH 6.5 - -
0 mM 5 mM (KL)3 none 10 mM MES pH 6.8 - -
0 mM 5 mM (KL)3 none 10 mM HEPES pH 8.0 - -
150 mM 17 uM (KL)3 50 uM ST DNA | 10 mM HEPES pH 8.0 - -
0 mM 1 mM (KL)3 none 200 mM bicine pH 8.5 - -
0 mM 3.33 mM (KL)3 none 200 mM bicine pH 8.5 - -
0 mM 0.33mM (KL)s | 1mMPARNA | 10 mM HEPES pH 7.0 * *
0 mM 21.6 mM (KL)3 10.8 mM HT pH 6.0 otk ook
DNA
0 mM 10 mM (KL)3 | 10 mM STDNA | 10 mM HEPES pH 7.0 ok ok

Table 6-3 legend: The peptide (KL); was mixed with equal volumes of (poly)anion solutions

(ST DNA = salmon testes DNA, PA RNA = poly(A) RNA, DEP = diethyl phosphate, buffer) to
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give the indicated concentration in the indicated buffers with 0, 75, or 150 mM NacCl.
Mixtures were monitored for strength and speed (within 10 seconds during mixing/ 1 hour)
of gel formation. Absence of gel is denoted by “-“. Gels were denoted as very strong (*****),
strong (****), medium (***), weak (**), or very weak (*), following the classification given in
Table 5-2. Aggregation was denoted by A (larger aggregates in clear solution), T (turbidity),

and AT (aggregates in turbid solution).

This data was collected in collaboration with Christine Humphreys (Cardiff University).

Regarding the concentrations and conditions used in other experiments (see Table 6-3
at the bottom), the (KL)3-PA RNA sample for electron microscopy (0.33 mM (KL)3, 1 mM
PA RNA, pH 7; chapter 6.1.5, Figure 6-10) formed a very weak gel. No gel could be
detected at the conditions used for the Thioflavin T assay (17 uM (KL)3, 50 uM ST DNA,
150 mM NacCl, pH 8; chapter 6.1.4, Figure 6-4). At the very high concentrations (21.6 mM
(KL)3 with 10.8 mM HT DNA at pH 6, and 10 mM (KL)3 with 10 mM ST DNA at pH 7)
used to create the fibre diffraction samples (chapter 5.9, Table 5-4; chapter 6.1.7, Figure

6-15, Table 6-12) medium to strong gels appeared.

Gel formation by (EL)3-anion mixtures

The peptide (EL)3 showed no gel formation under the conditions explored (0, 75, and
150 mM NaCl; pH 5.0, 6.2, 6.5, 6.8, and 8.0) with ST DNA, PA RNA, diethyl phosphate, or
on its own. It could form a gel at about pH 2 (in 20 mM HCI) during purification

(strength not determined due to unknown concentration).
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Table 6-4: Gel formation and visible aggregation by (EL)s in mixture with (poly)anions.

buffer

gel agg. gel agsg.

10s 10s 1hour 1hour?

150 mM | 5 mM (EL)3 none 10 mM MES pH 5.0 - -
150 mM | 5 mM (EL)s3 none 10 mM MES pH 6.2 - -
150 mM | 5 mM (EL)s3 none 10 mM MES pH 6.5 - -
150 mM | 5 mM (EL)3 none 10 mM MES pH 6.8 - -
150 mM | 5 mM (EL)s none 10 mM HEPESpH 8.0 | - -
150 mM | 5 mM (EL)s3 5 mM ST DNA 10 mM MES pH 5.0 - -
150 mM | 5 mM (EL)3 5 mM ST DNA 10 mM MES pH 6.2 - -
150 mM | 5 mM (EL)3 5 mM ST DNA 10 mM MES pH 6.5 - -
150 mM | 5 mM (EL)3 5 mM ST DNA 10 mM MES pH 6.8 - -
150 mM | 5 mM (EL)s 5 mM ST DNA 10 mM HEPESpH 8.0 | - -
150 mM | 5 mM (EL)3 5 mM PA RNA 10 mM MES pH 5.0 - -
150 mM | 5 mM (EL)s3 5 mM PA RNA 10 mM MES pH 6.2 - -
150 mM | 5 mM (EL)3 5 mM PA RNA 10 mM MES pH 6.5 - -
150 mM | 5 mM (EL)3 5 mM PA RNA 10 mM MES pH 6.8 - -
150 mM | 5 mM (EL)s 5 mM PA RNA 10 mM HEPESpH 8.0 | - -
150 mM | 5 mM (EL)3 5 mM DEP 10 mM MES pH 5.0 - -
150 mM | 5 mM (EL)3 5 mM DEP 10 mM MES pH 6.2 - -
150 mM | 5 mM (EL)3 5 mM DEP 10 mM MES pH 6.5 - -
150 mM | 5 mM (EL)3 5 mM DEP 10 mM MES pH 6.8 - -
150 mM | 5 mM (EL)s 5 mM DEP 10 mM HEPESpH 8.0 | - -
75 mM 5mM (EL)s3 none 10 mM MES pH 5.0 - -
75 mM 5mM (EL)3 none 10 mM MES pH 6.2 - -
75 mM 5mM (EL)s3 none 10 mM MES pH 6.5 - -
75 mM 5mM (EL)3 none 10 mM MES pH 6.8 - -
75 mM 5 mM (EL)s none 10 mM HEPESpH 8.0 | - -
75 mM 5mM (EL)s3 5 mM ST DNA 10 mM MES pH 5.0 - -
75 mM 5mM (EL)3 5 mM ST DNA 10 mM MES pH 6.2 - -
75 mM 5mM (EL)3 5 mM ST DNA 10 mM MES pH 6.5 - -
75 mM 5mM (EL)s3 5 mM ST DNA 10 mM MES pH 6.8 - -
75 mM 5 mM (EL)3 5 mM ST DNA 10 mM HEPESpH 8.0 | - -
75 mM 5mM (EL)3 5 mM PA RNA 10 mM MES pH 5.0 - -
75 mM 5mM (EL)s3 5 mM PA RNA 10 mM MES pH 6.2 - -
75 mM 5mM (EL)3 5 mM PA RNA 10 mM MES pH 6.5 - -
75 mM 5mM (EL)s3 5 mM PA RNA 10 mM MES pH 6.8 - -
75 mM 5 mM (EL)3 5 mM PA RNA 10 mM HEPES pH 8.0 | - -
75 mM 5mM (EL)s3 5 mM DEP 10 mM MES pH 5.0 - -
75 mM 5mM (EL)3 5 mM DEP 10 mM MES pH 6.2 - -
75 mM 5mM (EL)s3 5 mM DEP 10 mM MES pH 6.5 - -
75 mM 5mM (EL)3 5 mM DEP 10 mM MES pH 6.8 - -
75 mM 5 mM (EL)3 5 mM DEP 10 mM HEPESpH 8.0 | - -
0 mM 5mM (EL)s3 none 10 mM MES pH 5.0 - -
0 mM 5mM (EL)3 none 10 mM MES pH 6.2 - -
0 mM 5mM (EL)s3 none 10 mM MES pH 6.5 - -
0 mM 5mM (EL)3 none 10 mM MES pH 6.8 - -
0 mM 5 mM (EL)3 none 10 mM HEPESpH 8.0 | - -
0 mM 5mM (EL)3 5 mM ST DNA 10 mM MES pH 5.0 - -
0 mM 5mM (EL)s3 5 mM ST DNA 10 mM MES pH 6.2 - -
0 mM 5mM (EL)3 5 mM ST DNA 10 mM MES pH 6.5 - -
0 mM 5mM (EL)s3 5 mM ST DNA 10 mM MES pH 6.8 - -
0 mM 5 mM (EL)s 5 mM ST DNA 10 mM HEPESpH 8.0 | - -
0 mM 5mM (EL)3 5 mM PA RNA 10 mM MES pH 5.0 - -
0 mM 5mM (EL)3 5 mM PA RNA 10 mM MES pH 6.2 - -
0 mM 5mM (EL)s3 5 mM PA RNA 10 mM MES pH 6.5 - -
0 mM 5mM (EL)s3 5 mM PA RNA 10 mM MES pH 6.8 - -
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buffer gel agg. gel agg.
10s 10s 1hour 1hour?

0 mM 5 mM (EL)3 5 mM PA RNA 10 mM HEPESpH 8.0 | - -

0 mM 5mM (EL)3 5 mM DEP 10 mM MES pH 5.0

0 mM 5mM (EL)3 5 mM DEP 10 mM MES pH 6.2

0 mM 5mM (EL)3 5 mM DEP 10 mM MES pH 6.5

0 mM 5mM (EL)3 5 mM DEP 10 mM MES pH 6.8

0 mM 5 mM (EL)3 5 mM DEP 10 mM HEPES pH 8.0

150 mM | 500 pM (EL)s3 none 10 mM MES pH 6.5

150 mM | 500 pM (EL)s3 500 pM ST DNA | 10 mM MES pH 6.5

0 mM 1 mM (EL)3 none 200 mM bicine pH 8.5

0 mM 3.33 mM (EL)3 | none 200 mM bicine pH 8.5

Table 6-4 legend: The peptide (EL); was mixed with equal of volumes (poly)anion solutions
(ST DNA = salmon testes DNA, PA RNA = poly(A) RNA, DEP = diethyl phosphate, buffer) to
give the indicated concentration in the indicated buffers with 0, 75, or 150 mM NacCl.
Mixtures were monitored for strength and speed (within 10 seconds during mixing/ 1 hour)
of gel formation. Absence of gel is denoted by “-“. Gels were denoted as very strong (*****),
strong (****), medium (***), weak (**), or very weak (*), following the classification given in
Table 5-2. No gel formation of (EL)s alone or in mixtures with anions was observed under the

explored conditions.

No gels or aggregates could be found in the (EL)3-anion samples prepared as control for
the (calculated) positively charged peptide, for example at 500 uM (EL)3 with and
without 500 uM ST DNA used for the kinetic Thioflavin T assay (chapter 6.1.4, Figure
6-5), or with 1 mM or 3.33 mM in 200 mM bicine pH 8.5 (chapter 6.1.8, Figure 6-20,

Figure 6-21, Figure 6-22, and Figure 6-23).

Gel formation by (KL)s-anion mixtures
Within the 10 seconds of mixing (KL)s-ST DNA mixtures formed very strong gels at all
pHs and NaCl concentrations examined (see Table 6-5). These did not increase in

strength within 1 hour, but large, white and partially translucent aggregates became
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visible. Mixtures of (KL)s with PA RNA showed mainly aggregates at 0 and 75 mM NaCl.

At 150 mM NaCl (KL)s-PA RNA showed gels at pH 6.5 to 8.0 and aggregation at pH 5.0 to

6.5. Neither gel formation nor visible aggregates appeared in (KL)s-DEP mixtures or

(KL)s alone.

Table 6-5: Gel formation and visible aggregation by (KL)s in mixture with (poly)anions.

buffer

gel
10s

agg.
10s

gel
1 hour

agg.
1 hour?

150 mM 5mM (KL)s none 10 mM MES pH 5.0 - -

150 mM 5mM (KL)s none 10 mM MES pH 6.2 - -

150 mM 5mM (KL)s none 10 mM MES pH 6.5 - -

150 mM 5mM (KL)s none 10 mM MES pH 6.8 - -

150 mM 5 mM (KL)s none 10 mM HEPES pH 8.0 - -

150 mM 5mM (KL)s 5 mM ST DNA 10 mM MES pH 5.0 ok koK A
150 mM 5mM (KL)s 5 mM ST DNA 10 mM MES pH 6.2 ok ok A
150 mM 5mM (KL)s 5 mM ST DNA 10 mM MES pH 6.5 ok ok A
150 mM 5mM (KL)s 5 mM ST DNA 10 mM MES pH 6.8 ok ek A
150 mM 5 mM (KL)s 5mM STDNA | 10 mM HEPES pH 8.0 | ***** okl A
150 mM 5mM (KL)s 5 mM PA RNA 10 mM MES pH 5.0 - A - A
150 mM 5mM (KL)s 5 mM PA RNA 10 mM MES pH 6.2 - A - A
150 mM 5mM (KL)s 5 mM PA RNA 10 mM MES pH 6.5 ok A ok A
150 mM 5mM (KL)s 5 mM PA RNA 10 mM MES pH 6.8 ok ok

150 mM 5 mM (KL)s 5mM PARNA | 10 mM HEPES pH 8.0 ok ok

150 mM 5 mM (KL)3 5 mM DEP 10 mM MES pH 5.0 - -

150 mM 5mM (KL)s 5 mM DEP 10 mM MES pH 6.2 - -

150 mM 5mM (KL)s 5 mM DEP 10 mM MES pH 6.5 - -

150 mM 5mM (KL)s 5 mM DEP 10 mM MES pH 6.8 - -

150 mM 5 mM (KL)s 5 mM DEP 10 mM HEPES pH 8.0 - -

75 mM 5mM (KL)s none 10 mM MES pH 5.0 - -

75 mM 5mM (KL)s none 10 mM MES pH 6.2 - -

75 mM 5mM (KL)s none 10 mM MES pH 6.5 - -

75 mM 5mM (KL)s none 10 mM MES pH 6.8 - -

75 mM 5 mM (KL)s none 10 mM HEPES pH 8.0 - -

75 mM 5mM (KL)s 5 mM ST DNA 10 mM MES pH 5.0 kool koK A
75 mM 5mM (KL)s 5 mM ST DNA 10 mM MES pH 6.2 kool ekl A
75 mM 5mM (KL)s 5 mM ST DNA 10 mM MES pH 6.5 kool ekl A
75 mM 5mM (KL)s 5 mM ST DNA 10 mM MES pH 6.8 kool ekl A
75 mM 5 mM (KL)s 5mM STDNA | 10 mM HEPES pH 8.0 [ ***** koo A
75 mM 5mM (KL)s 5 mM PA RNA 10 mM MES pH 5.0 - A - A
75 mM 5mM (KL)s 5 mM PA RNA 10 mM MES pH 6.2 - A - A
75 mM 5mM (KL)s 5 mM PA RNA 10 mM MES pH 6.5 - A - A
75 mM 5mM (KL)s 5 mM PA RNA 10 mM MES pH 6.8 - A - A
75 mM 5 mM (KL)s 5mM PARNA | 10 mM HEPES pH 8.0 - A - A
75 mM 5mM (KL)s 5 mM DEP 10 mM MES pH 5.0 - -

75 mM 5mM (KL)s 5 mM DEP 10 mM MES pH 6.2 - -

75 mM 5mM (KL)s 5 mM DEP 10 mM MES pH 6.5 - -

75 mM 5mM (KL)s 5 mM DEP 10 mM MES pH 6.8 - -
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NaCl buffer gel agg. gel agsg.

1 hour?

10s 1 hour

75 mM 5 mM (KL)s 5 mM DEP 10 mM HEPES pH 8.0 - -
0 mM 5mM (KL)s none 10 mM MES pH 5.0 - -
0 mM 5mM (KL)s none 10 mM MES pH 6.2 - -
0 mM 5mM (KL)s none 10 mM MES pH 6.5 - -
0 mM 5mM (KL)s none 10 mM MES pH 6.8 - -
0 mM 5 mM (KL)s none 10 mM HEPES pH 8.0 - -
0 mM 5mM (KL)s 5 mM ST DNA 10 mM MES pH 5.0 koK kool A
0 mM 5mM (KL)s 5 mM ST DNA 10 mM MES pH 6.2 koK kool A
0 mM 5mM (KL)s 5 mM ST DNA 10 mM MES pH 6.5 kool ekl A
0 mM 5mM (KL)s 5 mM ST DNA 10 mM MES pH 6.8 kool koK A
0 mM 5 mM (KL)s 5mM STDNA | 10 mM HEPES pH 8.0 | ***** okl A
0 mM 5mM (KL)s 5 mM PA RNA 10 mM MES pH 5.0 - A - A
0 mM 5mM (KL)s 5 mM PA RNA 10 mM MES pH 6.2 - T - A
0 mM 5mM (KL)s 5 mM PA RNA 10 mM MES pH 6.5 - A - A
0 mM 5mM (KL)s 5 mM PA RNA 10 mM MES pH 6.8 - A - A
0 mM 5 mM (KL)s 5mM PARNA | 10 mM HEPES pH 8.0 - A - A
0 mM 5mM (KL)s 5 mM DEP 10 mM MES pH 5.0 - -
0 mM 5mM (KL)s 5 mM DEP 10 mM MES pH 6.2 - -
0 mM 5mM (KL)s 5 mM DEP 10 mM MES pH 6.5 - -
0 mM 5mM (KL)s 5 mM DEP 10 mM MES pH 6.8 - -
0 mM 5mM (KL)s 5 mM DEP 10 mM HEPES pH 8.0 - -

150mM | 0.2mM (KL)s | 1mMSTDNA | 10 mM HEPES pH 7.0 ok ok

150 mM 1 mM (KL)s 5mM STDNA | 10 mM HEPESpH 7.0 ok ok

150 mM 5mM (KL)s 5mM STDNA | 10 mM HEPESpH 7.0 | **** ok

150 mM 5 mM (KL)s 5mM STDNA | 10 mM HEPES pH 7.0 | *#*** koo

150 mM 1 mM (KL)s 9 mM ST DNA 10 mM MES pH 6.8 - n.d.

150 mM 2mM (KL)s 8 mM ST DNA 10 mM MES pH 6.8 ok n.d.

150 mM 3 mM (KL)s 7 mM ST DNA 10 mM MES pH 6.8 ok n.d.

150 mM 4 mM (KL)s 6 mM ST DNA 10 mM MES pH 6.8 ok n.d.

150 mM 5mM (KL)s 5 mM ST DNA 10 mM MES pH 6.8 ok n.d.

150 mM 6 mM (KL)s 4 mM ST DNA 10 mM MES pH 6.8 ok n.d.

150 mM 7 mM (KL)s 3 mM ST DNA 10 mM MES pH 6.8 ok n.d.

150 mM 8 mM (KL)s 2mM ST DNA 10 mM MES pH 6.8 ok n.d.

150 mM 9 mM (KL)s 1 mM ST DNA 10 mM MES pH 6.8 ok n.d.

150 mM 10 mM (KL)s none 10 mM MES pH 6.8 - n.d.

150 mM | 10 mM (KL)s 10 mM ST 10 mM MES pH 6.8 ok n.d.

DNA

150 mM 1 mM (KL)s 5 mM NaPO4 10 mM MES pH 6.8 - n.d.

150 mM 9 mM (KL)s 45 mM NaPO4 10 mM MES pH 6.8 - n.d.

150 mM 5mM (KL)s 100 mM 10 mM MES pH 6.2 - n.d.

NaPO4

Table 6-5 legend: The peptide (KL)s was mixed with equal volumes of (poly)anion solutions
(ST DNA = salmon testes DNA, PA RNA = poly(A) RNA, DEP = diethyl phosphate, buffer) to
give the indicated concentration in the indicated buffers with 0, 75, or 150 mM NacCl.
Mixtures were monitored for strength and speed (within 10 seconds during mixing/ 1 hour)

of gel formation. Absence of gel is denoted by “-“; n.d. = not determined. Gels were denoted

as very strong (*****) strong (****), medium (***), weak (**), or very weak (*), following
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the classification given in Table 5-2. Aggregation was denoted by A (larger aggregates in

clear solution), T (turbidity), and AT (aggregates in turbid solution).

This data was collected in collaboration with Christine Humphreys (Cardiff University).

Regarding the concentrations and conditions used in other experiments (see Table 6-5
at the bottom), the (KL)s-ST DNA samples for X-ray fibre diffraction (5 mM (KL)s with

5 mM ST DNA with and without 150 mM NaCl in 10 mM HEPES pH 7; see chapter 5.9,
Table 5-4, and chapter 6.1.7, Figure 6-15) formed weak to strong gels, similar to the
electron microscopy samples (0.2 mM (KL)s with 1 mM ST DNA or 1 mM (KL)s with

5 mM ST DNA in 10 mM HEPES pH 7.0 with 150 mM NaCl (see chapter 5.7, Table 5-3,
and chapter 6.1.5, RNA sample for electron microscopy (0.33 mM (KL)3, 1 mM PA RNA,
pH 7; chapter 6.1.5, Figure 6-10) formed a very weak gel. No gel could be detected at the
conditions used for the Thioflavin T assay (17 uM (KL)3, 50 pM ST DNA, 150 mM Na(l],
pH 8; chapter 6.1.4.1.4, Figure 6-4). At the very high concentrations (21.6 mM (KL)3 with
10.8 mM HT DNA at pH 6, and 10 mM (KL)3 with 10 mM ST DNA at pH 7) used to create
the fibre diffraction samples (chapter 5.9, Table 5-4; chapter 6.1.7, Figure 6-15, Table

6-12) medium to strong gels appeared.

Gel formation by (HL)s-anion mixtures

The peptide (HL)s, was not soluble in water at 20 mM like (HL)3, (KL)3, (KL)s, (EL)3 or
TVQFHMH but formed a turbid solution containing small aggregates. A clear 10 mM
stock solution could be achieved by mild heating to 42°C for about 30 minutes, but this

limited the concentrations that could be explored for gel formation so only mixtures of 1
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mM (HL)s with various anions were examined (see Table 6-6, middle). A smaller series
of gel formation examinations (only pH 5.0, 6.5 and 8.0) were carried out with a final
concentration of 5 mM (HL)s generated from a turbid 20 mM (HL)s stock solution that

contained visible aggregates (see Table 6-6, top).

At 1 mM (HL)s final concentration, hardly any gels could be detected (see Table 6-6,
middle). While no aggregation appeared, only very weak gels could be seen. They
appeared at 150 mM NaCl throughout all pH values with ST DNA, but were sporadic in
75 mM and 0 mM NaCl, where they could mainly be detected in (HL)s-PA RNA mixtures.
Interestingly, some very weak gels developed within 1 hour at 150 mM NaCl with the

peptide alone.

At 5 mM (HL)s, aggregation and turbidity were dominant, partially due to their presence
in the 20 mM stock solution (Table 6-6, top). Solutions of (HL)s alone or with diethyl
phosphate showed aggregates and turbidity at all pHs independent of NaCl
concentration. In the absence of NaCl the turbidity of (HL)s-ST DNA and (HL)s-PA RNA
mixtures disappeared within 1 hour and larger aggregates formed. Only very weak gels
formed at the lower pH values. At 75 mM NaCl, very weak gels formed only at pH 5.0 in
(HL)s-ST DNA and (HL)s-PA RNA mixtures. Turbidity and aggregates were usually
maintained, with (HL)s-PA RNA at pH 8.0 lacking turbidity and (HL)s-ST DNA losing
turbidity within 1 hour. In 150 mM NaCl weak and medium gels developed in (HL)s-PA
RNA solutions within 1 hour at pH 6.5 and pH 5.0, respectively. (HL)5-ST DNA showed

very weak gels at pH 5.0, but not at any other pH in 150 mM NaCl.
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Table 6-6: Gel formation and visible aggregation by (HL)s in mixture with (poly)anions

buffer gel agg. gel agg.
10s 10s 1hour 1hour?
150 mM | 5mM (HL)s none 10 mM MES pH 5.0 - AT - AT
150 mM | 5mM (HL)s none 10 mM MES pH 6.5 - AT - AT
150 mM | 5mM (HL)s none 10 mM MES pH 8.0 - AT - AT
150 mM | 5mM (HL)s | 5 mM ST DNA 10 mM MES pH 5.0 * AT * AT
150 mM | 5mM (HL)s | 5 mM ST DNA 10 mM MES pH 6.5 - AT - AT
150 mM | 5mM (HL)s | 5 mM ST DNA 10 mM MES pH 8.0 - AT - AT
150 mM | 5mM (HL)s | 5 mM PA RNA 10 mM MES pH 5.0 - AT ok A
150 mM | 5mM (HL)s | 5 mM PA RNA 10 mM MES pH 6.5 - AT ok T
150 mM | 5mM (HL)s | 5 mM PA RNA 10 mM MES pH 8.0 - AT - AT
150 mM | 5mM (HL)s 5 mM DEP 10 mM MES pH 5.0 - AT - AT
150 mM | 5mM (HL)s 5 mM DEP 10 mM MES pH 6.5 - AT - AT
150 mM | 5mM (HL)s 5 mM DEP 10 mM MES pH 8.0 - AT - AT
75 mM 5 mM (HL)s none 10 mM MES pH 5.0 - AT - AT
75 mM 5 mM (HL)s none 10 mM MES pH 6.5 - AT - AT
75 mM 5 mM (HL)s none 10 mM MES pH 8.0 - AT - AT
75 mM 5mM (HL)s | 5mM ST DNA 10 mM MES pH 5.0 * AT * A
75 mM 5mM (HL)s | 5mM ST DNA 10 mM MES pH 6.5 - AT - AT
75 mM 5mM (HL)s | 5mM ST DNA 10 mM MES pH 8.0 - AT - AT
75 mM 5mM (HL)s | 5 mM PARNA 10 mM MES pH 5.0 - AT * AT
75 mM 5mM (HL)s | 5 mM PARNA 10 mM MES pH 6.5 - AT - AT
75 mM 5mM (HL)s | 5 mM PA RNA 10 mM MES pH 8.0 - A - A
75 mM 5 mM (HL)s 5 mM DEP 10 mM MES pH 5.0 - AT - AT
75 mM 5 mM (HL)s 5 mM DEP 10 mM MES pH 6.5 - AT - AT
75 mM 5 mM (HL)s 5 mM DEP 10 mM MES pH 8.0 - AT - AT
0 mM 5 mM (HL)s none 10 mM MES pH 5.0 - AT - AT
0 mM 5 mM (HL)s none 10 mM MES pH 6.5 - AT - AT
0 mM 5 mM (HL)s none 10 mM MES pH 8.0 - AT - AT
0 mM 5mM (HL)s | 5mM ST DNA 10 mM MES pH 5.0 - A * A
0 mM 5mM (HL)s | 5mM ST DNA 10 mM MES pH 6.5 - AT * A
0 mM 5mM (HL)s | 5mM ST DNA 10 mM MES pH 8.0 - AT - A
0 mM 5mM (HL)s | 5 mM PARNA 10 mM MES pH 5.0 - AT * A
0 mM 5mM (HL)s | 5 mM PARNA 10 mM MES pH 6.5 - AT - A
0 mM 5mM (HL)s | 5 mM PA RNA 10 mM MES pH 8.0 - A - A
0 mM 5 mM (HL)s 5 mM DEP 10 mM MES pH 5.0 - AT - AT
0 mM 5 mM (HL)s 5 mM DEP 10 mM MES pH 6.5 - AT - AT
0 mM 5 mM (HL)s 5 mM DEP 10 mM MES pH 8.0 - AT - AT
150 mM | 1 mM (HL)s none 10 mM MES pH 5.0 - -
150 mM | 1 mM (HL)s none 10 mM MES pH 6.2 - *
150 mM | 1 mM (HL)s none 10 mM MES pH 6.5 - -
150 mM | 1 mM (HL)s none 10 mM MES pH 6.8 - *
150 mM | 1 mM (HL)s none 10 mM HEPES pH 8.0 - -
150 mM | 1 mM (HL)s | 5 mM ST DNA 10 mM MES pH 5.0 * *
150 mM | 1 mM (HL)s | 5 mM ST DNA 10 mM MES pH 6.2 * *
150 mM | 1 mM (HL)s | 5 mM ST DNA 10 mM MES pH 6.5 * *
150 mM | 1 mM (HL)s | 5 mM ST DNA 10 mM MES pH 6.8 * *
150 mM | 1 mM (HL)s | 5mM ST DNA | 10 mM HEPES pH 8.0 * *
150 mM | 1 mM (HL)s | 1 mM ST DNA 10 mM MES pH 5.5 * *
150 mM | 1mM (HL)s | 5 mM PA RNA 10 mM MES pH 5.0 - -
150 mM | 1mM (HL)s | 5 mM PA RNA 10 mM MES pH 6.2 - -
150 mM | 1mM (HL)s | 5 mM PA RNA 10 mM MES pH 6.5 - -
150 mM | 1mM (HL)s | 5 mM PA RNA 10 mM MES pH 6.8 - -
150 mM | 1 mM (HL)s | 5mM PARNA | 10 mM HEPES pH 8.0 - -
150 mM | 1 mM (HL)s 5 mM DEP 10 mM MES pH 5.0 - -
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NaCl buffer gel agg. gel agg.

10s 10s 1 hour 1 hour?

150 mM | 1 mM (HL)s 5 mM DEP 10 mM MES pH 6.2 - -
150 mM | 1 mM (HL)s 5 mM DEP 10 mM MES pH 6.5 - -
150 mM | 1 mM (HL)s 5 mM DEP 10 mM MES pH 6.8 - -
150 mM | 1 mM (HL)s 5 mM DEP 10 mM HEPES pH 8.0 - -
75 mM 1 mM (HL)s none 10 mM MES pH 5.0 - -
75 mM 1 mM (HL)s none 10 mM MES pH 6.2 - -
75 mM 1 mM (HL)s none 10 mM MES pH 6.5 - -
75 mM 1 mM (HL)s none 10 mM MES pH 6.8 - -
75 mM 1 mM (HL)s none 10 mM HEPES pH 8.0 - -
75 mM 1 mM (HL)s | 5 mM ST DNA 10 mM MES pH 5.0 - -
75 mM 1 mM (HL)s | 5 mM ST DNA 10 mM MES pH 6.2 - *
75 mM 1 mM (HL)s | 5 mM ST DNA 10 mM MES pH 6.5 - -
75 mM 1 mM (HL)s | 5 mM ST DNA 10 mM MES pH 6.8 - -
75 mM 1 mM (HL)s | 5mM STDNA | 10 mM HEPES pH 8.0 - -
75 mM 1 mM (HL)s | 5 mM PA RNA 10 mM MES pH 5.0 - -
75 mM 1 mM (HL)s | 5 mM PARNA 10 mM MES pH 6.2 * *
75 mM 1 mM (HL)s | 5 mM PA RNA 10 mM MES pH 6.5 - *
75 mM 1 mM (HL)s | 5 mM PARNA 10 mM MES pH 6.8 * -
75 mM 1 mM (HL)s | 5mM PARNA | 10 mM HEPES pH 8.0 - -
75 mM 1 mM (HL)s 5 mM DEP 10 mM MES pH 5.0 - -
75 mM 1 mM (HL)s 5 mM DEP 10 mM MES pH 6.2 - -
75 mM 1 mM (HL)s 5 mM DEP 10 mM MES pH 6.5 - -
75 mM 1 mM (HL)s 5 mM DEP 10 mM MES pH 6.8 - -
75 mM 1 mM (HL)s 5 mM DEP 10 mM HEPES pH 8.0 - -
0 mM 1 mM (HL)s none 10 mM MES pH 5.0 - -
0 mM 1 mM (HL)s none 10 mM MES pH 6.2 - -
0 mM 1 mM (HL)s none 10 mM MES pH 6.5 - -
0 mM 1 mM (HL)s none 10 mM MES pH 6.8 - -
0 mM 1 mM (HL)s none 10 mM HEPES pH 8.0 - -
0 mM 1 mM (HL)s | 5 mM ST DNA 10 mM MES pH 5.0 - -
0 mM 1 mM (HL)s | 5 mM ST DNA 10 mM MES pH 6.2 - -
0 mM 1 mM (HL)s | 5 mM ST DNA 10 mM MES pH 6.5 - -
0 mM 1 mM (HL)s | 5 mM ST DNA 10 mM MES pH 6.8 - -
0 mM 1 mM (HL)s | 5mM ST DNA | 10 mM HEPES pH 8.0 - -
0 mM 1 mM (HL)s | 5 mM PARNA 10 mM MES pH 5.0 - -
0 mM 1 mM (HL)s | 5 mM PARNA 10 mM MES pH 6.2 * -
0 mM 1 mM (HL)s | 5 mM PARNA 10 mM MES pH 6.5 - *
0 mM 1 mM (HL)s | 5 mM PARNA 10 mM MES pH 6.8 - *
0 mM 1 mM (HL)s | 5mM PARNA | 10 mM HEPES pH 8.0 * *
0 mM 1 mM (HL)s 5 mM DEP 10 mM MES pH 5.0 - -
0 mM 1 mM (HL)s 5 mM DEP 10 mM MES pH 6.2 - -
0 mM 1 mM (HL)s 5 mM DEP 10 mM MES pH 6.5 - -
0 mM 1 mM (HL)s 5 mM DEP 10 mM MES pH 6.8 - -
0 mM 1 mM (HL)s 5 mM DEP 10 mM HEPES pH 8.0 - -
150 mM | 1 mM (HL)s | 1 mM ST DNA 10 mM MES pH 5.5 * *
0 mM 12.6 mM 6.3 mM PA 5 mM MES pH 6.0 okt A n.d. n.d.
(HL)s RNA

Table 6-6 legend: The peptide (HL)s was mixed with equal volumes of (poly)anion solutions
(ST DNA = salmon testes DNA, PA RNA = poly(A) RNA, DEP = diethyl phosphate, buffer) to

give the indicated concentration in the indicated buffers with 0, 75, or 150 mM NacCl.
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Mixtures were monitored for strength and speed (within 10 seconds during mixing/ 1 hour)
of gel formation. Absence of gel is denoted by “-“; n.d. = not determined. Gels were denoted
as very strong (*****) strong (****), medium (***), weak (**), or very weak (*), following

the classification given in Table 5-2. Aggregation was denoted by A (larger aggregates in

clear solution).

This data was collected in collaboration with Christine Humphreys (Cardiff University).

Regarding the concentrations and conditions used in other experiments (see Table 6-3
at the bottom), the (HL)s-PA RNA sample for X-ray fibre diffraction (12.6 mM (HL)s, 6.3
mM PA RNA, 5 mM MES pH 6.0; chapter 6.1.7, Figure 6-14) formed a strong gel
containing some aggregates that appeared to mainly originate from not-fully-dissolved
(HL)s in the stock solution. The sample created for electron microscopy (1 mM (HL)s, 1
mM ST DNA, 150 mM NaCl, 10 mM MES pH 5.5; chapter 6.1.5, Figure 6-9) showed a very

weak gel and no visible aggregates.

Gel formation by TVQFHMH-anion mixtures

TVQFHMH was very prone to form gels, either with PA RNA or ST DNA or on its own, but
did not form visible aggregates (see Table 6-7). Like STVIIE (see Table 6-9) it was able to
form gels on its own, especially at higher pH values when the level of histidine
protonation was reduced. These gels appeared primarily at pH 6.8 and pH 8.0 in the
absence of NaCl, but the gel formation expanded down to pH 6.2 in the presence of 75 or
150 mM NacCl. Nucleic acid-independent gel formation seemed to be slightly enhanced

by the presence of diethyl phosphate.
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TVQFHMH and ST DNA mixtures immediately formed medium to very strong gels upon
mixing in the absence of NaCl. The gel at pH 5.0 was a bit weaker than at the higher pHs,
a pattern that also became apparent with 75 and 150 mM NaCl, where no or only very
weak gels appeared at pH 5.0. Initially, the strongest gels appeared at pH 6.2 to pH 6.8
throughout, but within 1 hour strong to very strong gels developed in all samples. Right
after mixing there seemed to be a preference for stronger gels at pH 6.2 to 6.8, but
within 1 hour strong and very strong gels developed in the samples (with exception of
pH 5.0). TVQFHMH-PA RNA mixtures showed a stronger dependence on time than ST
DNA: While initially weak to medium strong gels formed during mixing, after 1 hour the
strength of the gels usually increased to strong and very strong. In the presence of NaCl
the gels were generally weaker at pH 5.0 than at higher pH. Immediately during mixing
there seemed to be a preference for about pH 6.5. Within 1 hour all samples formed very
strong gels. At 75 mM NaCl and 150 mM Nac(l, a similar pattern was observed.
Interestingly, at 75 mM NaCl at pH 5.0 stronger gels developed than under the same

conditions with ST DNA.

TVQFHMH was also able to form gels on its own. Without NaCl these gels appeared
during mixing at pH 8.0, and within 1 hour at pH 6.5 to 8.0. At 75 mM Nac(l, gels
developed immediately from pH 6.5 to 8.0 with a maximum at pH 6.8, and also at pH 6.2
after 1 hour incubation. Diethyl phosphate increased gel strength in the presence of 75

or 150 mM NaCl at higher pHs, but did not have a big effect.

The gels of TVQFHMH-ST DNA at pH 6.5 in 150 mM NaCl were among the strongest ones
observed for this peptide. These conditions were chosen to carry out a titration with

varying ST DNA concentrations in order to examine if the ratio of peptide to anion had
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an effect on gel formation, albeit with a lowered peptide concentration of 2.5 mM

TVQFHMH to allow a wider concentration range to be explored (from 4:1 to 1:4 ST DNA

to TVQFHMH). The strongest gels appeared at 2.5 mM and 1.3 mM ST DNA (see Table 6-

7). Gels became weaker towards higher and lower ST DNA concentrations.

The gels of TVQFHMH-ST DNA and TVQFHMH-PA RNA were generally very sticky and

clung to pipette tips.

Table 6-7: Gel formation and visible aggregation by TVQFHMH in mixture with (poly)anions

NacCl

TVQFHMH

anion

buffer

gel

agg. gel agg.

10s 1 hour 1 hour?

150 mM 5mM TVQ none 10 mM MES pH 5.0 - -
150 mM 5mM TVQ none 10 mM MES pH 6.2 - *
150 mM 5mM TVQ none 10 mM MES pH 6.5 ok ook
150 mM 5mM TVQ none 10 mM MES pH 6.8 * ook
150 mM 5 mM TVQ none 10 mM HEPES pH 8.0 * *
150 mM 5mM TVQ 5 mM ST DNA 10 mM MES pH 5.0 * -
150 mM 5mM TVQ 5 mM ST DNA 10 mM MES pH 6.2 HoRx okl
150 mM 5mM TVQ 5 mM ST DNA 10 mM MES pH 6.5 EAK okl
150 mM 5mM TVQ 5 mM ST DNA 10 mM MES pH 6.8 HAK okl
150 mM 5 mM TVQ 5 mM ST DNA 10 mM HEPES pH 8.0 ok okt
150 mM 5mM TVQ 5 mM PA RNA 10 mM MES pH 5.0 - *
150 mM 5mM TVQ 5 mM PA RNA 10 mM MES pH 6.2 ok ok
150 mM 5mM TVQ 5 mM PA RNA 10 mM MES pH 6.5 ok okt
150 mM 5mM TVQ 5 mM PA RNA 10 mM MES pH 6.8 ok okt
150 mM 5 mM TVQ 5 mM PA RNA 10 mM HEPES pH 8.0 * ok
150 mM 5mM TVQ 5 mM DEP 10 mM MES pH 5.0 - -
150 mM 5mM TVQ 5 mM DEP 10 mM MES pH 6.2 - *
150 mM 5mM TVQ 5 mM DEP 10 mM MES pH 6.5 ok okox
150 mM 5mM TVQ 5 mM DEP 10 mM MES pH 6.8 ok okt
150 mM 5 mM TVQ 5 mM DEP 10 mM HEPES pH 8.0 Rk ok
75 mM 5mM TVQ none 10 mM MES pH 5.0 - -
75 mM 5mM TVQ none 10 mM MES pH 6.2 - *
75 mM 5mM TVQ none 10 mM MES pH 6.5 ok ok
75 mM 5mM TVQ none 10 mM MES pH 6.8 ook koK
75 mM 5 mM TVQ none 10 mM HEPES pH 8.0 * ok
75 mM 5mM TVQ 5 mM ST DNA 10 mM MES pH 5.0 * -
75 mM 5mM TVQ 5 mM ST DNA 10 mM MES pH 6.2 HoRx okl
75 mM 5mM TVQ 5 mM ST DNA 10 mM MES pH 6.5 ok okl
75 mM 5mM TVQ 5 mM ST DNA 10 mM MES pH 6.8 ok okl
75 mM 5 mM TVQ 5 mM ST DNA 10 mM HEPES pH 8.0 * okl
75 mM 5mM TVQ 5 mM PA RNA 10 mM MES pH 5.0 * okox
75 mM 5mM TVQ 5 mM PA RNA 10 mM MES pH 6.2 ok okt
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TVQFHMH

buffer

gel
10s

agg. gel
10s 1hour

agg.
1 hour?

75 mM 5mM TVQ 5 mM PA RNA 10 mM MES pH 6.5 ok okl
75 mM 5mM TVQ 5 mM PA RNA 10 mM MES pH 6.8 * okt
75 mM 5 mM TVQ 5 mM PA RNA 10 mM HEPES pH 8.0 * rokx
75 mM 5 mM TVQ 5 mM DEP 10 mM MES pH 5.0 - -
75 mM 5mM TVQ 5 mM DEP 10 mM MES pH 6.2 - ok
75 mM 5mM TVQ 5 mM DEP 10 mM MES pH 6.5 ok ok
75 mM 5mM TVQ 5 mM DEP 10 mM MES pH 6.8 okk okt
75 mM 5 mM TVQ 5 mM DEP 10 mM HEPES pH 8.0 ook rokx

0 mM 5mM TVQ none 10 mM MES pH 5.0 - -

0 mM 5mM TVQ none 10 mM MES pH 6.2 - -

0 mM 5mM TVQ none 10 mM MES pH 6.5 - *

0 mM 5mM TVQ none 10 mM MES pH 6.8 - *

0 mM 5 mM TVQ none 10 mM HEPES pH 8.0 * ok

0 mM 5mM TVQ 5 mM ST DNA 10 mM MES pH 5.0 okk okl

0 mM 5mM TVQ 5 mM ST DNA 10 mM MES pH 6.2 ook okl

0 mM 5mM TVQ 5 mM ST DNA 10 mM MES pH 6.5 okl okl

0 mM 5 mM TVQ 5 mM ST DNA 10 mM MES pH 6.8 ko okl

0 mM 5 mM TVQ 5 mM ST DNA 10 mM HEPES pH 8.0 | *#*** okl

0 mM 5mM TVQ 5 mM PA RNA 10 mM MES pH 5.0 ok okl

0 mM 5mM TVQ 5 mM PA RNA 10 mM MES pH 6.2 ok okl

0 mM 5mM TVQ 5 mM PA RNA 10 mM MES pH 6.5 okk okl

0 mM 5mM TVQ 5 mM PA RNA 10 mM MES pH 6.8 ok okl

0 mM 5 mM TVQ 5 mM PA RNA 10 mM HEPES pH 8.0 ok otk

0 mM 5mM TVQ 5 mM DEP 10 mM MES pH 5.0 - -

0 mM 5mM TVQ 5 mM DEP 10 mM MES pH 6.2 - -

0 mM 5mM TVQ 5 mM DEP 10 mM MES pH 6.5 - -

0 mM 5mM TVQ 5 mM DEP 10 mM MES pH 6.8 - *

0 mM 5 mM TVQ 5 mM DEP 10 mM HEPES pH 8.0 * ok
150 mM | 2.5 mM TVQ | 10 mM ST DNA 10 mM MES pH 6.5 * okl
150 mM | 2.5 mM TVQ | 7.5 mM ST DNA 10 mM MES pH 6.5 * okl
150 mM | 2.5 mM TVQ | 5.0 mM ST DNA 10 mM MES pH 6.5 ok okl
150 mM | 2.5 mM TVQ | 2.5 mM ST DNA 10 mM MES pH 6.5 okk okl
150 mM | 2.5 mM TVQ | 1.3 mM ST DNA 10 mM MES pH 6.5 ok okt
150 mM | 2.5 mM TVQ | 0.8 mM ST DNA 10 mM MES pH 6.5 ok okt
150 mM | 2.5 mM TVQ | 0.6 mM ST DNA 10 mM MES pH 6.5 * rokx
150 mM | 2.5 mM TVQ 10 mM DEP 10 mM MES pH 6.5 * *
150 mM | 2.5 mM TVQ 7.5 mM DEP 10 mM MES pH 6.5 * *
150 mM | 2.5 mM TVQ 5.0 mM DEP 10 mM MES pH 6.5 * *
150 mM | 2.5 mM TVQ 2.5 mM DEP 10 mM MES pH 6.5 * *
150 mM | 2.5 mM TVQ 1.3 mM DEP 10 mM MES pH 6.5 * *
150 mM | 2.5 mM TVQ 0.8 mM DEP 10 mM MES pH 6.5 * *
150 mM | 2.5 mM TVQ 0.6 mM DEP 10 mM MES pH 6.5 * *
150 mM 1 mM TVQ none 10 mM MES pH 6.5 - *
150 mM | 0.5 mM TVQ none 10 mM MES pH 6.5 - -
150 mM | 2.5 mM TVQ none 10 mM MES pH 6.5 * *
150 mM 5 mM TVQ 5 mM ST DNA 10 mM MES pH 5.5 ok rokx
150 mM 1 mM TVQ 9 mM ST DNA 10 mM MES pH 6.8 - n.d.
150 mM 2mM TVQ 8 mM ST DNA 10 mM MES pH 6.8 ook n.d.
150 mM 3 mM TVQ 7 mM ST DNA 10 mM MES pH 6.8 ook n.d.
150 mM 4 mM TVQ 6 mM ST DNA 10 mM MES pH 6.8 ook n.d.
150 mM 5mM TVQ 5 mM ST DNA 10 mM MES pH 6.8 ook n.d.
150 mM 6 mM TVQ 4 mM ST DNA 10 mM MES pH 6.8 ook n.d.
150 mM 7 mM TVQ 3 mM ST DNA 10 mM MES pH 6.8 ook n.d.
150 mM 8 mM TVQ 2 mM ST DNA 10 mM MES pH 6.8 ook n.d.
150 mM 9mM TVQ 1 mM ST DNA 10 mM MES pH 6.8 ook n.d.
150 mM | 10mM TVQ | 10 mM ST DNA 10 mM MES pH 6.8 ok n.d.
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TVQFHMH buffer gel agg. gel agg.
10s 1hour 1hour?
150 mM 1 mM TVQ 9 mM PA RNA 10 mM MES pH 6.8 - n.d.
150 mM 2mM TVQ 8 mM PA RNA 10 mM MES pH 6.8 - n.d.
150 mM 3mM TVQ 7 mM PA RNA 10 mM MES pH 6.8 - n.d.
150 mM 4 mM TVQ 6 mM PA RNA 10 mM MES pH 6.8 *" n.d.
150 mM 5mM TVQ 5 mM PA RNA 10 mM MES pH 6.8 *" n.d.
150 mM 6 mM TVQ 4 mM PA RNA 10 mM MES pH 6.8 *" n.d.
150 mM 7 mM TVQ 3 mM PA RNA 10 mM MES pH 6.8 *" n.d.
150 mM 8 mM TVQ 2 mM PA RNA 10 mM MES pH 6.8 *" n.d.
150 mM 9 mM TVQ 1 mM PA RNA 10 mM MES pH 6.8 *" n.d.
150mM | 10 mM TVQ | 10 mM PA DNA 10 mM MES pH 6.8 *" n.d.
150 mM 5mM TVQ 5 mM NaPO, 10 mM MES pH 6.8 - n.d.
75 mM 28.3 mM 5 mM ST DNA 10 mM MES pH 5.0 HoRx n.d.
TVQ
75 mM 28.3 mM 5 mM ST DNA 10 mM MES pH 6.2 ok n.d.
TVQ
75 mM 28.3 mM 5 mM ST DNA 10 mM MES pH 6.5 ook n.d.
TVQ
75 mM 28.3 mM 100 mM NaPO4 10 mM MES pH 6.2 - n.d.
TVQ
75 mM 28.3 mM 100 mM NaPO4 10 mM MES pH 6.5 - n.d.
TVQ
0 mM 1.6 mM TVQ none none (pH 6) - *
0 mM 1.6 mM TVQ | 1.6 mM ST DNA 10 mM MES pH 5.0 HoRx ook
0 mM 17.8 mM 8.9 mM PA RNA 5 mM MES pH 6.0 ook A
TVQ
0 mM 1 mM TVQ 1 mM ST DNA 10 mM MES pH 5.0 ok ook
0 mM 1.6 mM TVQ | 1.6 mM ST DNA 10 mM MES pH 6.5 X ook

Table 6-7 legend: The peptide TVQFHMH was mixed with equal volumes of (poly)anion

solutions (ST DNA = salmon testes DNA, PA RNA = poly(A) RNA, DEP = diethyl phosphate,

buffer) to give the indicated concentration in the indicated buffers with 0, 75, or 150 mM

NaCl. Mixtures were monitored for strength and speed (within 10 seconds during mixing/ 1

“ u,

hour) of gel formation. Absence of gel is denoted by “-“; n.d. = not determined. Gels were

denoted as very strong (*****), strong (****), medium (***), weak (**), or very weak (*),

following the classification given in Table 5-2. No aggregation could be seen. Gel formation

appeared to be faster for ST DNA than for PA RNA independent of salt concentration. Gel

strength seemed to reduce slightly with increasing NaCl concentration, and was lower for

TVQFHMH alone or with DEP.

This data was collected in collaboration with Christine Humphreys (Cardiff University).
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Regarding the concentrations and conditions used in other experiments (see Table 6-3

at the bottom), the (KL)3-PA RNA sample for electron microscopy (0.33 mM (KL)3, 1 mM

PA RNA, pH 7; chapter 6.1.5, Figure 6-10) formed a very weak gel.

Gel formation by various length (KL)-peptides with PA and BY RNA

A quick series of gelation experiments were carried out to get an idea about the effect of

peptide chain length on gelation or aggregation. Some of these experiments were carried

out with baker’s yeast RNA which, at the time when the studies were initiated, was

observed to induce gel formation in the same way as PA RNA. Later experiments were

standardised to PA RNA.

Table 6-8: Gel formation and visible aggregation by various length KL-peptides

peptide

buffer

gel
10s

agsg. gel
10s 1 hour

5 mM (KL)3 none 10 mM MES pH 6.8 -
5 mM ST DNA 10 mM MES pH 6.8 * *
5 mM PA RNA 10 mM MES pH 6.8 * *
5 mM BY RNA 10 mM MES pH 6.8
5 mM DEP 10 mM MES pH 6.8
5 mM (KL)3 5 none 10 mM MES pH 6.8
5 mM ST DNA 10 mM MES pH 6.8 ok o
5 mM PA RNA 10 mM MES pH 6.8 * *
5 mM BY RNA 10 mM MES pH 6.8
5 mM DEP 10 mM MES pH 6.8
5 mM (KL)4 none 10 mM MES pH 6.8
5 mM ST DNA 10 mM MES pH 6.8 ok ok
5 mM PA RNA 10 mM MES pH 6.8 * *
5 mM BY RNA 10 mM MES pH 6.8 * *
5 mM DEP 10 mM MES pH 6.8

Table 6-8 legend: The peptides were mixed with equal volumes of (poly)anion solutions (ST

DNA = salmon testes DNA, PA RNA = poly(A) RNA, BY RNA = Baker's Yeast RNA, DEP = diethyl

phosphate, or buffer) to give the indicated final concentrations in the indicated buffers.

Mixtures were monitored for strength and speed (within 10 seconds during mixing/ 1 hour)
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of gel formation. Absence of gel is denoted by “-“. Gels were denoted as very strong (*****),
strong (****), medium (***), weak (**), or very weak (*), following the classification given in
Table 5-2. No aggregation could be seen. This data was collected in collaboration with

Christine Humphreys (Cardiff University).

(KL)3 was here included for easier comparison; for the full (KL)3 gel formation and
aggregation see Table 6-3. It showed very weak gels with ST DNA and PA RNA, but not
with BY RNA, DEP or on its own. The gels of (KL)35 (KLKLKLK) were slightly stronger
with ST DNA than with PA RNA; no gels could be detected with BY RNA, DEP or peptide
alone. (KL)3 developed a medium strength gel within 1 hour with ST DNA, while PA RNA
and BY RNA induced only very weak gels. No gels appeared with DEP or peptide alone.
None of the samples with either (KL)3, (KL)3s, or (KL)4 showed any visible aggregation
or turbidity. Overall, a trend towards stronger gel formation was observed with longer

peptides.

Gel formation by STVIIE

STVIIE was able to form amyloid on its own as described before [142], and formed
within a day (>16 hours; exact time not recorded) a quite weak gel containing visible
small aggregates at 0.8 mM peptide concentration at pH 2.6 (see Table 6-9). This
concentration was lower than the ones used to test for gel formation of the other
peptides (see Figure 6-2, Table 6-3, Table 6-4, Table 6-5, Table 6-6, and Table 6-7, and
Table 6-8) to keep it compatible with CD spectroscopy (see chapter 6.1.9, Figure 6-26,

Figure 6-28, Figure 6-29, and Figure 6-30; Supplementary Figure 6). Also, the formation
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of amyloid aggregates of STVIIE has been shown before [142], so it was not strictly
necessary to include STVIIE in this range-finding exercise for following experiments like
X-ray fibre diffraction. This gel was not sticky, i.e. it did not cling to pipette tips. Its gel
formation abilities in the presence of long nucleic acids like salmon testes DNA or

poly(A) RNA were not investigated.

Table 6-9: Gel formation and visible aggregation by STVIIE

NaCl STVIIE buffer gel agg. gel agsg.
10s 10s 24 hours 24 hours
O0mM | 20 mM STVIIE | none 20 mM glycinepH 10 | - -
OmM | 0.8 mM STVIIE | none 20 mM glycine pH 2.6 | - * A
0mM [ 0.8 mM STVIIE | 242 nMoligo E | 20 mM glycine pH 2.6 | - * A

Table 6-9 legend: A solution of 20 mM STVIIE in 20 mM glycine pH 10 was diluted with 20
mM glycine pH 2.6 with or without oligo E to give the final concentrations given in the table.
Gels were denoted as very strong (*****), strong (****), medium (***), weak (**), or very
weak (*), following the classification given in Table 5-2. Neither gel nor aggregates could be
detected in the peptide stock solution. With 0.8 mM STVIIE at pH 2.6 a very weak gel and

some aggregates appeared within 24 h.

Summary

Gel strength was generally dependent on the concentration of peptide-DNA complexes,
which would influence the number of entangled and/or cross-linked fibres that gave rise
to the gel. Inorganic phosphate (NaPO4) or diethyl phosphate did not seem to increase
gel formation or aggregation above background level with the exception of TVQFHMH

where gel formation was slightly increased in the presence of DEP (see Table 6-7). This
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suggested that either the number of polymerised negative charges of the phosphate
groups were important for creation of gels and aggregates by the peptides, or that
longer nucleic acid strands were required to be cross-linked by the peptides. Gel
formation appeared to be dependent on NaCl concentration with increasing gel strength
and/or formation speed at lower salt concentrations for (HL)3 and TVQFHMH (see Table
6-2 and Table 6-7). This would suggest that charge interactions that could be screened
by NaCl between these peptides and nucleic acids were important for the formation of

gels or aggregates.
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6.1.4. SPECTROPHOTOMETRIC ASSAYS

Gel formation alone cannot demonstrate amyloid fibre formation because a gel can arise
from either formation of an entangled net of amyloid fibres, or from electrostatic cross-
linking of the longer nucleic acid strands by positively-charged peptides such as (HL)3,
(HL)s, (KL)3, (KL)s and TVQFHMH in the absence of amyloid. Also, amyloid complexes
might not form an extended network of fibrils, but compact aggregates. Alternatively,
the observed aggregates (see Table 6-2, Table 6-3, Table 6-5, Table 6-6, and Table 6-9)
might be amorphous aggregates and not based on amyloid fibres. In order to gather
information about the possible formation of amyloid aggregates, spectrophotometric
assays using Thioflavin T or Congo Red were employed to examine the peptide-nucleic
acid mixtures. A 1:1 charge ratio was chosen because there was a trend to stronger gels
and potentially larger amount of amyloid fibres under this condition, at least for (HL)3
without NaCl (see Table 6-2) and for TVQFHMH with 150 mM NacCl (see Table 6-7). This
in both cases was close to a calculated +2 net charge of the peptides, resulting ata 1:1
ratio of peptide to nucleic acid backbone phosphate in a theoretical +1 net charge per
peptide; a +1 or -1 net charge was previously described as being ideal for ordered

amyloid aggregation and fibre formation [142].

Thioflavin T

A Thioflavin T plate reader assay (excitation at 440 nm, emission detection at 480 nm;
both with 10 nm bandwidth) suggested the presence of amyloid aggregates for the
(KL)3- and (HL)3-DNA complexes (see Figure 6-2 and Figure 6-3). A low concentration of
50 uM was chosen for the peptide-nucleic acid complexes in order to avoid the gel
formation at higher concentrations, which might have interfered with both the dye

accessing potential amyloid complexes in the sample and with sufficient mixing of the
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sample. The assay was carried out in 10 mM MES pH 6.2 with 150 mM NaCl, where the
peptide was expected to carry a +2 calculated net charge. (HL)3 on its own showed no
increased Thioflavin T fluorescence, but (HL)3-ST DNA mixtures significantly exceeded
the fluorescence of ST DNA on its own (see Figure 6-2). The binding of Thioflavin T by
peptide and/or nucleic acid was much lower than the insulin amyloid positive control at

the same concentration.
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Figure 6-2: Thioflavin T assay on (HL)3-ST DNA mixtures. 50 uM (HL); and 50 uM ST DNA
were prepared in 10 mM MES pH 6.2 (+2 calculated net charge) with 150 mM NaCl. The
insulin amyloid (50 uM) in the same buffer was used as a positive control for the whole
assay. The peptide-nucleic acid mixture showed a slight increase over the ST DNA signal,
while the peptide on its own displayed no increased fluorescence. The samples were
prepared directly in untreated black plates and the fluorescence measured in a BMG
FLUOStar plate reader (excitation: 440 nm; emission: 480 nm; 10 nm band pass filters). All

samples were quadruplicates. ThT fluorescence is in arbitrary units. A Student's unpaired 2-
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sample t-test with n = 4 was carried out using R to compare the means as indicated (* = p <
0.05; ** =p <0.01; *** = p <0.001) [215] (see Appendix 9.2 for a full list of the statistical

parameters).

(KL)3 on its own showed no increased Thioflavin T fluorescence, but (KL)3-ST DNA
mixtures exceeded the fluorescence of ST DNA on its own (see Figure 6-3). The assay
was carried out in 10 mM HEPES pH 7 with 150 mM NacCl, where the peptide was
expected to carry a +3 calculated net charge. The risk of strong gel formation was not as
high as for (HL)3-ST DNA mixtures (Table 6-2 and Table 6-3), but the issue of the DNA-
caused ThT fluorescence going out of range of the instrument remained. The use of the
same instrument settings allowed a comparison to (HL)3-ST DNA complexes, which
showed a very similar result (see Figure 6-3). Again, the binding of Thioflavin T by
peptide and/or nucleic acid was much lower than the insulin amyloid positive control at

the same concentration.
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Figure 6-3: Thioflavin T assay on (KL)3-ST DNA mixtures. 50 uM (KL)3 and 50 uM ST DNA
were prepared alone or in mixture with each other in 10 mM HEPES pH 7.0 (+3 calculated
net charge) with 150 mM NaCl. The insulin amyloid (50 uM) in the same buffer was used as a
positive control for the whole assay. The peptide-nucleic acid mixture showed a slight
increase over the ST DNA signal, while the peptide on its own displayed no increased
fluorescence. The samples were prepared directly in untreated black plates and the
fluorescence measured in a BMG FLUOStar plate reader (excitation: 440 nm; emission: 480
nm; 10 nm band pass filters). All samples were quadruplicates. ThT fluorescence is in
arbitrary units. A Student's unpaired 2-sample t-test with n = 4 was carried out using R to
compare the means as indicated (* = p < 0.05; ** = p <0.01; *** = p <0.001) [215] (see

Appendix 9.2 for a full list of the statistical parameters).

The fluorescence of complexes of (KL)3 or (HL)3 with salmon testes DNA exceeded the
background fluorescence of ST DNA alone under the same conditions (see Figure 6-2

and Figure 6-3). The cause of the small signal increase remained unclear because of the
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non-specificity of Thioflavin T binding [216]. It might have been the formation of
amyloid aggregates that led to an increase in ThT fluorescence, or that the peptide
influenced the structure of the ST DNA without formation of amyloid so the nucleic acid
would bind more ThT. The peptides on their own did not give rise to Thioflavin T
fluorescence, suggesting that either they did not bind the dye, or that they could not
form amyloid on their own under the tested conditions (pH 7 for (KL)3, pH 6.2 for (HL)3;
both in 150 mM NacCl). The ThT fluorescence of the peptide-nucleic acid mixtures was
smaller than that of the insulin amyloid positive control, especially regarding the
fluorescence signal above the DNA background, which was probably partly due to the
smaller size of the peptides compared to the larger peptide hormone (742 Da of (KL)3
and 769 Da of (HL)3 vs. 5734 Da) at the same molecular concentration. The larger
peptide hormone would probably provide more ThT binding sites than the smaller (HL)3

and (KL)s.

The strength of peptide-nucleic acid mixture gels seemed to be dependent on pH (see
Table 6-2, Table 6-5, Table 6-7), which might be related to the presence of amyloid
fibres. To examine the effect of potentially different charge densities (see Table 6-1) on
the ThT binding of (HL)3-ST DNA complexes the pH was varied from 5.5 to 8.0 while
peptide and DNA concentrations were kept constant (see Figure 6-4). The ThT
fluorescence of the ANA complexes was stable, but the DNA-induced fluorescence
decreased with decreasing pH for the corresponding DNA-only control. This made
interpretation of the results difficult. At pH 8 there was no net ThT fluorescence of the
(HL)3-ST DNA complex above the ThT fluorescence caused by ST DNA alone. With lower
pH a net signal appeared although the fluorescence of DNA alone was also reduced. The

increasing difference between the ANA complex and the DNA alone control of the same
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pH might be due to the formation of amyloid aggregates, but alternatively the presence
of the peptides could have modified the conformation of the DNA, which allowed binding
and excitation of more Thioflavin T. A dependence of Thioflavin T fluorescence on pH
was described before [217], and low non-physiological pH conditions (pH 0.8 to 2.8)
were suggested by Kelenyi (1967) to be used in fluorescence assays to avoid the ThT
fluorescence induced by DNA and RNA [217,218]. It could be expected that under these
conditions the (partial) protonation of the DNA phosphate backbone would reduce
charge-based attraction of nucleic acids and Thioflavin T, thereby reducing the amount
of fluorescence resulting from these interactions [219]. Intercalation-caused
fluorescence of ThT would probably not be affected by pH changes within the
physiological range where no DNA denaturation would occur [219]. Outside the
physiological range at least partial denaturation of the salmon testes DNA would occur,
which made the suggested low range of pH 0.8 to pH 2.8 seem unsuitable for the
examination of the effects of peptides or potential amyloid fibres on the nucleic acid (as

shown in chapter 6.2).
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Figure 6-4: Thioflavin T assay on (HL)3-ST DNA mixtures at different pH values. 50 uM (HL)3
were mixed with 50 uM salmon testes in 150 mM NaCl at pH 5.5, 6.0, 6.5, or 8.0. The buffer
consisted of 10 mM MES (pH 5.5, 6.0, and 6.5) or 10 mM HEPES (8.0). The samples were
prepared directly in untreated black plates and the fluorescence measured in a BMG
FLUOStar plate reader (excitation: 440 nm; emission: 480 nm; 10 nm band pass filters). All
samples were quadruplicates; ThT fluorescence is in arbitrary units after buffer background
subtraction. A Student's unpaired 2-sample t-test with n = 4 was carried out using R to
compare the means as indicated (* = p < 0.05; ** = p <0.01; *** = p <0.001) [215] (see

Appendix 9.2 for a full list of the statistical parameters).

Since gel formation occurred rapidly (often within seconds; see gel formation tables
Table 6-2, Table 6-3, Table 6-5, Table 6-6, Table 6-7, and Table 6-8) I was interested in
whether this was accompanied by amyloid formation. A kinetic ThT assay was carried
out on (HL)3 in mixture with salmon testes DNA. The negatively charged peptide (EL)3
provided a negative control. The increase in ThT fluorescence occurred rapidly after
mixing of (HL)3 and salmon testes DNA (see Figure 6-5), in a similar time scale to gel

formation at higher concentrations (usually 5 mM (HL)3 with 5 mM ST DNA; see Table
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6-2). The process reached a saturation plateau of maximal ThT fluorescence after about
4 minutes. No ThT fluorescence was observed with the negatively charged (EL)3 peptide.
This would suggest that charge interactions might be important for the peptide-DNA
interactions. The negatively charged (EL)3 would be excluded from interactions with
nucleic acids due to charge repulsion. There was no lag phase as seen with most other
amyloid-forming peptides and proteins [72], like during the formation of insulin
amyloid used as our positive control (see Figure 6-6; also [23,220]). This was even more
pronounced with (KL)3-ST DNA, where the ThT fluorescence immediately reached the
plateau level without the gradual increase shown by (HL)3-ST DNA (data not shown).
This could suggest a very rapid nucleation so that the typical sigmoidal curve shape
would not appear, or it might be that the presence of the peptide (HL)3 increased

binding to ThT to DNA.
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Figure 6-5: Kinetics of Thioflavin T binding by (HL)s- and (EL)3-ST DNA mixtures. 500 uM ST
DNA was injected to either buffer alone (black traces), 500 uM (EL)s (blue traces) or 500 uM
(HL)3 (red traces). The major jump in ThT fluorescence from about 2000 (background level)

to about 14000 at 120 s was due to ThT binding to ST DNA. Only the (HL)s-ST DNA mixture
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showed a further gradual increase, but not buffer alone or (EL)3-ST DNA. The buffer was 10
mM MES pH 6.2 with 150 mM NacCl. All solutions contained 50 uM Thioflavin T and were
incubated on their own for 30 minutes before the assay. All samples were run in triplicates.
Background scattering (same setup without addition of ThT) resulted in <500 arbitrary

fluorescence units.

Summary Thioflavin T

The use of Thioflavin T with ANA complexes presented a number of problems: DNA gave
rise to a high background signal of Thioflavin T fluorescence, which appeared to be pH-
dependent [218] (Figure 6-4). It has been described before by Ilanchelian et al. that both
groove binding and electrostatic interactions were observed for interactions of ThT with
DNA, and that high (1.0 M) NaCl concentrations could abolish the electrostatic
interactions that were responsible for the increased Thioflavin T fluorescence [219]. The
NaCl concentration of 150 mM used here (see Figure 6-2, Figure 6-3, Figure 6-4, and
Figure 6-5) might not have been sufficient to shield all electrostatic interactions
between dye and nucleic acid, but might have removed most of the unwanted DNA-
cause fluorescence. Also, not all peptides and/ or peptide-nucleic acid mixtures used in
these experiments showed signal in the presence of Thioflavin T. TVQFHMH, (HL)s,
(KL)s, (EL)3 and STVIIE did not show a reliable signal above background. Differences
between the dye-binding behaviour of protein-based amyloids and amyloids generated
from short peptides have been observed before (Louise Serpell, personal
communication) and may be based on the differential ability of fibres to incorporate

dyes in such a way as to alter their fluorescence.
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Figure 6-6: Insulin amyloid formation kinetics. 1 mM Bovine insulin in 10 mM hydrochloric
acid (pH 2) was incubated at 652C in 1.5-ml-tubes (no agitation). Samples (5 ul) were taken
every 30 minutes and transferred to an untreated black 96-well-plate. 195 pul 10 mM MES
containing 50 uM Thioflavin T was added and the fluorescence measured using a BMG
FLUOStar plate reader (excitation wavelength: 440 nm; emission wavelength: 480 nm). After
a lag phase of 1.5 hours a maximum was reached after 2.5 to 3.0 hours, indicating amyloid
formation. Dots denote the duplicate values, lines follow the mean. The big spread between
the duplicates probably resulted from strong aggregation within the samples which

coincided with the end of the lag phase at about 2 hours.

Congo Red

Congo Red is a dye mainly used to stain “congophilic” amyloid deposits in histology [73].
It exhibited a red-shift in its absorbance spectrum, resulting initially in a shoulder on the
main absorbance spectrum near 544 nm [72]. Peptide and nucleic acid complexes were
assessed for Congo Red binding by measuring absorbance at 544 nm. Only (KL)s out of
all peptide-nucleic acid complexes tested showed a nucleic acid-induced increase in

Congo Red absorbances (see Supplementary Table 2). The correlation between Congo
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Red binding and amyloid formation was not absolute (for example, see Klunk et al.
(1989) [70] and Khurana et al. (2001) [221]) and it was therefore not surprising to find
that some peptide-nucleic acid complexes did not show increased Congo Red
absorbance that could indicate amyloid complex formation. Alternatively, the lower
peptide concentration (50 uM to 0.2 mM) used in these assays to allow mixing and
pipetting may have been too low for amyloid complex formation for some peptides. To
study (KL)s in greater detail, it was tested for Congo Red binding in 10 mM HEPES pH 7
with 150 mM NaCl where the peptide was expected to carry a +5 net charge. Following
the suggestion that a 1:1 charge ratio might be ideal for peptide-nucleic acid
interactions, I used 0.2 mM (KL)s with 1 mM ST DNA or oligo E (see Table 6-2 and Table
6-7). The Congo Red absorbance increase indicated significant binding of the dye by
(KL)s-oligo E and (KL)s-ST DNA complexes, which in turn suggested amyloid aggregate
formation. There seemed to be no difference between the shorter oligo E (33 bp) and
longer ST DNA (smear of about 100 bp to >4000 bp on an agarose gel; data not shown).
The absorbance increase of (KL)s alone against the buffer background was not
significant. This was accompanied by strong aggregation visible by eye with larger
aggregates than the insulin amyloid positive control. The (KL)s-DNA mixtures showed a
colour change but no change in aggregation as assessed by eye. To control for scattering
by large aggregates a scattering control of all samples in the absence of Congo Red was
carried out and did not show significantly increased absorbance (data not shown). No

aggregates were observed in the (KL)s alone sample in the absence of the dye.
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Figure 6-7: Congo Red absorbance assay on (KL)s-DNA complexes. The absorbance at

544 nm of 0.2 mM (KL)s with 1 mM salmon testes DNA or 1 mM oligo E in 10 mM HEPES pH
7 with 150 mM NaCl was normalised as described in the methods section. The background
absorbance of Congo Red alone in buffer was subtracted for all samples. (KL)s-ST DNA and
(KL)s-oligo E showed a significant increase in absorbance compared to the peptide alone or
the corresponding nucleic acid alone, exceeding the 50 uM insulin amyloid positive control.
All samples were run in quadruplicates with exception of (KL)s-oligo E, where 1
measurement had to be discarded due to air bubble formation. A Student's unpaired 2-
sample t-test (n = 4 except for (KL)s-oligo E, where it was n =3) was carried using R out to
compare the means as indicated (* = p < 0.05; ** = p <0.01; *** = p <0.001) [215] (see

Appendix 9.2 for a full list of the statistical parameters).

Summary
Both ThT and Congo red binding assays showed increased signals upon mixing of

selected peptides with nucleic acids. ThT and Congo red signals were usually interpreted
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as evidence for amyloid complex formation. In the assays shown here, there was a lack
of signal for some peptide-nucleic acid combinations /conditions. This might be taken as
evidence against the formation of amyloid complexes and it could be argued that the
ThT and Congo red signals could result from peptide-induced changes to dye-interaction
with the nucleic acids. However, the binding of dyes into on the surface of amyloid fibrils
was likely to be highly dependent on the sequence of the amyloidogenic peptides
[70,75,222,223]. Taken together, the increased signals observed with both ThT and
Congo red assays in combination with the gel formation assays suggested that the

peptide nucleic acid mixtures contain amyloid complexes.

Taken together, the spectrophotometric assays showing increased Thioflavin T binding
by (KL)3-ST DNA and (HL)3-ST DNA mixtures and Congo Red binding by (KL)s-ST DNA
and (KL)s-oligo E mixtures supported the idea that amyloid aggregates are formed
following the interaction of nucleic acids with short basic peptides.. This could suggest
the formation of amyloid aggregates in these mixtures. Some of the peptides did not
show any positive results with either Congo Red or Thioflavin T, probably due to their
small size or low dye-binding capacity. An overview of the Thioflavin T and Congo Red

results is listed in Supplementary Table 2.
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6.1.5. ELECTRON MICROSCOPY SHOWED FIBRES IN PEPTIDE-NUCLEIC ACID MIXTURES

The observed gel formation of peptide-nucleic acid mixtures (by all peptides except
(EL)3; see Table 6-2, Table 6-3, Table 6-5, Table 6-6, Table 6-7, Table 6-8, and Table 6-9)
suggested the presence of fibrous, entangled material; the visible aggregates formed by
some peptides might be of fibrous nature, too. Alternatively, the gels could have arisen
from a network of chemically or physically conjugated smaller molecules. The dye-
binding assays (see Figure 6-4, Figure 6-5, and Figure 6-7) suggested the presence of
amyloid in (HL)3-DNA, (KL)3-DNA, and (KL)s-DNA complexes. I used transmission
electron microscopy (TEM) to examine the complexes formed by (HL)3, (HL)s, (KL)s3,
(KL)3, (KL)s, and TVQFHMH with nucleic acids or on their own. This was not a complete
survey of all possible conditions under which peptide-nucleic acid complexes could
form, but I was interested to see if such complexes were associated with fibrous

material.

Most peptide-nucleic acid complexes appeared as linear, unbranched fibres or fibrillar
complexes on electron micrographs. They displayed a wide variety of morphologies
including occasional helical twists and tape formations (see Figure 6-9, Figure 6-10,
Figure 6-11 and Figure 6-12). The majority of the fibres had diameters ranging from 5 to
20 nm (see Table 6-10), agreeing with descriptions of amyloid fibres in the literature

[2,31,139].

Controls
EM samples consisting only of buffer (here: 150 mM NaCl/ 20 mM HEPES pH 7; see
Figure 6-8 A to C) showed background changes (light to dark; see Figure 6-8 B) and

occasionally white aggregates on dark background (Figure 6-8 B) or dark aggregates on
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lighter background (Figure 6-8 A). Similar results were obtained from peptide alone
controls in buffer, but not always recorded; representative images of (HL)3 and (HL)s
alone were included in Figure 6-8, panel D and E. Note that the (HL)s sample was
created from a fully dissolved stock solution which showed no aggregation as recorded
in Table 6-6. The different staining properties of the Formvar or Pioloform-covered
grids might have originated from unequally drying buffer solution during the sample
preparation process. ST DNA in 150 mM NaCl/ 20 mM HEPES pH 7 displayed small
aggregates with short fibrillar extensions. Similar images were obtained in the other
buffers used for electron microscopy (data not shown). Such aggregation behaviour of
DNA on unmodified EM grids without a spreading agent like cytochrome c for the
nucleic acid has been observed before [224-228]. PA RNA in 150 mM NaCl/ 20 mM
HEPES pH 7 formed fibrillar aggregates of varying size. No aggregates of this type were

found in sample of (KL)3- or (KL)4-PA RNA mixtures (see Figure 6-10, top row).
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Figure 6-8: EM control images. (A to C) Buffer control. The grids showed a variety of circular
structures and background changes (light <-> dark) that might originate from crystallisation
of the 20 mM HEPES buffer containing 150 mM NaCl at pH 7. Similar images were observed
with all buffers used for electron microscopy. (D) (HL)s alone. 1 mM (HL)s in 10 mM MES pH
5.5 with 150 mM NaCl showed no aggregates or fibres (note: these samples were prepared
from a fully dissolved 10 mM peptide stock solution). (E) (HL)z alone. 1 mM (HL)3 in 10 mM
MES pH 6.2 with 150 mM NaCl showed no aggregates or fibres. (F and G) Salmon testes DNA

control. 1 mM ST DNA in 150 mM NaCl/ 20 mM HEPES pH 7 displayed small aggregates with
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short fibrillar extensions. Similar images were obtained in the other buffers used for electron
microscopy (data not shown). (H and 1) Poly(A) RNA control. 1 mM PA RNA in 150 mM NacCl/
20 mM HEPES pH 7 showed aggregates consisting of short fibres. Similar images were
obtained in the other buffers used for electron microscopy (data not shown). Scale bars

were 500 nm.

(HL)x-based complexes

(HL)3-DNA complexes displayed several different fibre morphologies (Figure 6-9,
bottom row). At pH 6.2 in the absence of NaCl (Figure 6-9, bottom left and centre) thick
fibres (minimal diameters of about 12 nm; see Table 6-10) with a helical twist could be
seen; background material consisting of thinner (minimal diameters of about 2.6 nm;
see Table 6-10) and shorter fibres could be detected in the background. The morphology
of the thicker fibres appeared to agree with the presence of amyloid fibrils, while the
shorter, thinner fibres might have been protofibrils. At pH 5.5 in 150 mM NaCl (Figure
6-9, bottom right) very thin and not well-defined fibres appeared with minimal fibre
diameters of 3.0 nm (see also Table 6-10). They would be very thin for amyloid fibrils,
and they might have been DNA strands (about 2 nm diameter; [229]) decorated with
peptides that did not form amyloid. It might be possible that the peptide only spread the
DNA which usually formed aggregated clumps on EM grids, similar to the spreading
effect of cytochrome c and other techniques used for DNA visualisation by electron
microscopy [226-228]. On the other hand, the fibres were a bit too thick for single DNA
strands (2.0 nm diameter of double-stranded DNA vs. 3.0 nm diameter of the detected

fibres).
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(HL). + DNAatpHSS

Figure 6-9: Electron micrographs showing fibres of (HL)s- and (HL)s-nucleic acid complexes.
(HL)s-DNA complexes (1 mM peptide, 1 mM ST DNA, 150 mM NaCl, 10 mM MES pH 5.5)
showed fibres of varying thickness with a morphology not typical for amyloid fibrils, and
some aggregates in the background (top row; rotary shadowed). At pH 6.2 attachment of
(HL)3-ANA complexes to the grid for imaging could only be achieved in the absence of salt, (1
mM (HL)3, 1 mM ST DNA, 10 mM MES pH 6.2). They appeared as twisted fibres of varying
thickness, with background material of thinner and shorter fibres (bottom left and centre).
At pH 5.5 (1 mM (HL)3, 1 mM ST DNA, 10 mM MES pH 5.5, 150 mM Nacl), very thin fibres
could be seen. Scale bars were 300 nm. Rotary shadowing was done to increase the contrast

of the images.
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Although (HL)s only had two additional (HL) units more than (HL)3, its peptide-DNA
complexes exhibited a very different morphology. (HL)s-ST DNA at pH 5.5 with 150 mM
NaCl appeared as entangled fibres of varying thickness, which might be branching (see
Figure 6-9, top row). There were at least two populations of fibres: Barely visible thin
and relatively straight fibres (minimum diameter 5.8 nm (Table 6-10; Figure 6-9, top
centre and right), and thicker, highly curved and maybe branched fibres (minimum
diameter 14 nm (Table 6-10; Figure 6-9, top row). The appearance of fibres was a bit
surprising given its poor gel formation abilities and bad stability in aqueous solution
(only a very weak gel in the EM sample (1 mM (HL)s with 1 mM ST DNA at pH 5.5) and a
general propensity to aggregate at higher (5 mM) concentrations; see Table 6-6), but it
seemed that these entangled fibres represented a type of aggregate that gave rise to
these properties. The morphology of these (HL)s-ST DNA fibres would be very unusual
for amyloid fibres, and the negative outcome of the Thioflavin T and Congo Red assays

would suggest that these complexes may not represent amyloid fibrils.

(KL)n-based complexes

All (KL)n-based nucleic acid complexes tested showed fibrous structures by EM. The
various (KL)-based complexes displayed varied fibril morphologies although they were
based on the same amino acid repeat. (KL)3-RNA complexes showed needle-like straight
fibres (Figure 6-10, upper left panel), and (KL)4-RNA complexes had a shorter and more
curvaceous appearance (Figure 6-10, upper right panel). The complexes of (KL)s with
DNA showed longer fibres that in some cases took on a ribbon morphology (see Figure
6-10, bottom left), but also some ring-like structures and amorphous aggregates (see

Figure 6-10, bottom row). Although (KL)s alone was able to bind Congo Red suggesting
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the presence of amyloid aggregates (Figure 6-7), no structures were observed when this

peptide was examined at the EM (data not shown).

(KL), + poly(A) RNA at pH 7.0
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Figure 6-10: Electron micrographs showing fibres of KL-peptide-nucleic acid complexes.
(KL)3-RNA, (KL)4-RNA and (KL)s-ST DNA displayed fibres with amyloid morphology. (KL)3-RNA
complexes (0.33 mM peptide, 1 mM PA RNA, 10 mM HEPES pH 7.0) show very straight fibres
(top left), while (KL)4~-RNA complexes (0.25 mM peptide, 1 mM PA RNA, 10 mM HEPES pH
7.0) appeared much more flexible and bendable (top right). (KL)s-DNA complexes showed
diverse morphologies at different concentrations: In the bottom left panel (1 mM peptide, 5
mM ST DNA, 150 mM NacCl, 10 mM HEPES pH 7) wide tapes in a strong background of round

as well as circular and short thinner fibrous material, while in the bottom right panel (0.2
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mM peptide, 5 mM ST DNA, 150 mM NaCl, 10 mM HEPES pH 7.0) fibres in contact with
amorphous aggregates appeared. The latter morphology is similar to TVQFHMH-DNA
complexes (see Figure 6-11). The top row was rotary shadowed to enhance the contrast of

the fibres. Scale bars were 300 nm.

TVQFHMH-based complexes

g /QFHMH + DNAat pH 6.5

Figure 6-11: Electron micrographs showing fibres of TVQFHMH with or without DNA. Left
and centre panel: The complexes of 5 mM TVQFHMH-ST DNA mixtures at pH 6.5 and in 150
mM NaCl appeared as fibres as well as large fibre-associated aggregates. Not many fibres
were observed because the complexes were difficult to attach to the EM grids, although the
samples formed strong gels indicating the presence large amounts of fibres. Right panel: 5
mM TVQFHMH alone in 150 mM NaCl/ 10 mM MES pH 6.5 (right panel) showed fibres and

round aggregates of varying size. Scale bars were 300 nm.

A limited exploration of the effects of pH and NaCl on TVQFHMH-ST DNA fibres showed
low fibre densities in the presence of 150 mM NaCl at pH 6.5 (see Figure 6-11 left and

centre), but more fibres at pH 5.0 without NaCl (see Figure 6-12). The fibres had a
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minimum diameter of about 10 nm (Table 6-10) and were associated with amorphous
aggregates in 150 mM NaCl, and there seemed to be a background of round small
aggregates (see Figure 6-11 left centre). In the absence of NaCl at pH 5.0 the fibres

sometimes appeared to change diameter as shown in Figure 6-12.

Interestingly, TVQFHMH could be induced to form gels in the absence of nucleic acids
(see Table 6-7). These gels were weaker than those of TVQFHMH-ST DNA or TVQFHMH-
PA RNA complexes and were pipettable even at peptide concentrations up to 5 mM,
while the TVQFHMH ANA gels were generally very sticky and stiff. Examination of such
nucleic acid-free TVQFHMH gels by electron microscopy revealed large numbers of
fibres, which could only be composed of TVQFHMH amyloid (see Figure 6-11 right). The
fibres of TVQFHMH alone were generally thinner than the ones of TVQFHMH-DNA
complexes (minimum diameter of about 6.4 nm; see Table 6-10), suggesting a different
lateral association of the fibres (see Table 6-10). The presence of the charge-neutralising
nucleic acid might have allowed closer interactions of the otherwise self-repelling fibrils,
assuming that TVQFHMH was positively charged at pH 6.5 according to the peptide
charge calculations. All in all, TVQFHMH fibres (with and without ST DNA) displayed
amyloid morphology. It remained unclear what gave rise to the TVQFHMH-only fibres,
but a change of properties by methionine oxidation might be a possibility. This reaction
would convert methionine to methionine sulfoxide, which would reduce the
hydrophobicity of the residue compared to methionine. It might be possible that this
change would enhance fibre formation by TVQFHMH by an unknown mechanism. On the

other hand, methionine sulfoxide would be expected to be found in the hydrophobic
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core of a 3-sheet sandwich, and the introduction of a polar functional group might
interfere with the formation of amyloid fibres [137,138]. Future studies could resolve

this issue by careful control of the oxidation potential of the system.

Figure 6-12: Composite TEM image of a TVQFHMH-DNA fibre. The sample was prepared
from 5 mM TVQFHMH with 5 mM DNA in 10 mM MES at pH 5.0 and directly imaged without
dilution. The fibre showed changes in diameter and was fragmented during sample

preparation (see top right). Scale bar was 1 um x 10 nm.
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Fibre Diameters

The fibre diameters determined from these images largely agreed with the nucleic acid
strand running collinearly with the amyloid fibres. For example, a B-DNA strand would
have a diameter of 2 nm, while a (KL)s-[3-sheet would be about 3.1 x 2.6 nm (along the
peptide backbone and across the [3-sheet sandwich). This would result in a minimal fibre
diameter of about 6.5 nm (DNA-3-sheet sandwich-DNA), at least for the highly charged
(KL)s that would probably depend on nucleic acids on both lysine faces of the fibre for
charge neutralisation. This was matched or exceeded by most ANA fibres as listed in
Table 6-10. The only fibres that undercut this were from (HL)3-DNA complexes which
exhibited diameters of down to 3 nm diameter. As mentioned above, this might be due
to potential fibrous complexes not attaching to EM grids in 150 mM NaCl-containing

buffers.

Table 6-10: Diameters of the peptide-nucleic acid fibres

insulin (KL)s + DNA (KL)+ + RNA (KL)s + RNA (HL)s + DNA (HL)s + DNA
amyloid pH5.5 pH7.0 pH7.0 pH5.5 pH5.5

pH 2.0 thick thin
7.5+0.9 81+1.1 59+1.2* 44+04* 58+03* 140+28*
7.6+0.9 11.6 £ 0.9 7.0+0.7* 54+04* 63+0.3* 145+38*
9.1+04 11.7 £ 0.7 71+04* 54+04* 6.7+0.3* 145+36*
9.4+09 15.0+3.0 7.6+0.6* 55+05* 9.4+21* 17.5+29*
10.1+1.5 16.1+2.6 83+x09* 57+0.8* 9.8+1.3* 183+24*
11.1+1.6 185+34 9.0+22* 59+09* 9.8+0.7* 19.8+0.8*

(HL); + DNA (HL); + DNA (HL); + DNA TVQ + DNA
pH5.5 pH6.2 pH6.2 pH 6.5
thin thick

3.0+0.3 2.6+0.3 119+1.8 99+1.0 6.4+ 0.5

3.3+0.3 3.0+£0.8 12.5+1.0 154+1.8 8.2+1.0

33206 35+0.3 15.8+0.7 182+1.1 84+09

3.6+0.1 3.6+x04 174+19 19.5+1.6 8.8+0.3

40+0.8 46+1.1 17.5+24 198+ 2.6 9.2+1.7

41+03 6.7+1.8 178+ 0.4 20.2+1.5 9.7+£1.5
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Table 6-10 legend: Fibre diameters were determined using Imagel) from the fibres shown in
Figure 6-9, Figure 6-10 and Figure 6-11 [204]. Three measurements were taken on 6 well-
defined fibres with a distance of at least twice the diameter between measurement sites, i.e.
18 measurements in total for each sample. The focus was on the determination of minimal
fibre diameters of longer fibres. In case of (HL)3-ST DNA and (HL)s-ST DNA the diameters of
the thicker and thinner fibres were treated separately as indicated. Diameters are in nm *

standard deviation. *, rotary shadowed sample; diameters of fibres might be slightly smaller.

Summary

All complexes of peptide-nucleic acid complexes showed fibres with varying
morphology. Taken together, TEM imaging further strengthened the idea that simple
positively charged peptides with an alternating pattern of hydrophobic and hydrophilic
amino acid residues could form amyloid fibres because all peptide-nucleic acid
complexes examined here ((KL)3, (KL)s, (KL)s, (HL)3, (HL)s, and TVQFHMH with ST DNA
or PA RNA; TVQFHMH on its own) showed fibre morphologies compatible with amyloid
formation. The attachment of the peptide-nucleic acid fibres to the EM grids presented a

challenge, particularly for (HL)3-ST DNA and TVQFHMH-ST DNA mixtures.
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6.1.6. CONFOCAL MicrRoscoPY OF ANA COMPLEXES

This experiment was designed by Christine Humphreys (Cardiff University) with
support from me for gel formation and sample mounting on the confocal microscope.
We set imaging parameters, acquired and analysed the data together. Further support

was provided by Anthony Hayes (Cardiff University).

Since it was possible that the peptides required nucleic acids only for amyloid nucleation
and the fibres in the micrographs contained no nucleic acids, we looked at (HL)3-DNA
ANA complexes by confocal microscopy under near-physiological conditions in 150 mM
NaCl-containing buffer (see Figure 6-13). (HL)3 was chosen because its charges could be
modulated by pH changes, and we wanted to examine the effect of charge density on the
peptide on complex formation between (HL)3 and ST DNA. (HL)3 was expected to carry a
calculated +3 net charge at pH 5.0, and a +1.5 net charge at pH 6.5 (see Table 6-1).
Salmon testes DNA was labelled by nick-translation with ATTO 550 and spiked at a 1:20
ratio into unlabelled ST DNA, and the peptide (HL)3 was spiked at a 1:20 ratio with
N-terminally fluorescein-labelled (HL)s. Neither labelling should affect the primary
attributes of DNA (negatively-charged phosphate backbone) or peptide (alternating
pattern of hydrophilic/ hydrophobic amino acid residues with theoretical positive
charges) necessary for peptide-nucleic acid complex formation. The low ratio of the
labelled tracers made it unlikely that they were the primary interaction partners, while
still highlighting the spatial distribution of DNA or peptide as a whole. The presence of
the tracers had no effect on gel formation (see Table 6-2), but it might be possible that
local dye/ peptide/ nucleic acid interactions could be distinct from the bulk material.

The dyes had little overlap in their absorption spectra, so their fluorescence could be
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excited and detected separately, allowing examination of the spatial distribution of DNA

and peptide in the sample independently.

Intimate association of peptide and DNA was seen in large, fibrous structures that were
the basis for the peptide-nucleic acid gels (orange/ yellow areas in Figure 6-13 A and B,
right panels), while there was no detectable bleed-through (Figure 6-13 C and D, right
panels). No such complexes could be seen when ATTO550-DNA-spiked ST DNA or FITC-
(HL)3-spiked (HL)3 were imaged on their own (data not shown); only dirt and scratches
of object slide and coverslip could be detected. Unlike the gel samples, diffusion of the
sample may have prevented the imaging of individual fibres. Interestingly, the
complexes formed at pH 5 showed finer structures, perhaps made from thinner fibres.
The complexes might consist of DNA in complex with amyloid fibres, or alternatively of
DNA strands decorated by peptide molecules not in amyloid conformation. In the former
case the fibres displayed in Figure 6-13 would consist of colinear DNA and amyloid
fibrils because no pattern of DNA strands crossing peptide fibrils could be resolved, in
the latter case the DNA fibres would be decorated by peptide. Taken together, confocal
microscopy suggested that (HL)3 and ST DNA were closely associated in large fibrous

complexes.
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FITC channel ATTO550 channel

pH 6.5

(@)

ATTO550 bleed-through

O

FITC bleed-through

Figure 6-13: Confocal microscopy. (A, B) Representative confocal images of (HL);-DNA ANA
complexes where peptide and DNA samples had previously been spiked with fluorescently

labelled variants in 10 mM MES buffers containing 150 mM NaCl. 6 mM (HL)s3 spiked 1:20
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with FITC-(HL)3; 2.5 mM ST DNA spiked 1:20 with nick-translated ATTO 550-ST DNA. The
structures at pH 5.0 (B) are generally finer than the ones at pH 6.5 (A). (C, D) No bleed-
through was detected between fluorescence channels. (C) Unlabelled (HL)s mixed with
labelled ATTO 550-DNA-spiked salmon testes DNA. (D) FITC-(HL)s-spiked (HL)3 with
unlabelled salmon testes DNA. No aggregates or fibres could be detected in peptide-only or
ST-DNA only controls (data not shown). Scale bars were 10 pum.

These images were taken by Christine Humphreys with support from Anthony Hayes of the

Confocal Microscopy Unit (Cardiff University, School of Biosciences).
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6.1.7. CrROSS-B PATTERNS OF ANA COMPLEXES SHOWN BY X-RAY FIBRE DIFFRACTION

Fibre diffraction was the most robust test for amyloid because it allowed the detection
of the characteristic cross-3 pattern. The method was independent of dyes like
Thioflavin T or Congo Red having access to their binding sites, and was free of the
interfering DNA-binding-capacity of Thioflavin T or aggregation enhancement of Congo

Red (see above).

Complexes of most examined peptide-nucleic acid complexes gave rise to clear cross-f3
patterns in X-ray fibre diffraction, indicating that they contained amyloid (see Figure
6-14, Figure 6-15 and Figure 6-17). The patterns were dominated by a strong meridional
reflection at 4.6 to 4.8 A, which originated from the spacing between the p-strand
peptide backbones that lay perpendicular to the fibre axis (see Figure 4-3 for a
schematic, and Table 6-11, Table 6-12 and Table 6-13 for the Bragg spacings of the
reflections); this agreed with previously analysed amyloid diffraction patterns
[2,41,79,142,230]. Due to the quasi-crystalline order along the fibre axis this reflection
was very strong with high intensities. Equatorial reflections in the range of 10 to 12 A
were consistent with inter-sheet spacings, which were determined by the van-der-
Waals-radii of the amino acid residues [24,130,139]. The diffraction patterns of the

individual ANA complexes are described and discussed below in detail.
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(HL)n-based complexes

(HL), + DNA at pH 6.2 (HL), + DNA at pH 6.2 (HL), + poly(A) RNA at pH 6.0
50 mM NaCl 150 mM NacCl no salt

Figure 6-14: Fibre diffraction of HL-based peptides. (HL)s with ST DNA and (HL)s with poly(A)
RNA showed clear cross-B patterns. The samples consisted of 5 mM (HL); with 5 mM ST DNA
in 10 mM MES pH 6.2/ 50 mM NaCl (left), 10 mM (HL); with 10 mM ST DNA in 10 mM MES
pH 6.2/ 150 mM NaCl (middle), and 12.6 mM (HL)s with 6.3 mM PA RNA in 5 mM MES pH 6.0
(right). Sample-detector distance was 180 mm for (HL); samples and 300 mm for the (HL)s

sample.

(HL)3-ST DNA readily formed relatively weak gels at pH 6.2 in the presence of NaCl, and
they did not easily yield stalks suitable for X-ray fibre diffraction analysis. Several
conditions were explored to initiate stalk formation, among them varying NaCl
concentration (0, 50, and 150 mM) and peptide concentration (1 mM to 10 mM). The pH
was kept at pH 6.2 with 10 mM MES in order to maintain a calculated +2 net charge per
peptide. This was supposed to generate a net +1 charge per peptide (+2 chargers per
peptide at pH 6.2, -1 charge per base of ST DNA) which was previously described as
favourable for ordered amyloid formation [142]. Eventually stalks could be generated

from 5 mM (HL)3 with 5 mM ST DNA in 50 mM NaCl and 10 mM (HL)3 with 10 mM ST
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DNA in 150 mM NaCl showing cross-f3 patterns (see Figure 6-14). (HL)s with its general
propensity to form aggregates and precipitate (see Table 6-6) formed stalks easily in the
absence of NaCl and displayed a surprisingly clear cross-f pattern (see Figure 6-14,

right).

Table 6-11: Bragg spacings of (HL),-based peptides in X-ray fibre diffraction

(HL)3 (HL)3 (HL)s
ST DNA ST DNA poly(A) RNA
50 mM NacCl 150 mM NacCl
pH 6.2 pH 6.2 pH 6.0
22.9 e (vs) | 23.3 e (s) | 24.31 e (vs)
11.6 e S 11.7 e m | 12.25 e S
9.20 m w 9.21 m w 9.35 m w

8.23 e+ m
6.08 e vw
4.72 m vs | 4.72 m S 4.78 m S
4.25 m w | 4.26 m vw
4.47 m m
(412) m (vw)
391 m(+?) wvw | 394 ring? vw
3.54 ring wvw
3.25 salt 3.25 salt
2.82 salt 2.82 salt

Table 6-11 legend: Bragg spacings were determined using WCEN and CLEARER from the
diffraction patterns shown in Figure 6-14. The strong meridional reflections at 4.7 A for
(HL)3-DNA or 4.8 A for (HL)s-RNA in combination with the equatorial reflections at 11.6 A for
(HL)3-DNA or 12.3 A (HL)s-RNA comprised a cross-p pattern (marked in bold print).
Abbreviations: e, equatorial; m, meridional; vs, very strong; s, strong; m, medium; w, weak;
vw, very weak; +, equatorial and meridional; ?, uncertainty about anisotropy. Reflections in
brackets were diffuse (4.12 A reflection of (HL)s-PA RNA) or partially covered by the beam

stop (reflections >20 A) and could not be determined with much confidence.
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As the reflections of (HL)3-ST DNA determined from these patterns showed (see Figure
6-14 left and centre; Table 6-11), the difference in salt concentration between 50 mM
and 150 mM NacCl did not affect the diffraction pattern. It was highly consistent between
the two samples and virtually identical apart from rings and spots caused by enclosed
buffer and NaCl salt crystals (see also Supplementary Figure 9 for an overlay of the two
patterns). A meridional reflection at 9.2 A most likely originated from a repeat unit
within the fibril every two peptides, suggesting the presence of anti-parallel 3-sheet
[231]. The pattern of (HL)s-PA RNA was very similar to the (HL)3-ST DNA patterns (see
Table 6-11). The meridional 9.35 A reflection might, similar to the (HL)3-ST DNA
patterns, suggested the presence of anti-parallel 3-sheet [231]. The 'additional'
equatorial reflections compared to the (HL)3-ST DNA patterns at 8.23 A and 6.08 A
might be caused by well-ordered lateral packing of fibrils; alternatively they may be
caused by the presence of protofilaments within the amyloid fibril, similar to the -helix
structure suggested by Blake and Serpell for TTR amyloid fibrils [79,230,232]. In such a
structure the individual 3-sheets would be twisted with respect to its neighbours,
generating a helical twist in the [3-sheets around an axis parallel to the protofilaments
axis. The beta-helix has also been suggested to be a generic structure of amyloid fibrils

[79], among others [134].

(KL)n-based complexes
(KL)3-DNA complexes readily formed stalks in the absence of NaCl and diffracted well
(see Figure 6-15, top row). Herring testes DNA was used for one sample because stock of

salmon testes DNA had run out; no difference in gel formation could be detected (data
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not shown). The patterns showed a multitude of well-defined reflections which in one
case displayed an unusual triplet of reflections at about 4.7 A (4.50 A, 4.77 &, and 5.03 A;
see Table 6-12) instead of a single strong one (see Figure 6-15, top left). This deviated
from the 'canonical' cross-f pattern with only a single strong reflection at 4.7 to 4.8 A as
described in the literature [2,79,135,230], maybe indicating an unusual packing
polymorphism in direction of the fibre axis. The meridional 5.03 A reflection was not
found in any other sample examined here, and was not previously described in the
literature [79,230]. This suggested that the fibres formed by (KL)3 with HT DNA at pH
6.0 might not represent amyloid fibrils. The pattern of (KL)3-ST DNA at pH 7 showed,
similar to (HL)s-PA RNA at pH 6, additional equatorial reflections that suggested the

presence of protofilaments within the amyloid fibril [79,230,232].

The (KL)s-DNA complexes did not easily form a stalk in the absence of NaCl, although
they presented as very strong gels (see Table 6-5). This resulted in only partially aligned
material with a diffuse cross-3 pattern (see Figure 6-15, bottom left; Table 6-12).
However, more and sharper reflections appeared in the presence of 150 mM NaCl (see
Figure 6-15, bottom right; Table 6-12). There might have been a charge-screening effect
of the salt that modulated the otherwise very strong interactions of peptide and nucleic
acid to allow for proper adoption of the amyloid conformation. The pattern of (KL)s-ST
DNA at pH 7 with 150 mM NaCl showed, similar to (HL)s-PA RNA at pH 6 and (KL)3-ST
DNA at pH 7, additional equatorial reflections that suggested the presence of

protofilaments within the amyloid fibril [79,230,232].
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(KL), + DNA at pH 6.0, no salt (KL), + DNA at pH 7.0, no salt

(KL), + DNA at pH 7.0, no salt (KL), + DNA atpH 7.0

— o

Figure 6-15: Fibre diffraction of KL-based peptide. Both (KL); and (KL)s exhibit clear cross-
patterns, but (KL)s-DNA complexes exhibited higher order structures solely in the presence
of NaCl. Samples consisted of 21.6 mM (KL)s with 10.8 mM HT DNA at pH 6.0 (top left), 10
mM (KL)3 with 10 mM ST DNA at pH 7.0 (top right), 5 mM (KL)s with 5 mM ST DNA in 10 mM
HEPES pH 7.0 (bottom left), and 5 mM (KL)s with 5 mM ST DNA in 10 mM HEPES pH 7.0/ 150
mM NaCl (bottom right). The top-left pattern was recorded at 300 mm sample-detector
distance, the others at 180 mm. A larger version of the (KL);-DNA pattern shown in Figure

6-15 top right with all reflections annotated can be found in Figure 6-16.
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302A 205A 138A 931A 763A 6.88A 560A

11.4A
5.65 A
462 A

3.84 A

Figure 6-16: Annotated diffraction pattern of (KL);-DNA. The Bragg spacings listed in Table
6-12 for the pattern of (KL)3-DNA (10 mM peptide with 10 mM ST DNA at pH 7.0) also shown
in Figure 6-15 (top right) are annotated for equatorial reflections in red (top row) and for

meridional reflections in blue (right column).

(KL)3-ST DNA at pH 7 and (KL)5-ST DNA with 150 mM NaCl at pH 7 exhibited very

similar diffraction patterns (see Figure 6-15, top right and bottom right; Table 6-12 and
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Supplementary Figure 8 with an overlay of the patterns). The main equatorial reflection
was nearly identical, as would be expected because it represented the distance of the
two beta-sheets facing each other. This spacing would be influenced by the side chain
volumes, which were identical in this case. The equatorial reflections suggested a similar
organisation of protofilaments and/ or lateral fibril packing, i.e. the additional
reflections of (KL)3-ST DNA at pH 7 compared to (KL)5-ST DNA at pH 7 with 150 mM
NaCl might indicate a better order fibrillar complex [79,230,232]. But while (KL)s-ST
DNA exhibited canonical reflections in the meridional direction, the (KL)3- DNA patterns
were quite unusual. (KL)3-ST DNA at pH 6 showed relatively small (4.6 A) inter-strand
spacing of the peptide backbones with salmon testes DNA at pH 6, and triple meridional
reflections around 4.8 A with herring testes DNA at pH 7. This made unlikely that in the

latter case the structure of the fibre diffraction sample constituted an amyloid fibre.

The (HL)n and (KL), peptides used here showed quite similar diffraction patterns (see
Figure 6-14, Figure 6-15, Table 6-11, Table 6-12, Supplementary Figure 8, and
Supplementary Figure 9), with the exception of the triple-meridional reflection at about
4.7 A of (KL)3-HT DNA at pH 6. There were only very small differences in meridional
direction, as expected from the very low potential variation in -strand packing and the
quasi-crystalline order along the fibril axis [79]. Several factors might have influenced
the equatorial reflections: Different lateral packing of fibrils, different arrangement of
protofibrils, and different sizes and Van-der-Waals volumes of the histidine and lysine
side chains for the (HL)» and (KL). peptides that determined the separation of the beta-

sheets [79,230,232].
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Table 6-12: Bragg spacings of (KL)-based peptides in X-ray fibre diffraction

(KL)s
ST DNA
150 mM NacCl
pH 7.0
(28.5) (e) (vs) | (30.2) (e) (vs) (30.2) (e) (vs)
(20.5) (e(ring?)) (s) | (20.5) (e) (s)
14.3 e S 13.8 e S 14.0 e m
11.1 m w (114) m (w)
9.56 e Vs 9.31 e vs | 10.1 (w) | 9.30 e S
7.63 e vw
6.88 e vw
(5.66) e(+) (vw) | 5.60 e w 5.63 e w
5.65 m w
5.03 m S
4.77 m S 4.7 w 4.78 m Vs
4.50 m S 462 m S 4.53 m m
3.84 m S 384 m m 3.8 w | (382) m(x) (m)
3.26 salt
2.82 salt

Table 6-12 legend: Bragg spacings were determined using WCEN and CLEARER from the
diffraction patterns shown in Figure 6-15. The strong meridional reflections at 4.6 A to 4.8 A
in combination with the equatorial reflections at 9 to 10 A comprised a cross-p pattern.
There were more reflections visible with (KL)3 than with (KL)s. (KL)3-DNA complexes
showed some unusual diffractions at the expected 4.8 A meridional with either a triple
reflection ((KL)s with HT DNA at pH 6) or a relatively small reflection at 4.62 A ((KL)3
with ST DNA at pH 7). Abbreviations: e, equatorial; m, meridional; vs, very strong; s,
strong; m, medium; w, weak; vw, very weak; +, equatorial and meridional; reflections in
brackets were diffuse or partially covered by the beam stop (>20 A) and could not be

determined with much confidence.
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TVQFHMH-based complexes

The strong and sticky TVQFHMH-DNA gels (see Table 6-7) and the very weak gels of
TVQFHMH alone (see Table 6-7) readily produced stalks that diffracted well. The
diffraction patterns of TVQFHMH alone and TVQFHMH-ST DNA complexes were
remarkably similar (see Figure 6-17 and Supplementary Figure 10 for some overlays).
The core reflections comprising the cross-3 pattern appeared to be independent of pH
(5.0, 6.0, and 6.5) and nucleic acid (poly(A) RNA, salmon testes DNA) changes. In one
case, a multitude of additional reflections indicated the presence of microcrystals that
were embedded into the stalk (Figure 6-17, bottom left). The cross-f3 pattern suggested
amyloid formation, but the overlay of the three different diffraction patterns of amyloid
fibres, buffer and salt rings, and the microcrystal powder pattern made an in-depth

analysis unfeasible.
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TVQFHMH at ~pH 6 TVQFHMH + DNA at pH 5.0 TVQFHMH + DNA at pH 6.5
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TVQFHMH + DNA at pH 5.0

Figure 6-17: Fibre diffraction of TVQFHMH. All TVQFHMH samples showed clear cross-
patterns, even in the absence of nucleic acid (top left). Arrows point to the split maxima in
the ~4.7 A reflection in the top arc, which has been enlarged for the top right pattern
(TVQFHMH + ST DNA at pH 6.5) at the bottom right. Similar reflections appeared in all
TVQFHMH-based diffraction patterns, and they were also visible in the bottom arc but less
clear due to the beam stop. The bottom left pattern had additional reflections due to
enclosed microcrystals. The samples were created with 1.6 mM TVQFHMH (top left), 1.0 mM
TVQFHMH + 1.0 mM ST DNA in 10 mM MES pH 5.0 (top middle), 1.6 mM TVQFHMH + 1.6
mM ST DNA in 10 mM MES pH 6.5 (top right), 1.6 mM TVQFHMH + 1.6 mM ST DNA in 10
mM MES pH 5.0 (bottom left), and 17.8 mM TVQFMH + 8.9 mM poly(A) RNA in 5 mM MES
pH 6.0 (bottom middle). Patterns were recorded at 180 mm sample-detector distance,

except for the bottom centre one, which was done at 300 mm.
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Table 6-13: Bragg spacings of TVQFHMH in X-ray fibre diffraction

TVQFHMH TVQFHMH TVQFHMH TVQFHMH
ST DNA ST DNA Poly(A) RNA
~pH6 pH 5.0 pH 6.5 pH 6.0
(31.9) (e) (vs) | (35.6) (e) (vs) | (34.9) (e) (vs) | (31.9) (e) (vs)
16.3 e Vs 16.0 e (m) 16.3 e S 17.8 e S
14.5 e S
11.4 e w

10.5 ex m (10.5) e (w) | (104) e(x?) (w) | (10.3) e (vw)
(7.59) e (vw) | (7.65) e (vw) | (7.56) e(x?7) (vw) 7.39 e x w
(5.63) ex (vw) 5.60 e w 5.66 e (x7N Vs
4.70 m (x?) Vs 4.73 m Vs 4.72 m Vs 4.81 m Vs
4.59 e+ (w) 4.60 m s 4.59 m s 4.59 m S
4.14 m m 4.07 m w 4.07 m w 417 m m
3.70 m (x7) w 3.72 m (w) 3.72 m w 3.67 m w
3.25 salt 3.25 salt 3.25 salt

3.14 ring? +? vw

2.82 salt 2.81 salt 2.82 salt

Table 6-13 legend: Bragg spacings in A were determined using WCEN and CLEARER from the
diffraction patterns shown in Figure 6-17. The strong meridional reflection at 4.7 A
(TVQFHMH alone or with ST DNA) or 4.8 A (with poly(A) RNA) in combination with the

equatorial reflection at about 10.5 A comprised a cross- 3 pattern. There were no striking

differences between the individual diffraction patterns. Abbreviations: e, equatorial; m,
meridional; vs, very strong; s, strong; m, medium; w, weak; vw, very weak; +, equatorial and
meridional; reflections in brackets were diffuse or partially covered by the beam stop (>20 A)

and could not be determined with much confidence.

All diffraction patterns based on TVQFHMH displayed very similar reflections (see
Figure 6-17 and Table 6-13), indicating that they were primarily due to the peptide and

largely independent of the identity of nucleic acid and pH. This was maintained over
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different peptide batches, purifications and stock solutions. This suggested that nucleic
acids were not necessary to induce the cross-p structure in TVQFHMH. The 4.7 A
reflections of all TVQFHMH diffraction patterns were quite unusual. They displayed a
split reflection with two maxima in the main arc, suggesting some helical symmetry,
which normally did not show up in other amyloid diffraction patterns (Matthias
Bochtler, Louise Serpell, personal communication) [233,234]. Again, the equatorial
reflections might indicate the presence of a 3-helix structure similar to TTR amyloid
fibrils [230], but the weakness of these reflections could also suggested the formation of
a [-solenoid. Such a structure would be an alternative to the (-sheet sandwich [134] and
have been described as having parallel 3-sheets perpendicular to the fibre axis that
wound around a water-filled [235,236] or hydrophobic core [237]. Diffraction patterns
of B-solenoids were very similar to 3-sheet sandwiches with a strong meridional
reflection at 4.7 to 4.8 A, but lacking or having only a weak characteristic equatorial
reflection at around 10 A. This reflection resulted in the B-sandwich from the spacing
between the two 3-sheets facing each other and would be absent in a cylindrical or
triangular tube [235,237,238]. On the other hand, the peptide TVQFHMH would have a
very short sequence compared to the peptides and proteins involved in the formation of
B-solenoids [134]. It would probably not be sufficiently long to form a full turn around
the core, and [3-solenoids with a discontinuous polypeptide turns have not been

previously described [235-239].

DNA Diffraction Patterns
While the peptides diffracted well and gave rise to clear amyloid cross-f3 patterns, no
reflections of any DNA diffraction pattern could be found in the peptide-DNA complex

patterns. This was even more remarkable since fibre diffraction samples consisting only
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of salmon testes DNA with or without 150 mM NaCl yielded clear A-DNA diffraction
patterns as expected from dried crystallised DNA (Figure 6-18) [233]. The presence of
salt seemed to push the intensity of the DNA reflections to the background, obscuring
some of the finer details (compare Figure 6-18 left and centre; Table 6-14). This could
present a general issue when working with physiological salt concentrations if the
crystallisation of NaCl or other salts could not be prevented. Single-stranded heat-
denatured DNA exhibited only a strong meridional reflection at about 3.4 A that
corresponded with the distance of stacked bases of double-stranded DNA, indicating
that not all structural features of the double-helix were lost during the heat denaturation
(see Figure 6-18 left and also Supplementary Figure 7; Table 6-14). Also some rings with
weak of off-meridional anisotropy suggested partial formation of double-strands from
the denatured DNA, but the fuzziness of the reflections indicated that the majority of the
material was single-stranded and not well aligned. It remained unclear what the
conformation of DNA in peptide-DNA complexes might be, and potential conformational
changes (e.g. A-DNA <-> B-DNA) induced by the peptides or denaturation might change

the diffraction pattern drastically.
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double-stranded DNA double-stranded DNA single-stranded DNA
no salt 150 mM NaCl no salt

Figure 6-18: Fibre diffraction patterns of DNA. Double-stranded DNA with (10 mM ST DNA,
middle) or without (20 mM ST DNA; left) 150 mM NaCl showed a clear A-DNA diffraction
pattern [233], while heat-denatured single-stranded DNA (20 mM heat-denatured ST DNA,
right) lost most of these features but retained a strong meridional reflection at 3.4 A. All

patterns were recorded at 180 mm sample-detector distance.

Table 6-14: Bragg spacings of DNA diffraction patterns

STDNA ST DNA heat-denatured ST-DNA
150 mM NacCl
18.8 e m
17.8 e m 17.8 e (w)
16.5 xe m
16.1 xe m
14.8 xe w
11.8 xm Vs 11.7 xm m
113 xm Vs 11.3 e m
113 e Vs
10.7 xe m 10.8 xe w
10.5 xm s 10.7 xm w
9.50 xe w
9.10 Xm (vw)
8.14 xe w 8.21 xe (vw)
7.39 e VW 7.42 e (vw)
7.38 xe w
6.68 xe m 6.73 xe w
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5.96
5.47
5.29
5.18
4.96
4.78
4.64
4.54
4.33
4.32

4.15
4.14

3.94

3.79

3.63

3.53

3.24

3.01

STDNA

Xe

Xe
Xe
xm
xm
xm
xm

xm

xm

xm
xm
xm

xm

xm

5.51
5.32

4.94

4.62

4.57
4.35

4.19
4.07

3.80
3.63

3.25

2.81

STDNA
150 mM NaCl

Xxe

xm

xm

xm

xm

xm

xm

xm

xm

salt

salt

(vw)

(vw)
A
A

vw

vw

vw

vw

vw

vw

'S

heat-denatured ST-DNA

5.50

4.27

3.38

xm

xm

(vw)

(vw)

(m)

Table 6-14 legend: Bragg spacings in A were determined using WCEN from the diffraction
patterns shown in Figure 6-18. The diffraction pattern of ST DNA with 150 mM NaCl (Figure
6-18, centre) was mostly identical to the diffraction pattern of ST DNA alone (Figure 6-18,

left); the main differences were the 2 salt rings and intensity differences (mainly weaker

DNA reflections in the presence of NaCl). After heat denaturation only few and diffuse

reflections could be detected (see also Figure 6-18, right). Abbreviations: e, equatorial; m,
meridional, xe, off-equatorial; xm, off-meridional; salt, salt ring; vs, very strong; s, strong; m,

medium; w, weak; vw, very weak; reflections in brackets are diffuse and their Bragg spacings

could not be determined with much confidence.
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In conclusion, nearly all peptide-nucleic acid complexes examined here with X-ray fibre
diffraction displayed a cross-f3 pattern indicative of amyloid formation. In some cases
there were suggestions of higher order aggregates like beta-helix formation.

Interestingly, no signature of the involved nucleic acids could be detected.
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6.1.8. INTERACTIONS OF FATTY AcIDS WITH (KL)3, (HL)3, AND (EL)3

Mutual interactions between amyloidogenic polypeptides and membranes have been
shown in some cases to lead to membrane disruption and amyloid fibrillisation [112],
but were usually studied only for larger polypeptides with rather specific interactions
with certain lipids like gangliosides [112,119,240] and/ or specific membrane-
anchoring peptide sequences [112,120]. Here we concentrated on interactions between
artificial fatty acid vesicles and our short amyloidogenic peptides to elucidate mutual
interaction effects of polyanionic membrane surfaces and short amyloidogenic peptides

which would also be of interest in the context of prebiotic evolution.

Fatty acid liposomes as model membranes were easy to prepare from homogeneous
micelle solutions. Vesicles readily formed when fatty acid stock solutions were brought
from pH 11 to pH 8.5 where the fatty acid micelles converted into liposomes [241]. A
general issue during the work with fatty acids was their high surface activity, making

pipetting difficult due to air bubble formation and reduced surface tension.

Turbidity assay

The formation of liposomes from fatty acid micelles at pH 8.5 was explored by
measuring the turbidity as previously described [210]. This was based on the better
light scattering of large liposomes (100 nm to several um diameters), which formed
from small fatty acid micelles (about 2 nm diameter) at this wavelength [210,242]. The
liposome formation could be accelerated by the addition of the clay montmorillonite,
which was said to enhance assembly of the fatty acids via its positively charged surface
[210]. This was thought to be an important process in prebiotic development [210].

Here we used the theoretically positively charged (KL)3, the theoretically net neutral
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(HL)3 and the theoretically negatively charged (EL)3 to examine the possible effect of
mutual interactions of peptides and fatty acids on the formation of amyloid fibres and
fatty acid vesicles. The turbidity measurements were adapted for use in a BMG plate
reader by using 96-well clear-bottom plates and a 450 nm absorbance filter. Spectra
were taken of 1-hour-old fatty acid liposomes on a NanoDrop instrument in 200 mM
bicine pH 8.5, which suggested that 450 nm was a suitable wavelength for the turbidity
assay, although scattering was higher at 400 nm as used by Hanczyc et al. [210] (see

Supplementary Figure 11).
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Figure 6-19: (KL); enhanced vesicle formation. A time course of turbidity as assessed by
measuring the absorbance at 450 nm was recorded over 60 minutes for fatty acid alone
(black), (KL)s alone (red), fatty acid-(KL)3 mixtures (blue), and buffer background (orange). 1
mM (KL)s was added directly prior to measurement to 10 mM myristoleic (A), palmitoleic (B)
or oleic (C) acid in 200 mM bicine pH 8.5 or buffer. A possible reason for the late increase in
noise may have been the formation of oil droplets since these were observed in samples at

the end of the experiments.

Initially, we explored the effect of our peptides on liposome formation by adding the

peptide to a liposome formation reaction. The read-out was the absorbance caused by
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increasing levels of turbidity (see Figure 6-19). Of the fatty acids alone (black curves in
Figure 6-19), oleic acid showed a larger maximum turbidity level (about 0.4 a.u.) than
palmitoleic acid (about 0.35 a.u.), which again was larger than myristoleic acid (about
0.25 a.u.). This suggested that either more liposomes were formed or the size
distribution of the vesicles maximised the scattering effect. The kinetics were similar for
all fatty acids on their own and potentially followed a sigmoidal or maybe hyperbolic
curve (black curves in Figure 6-19). The effect of (KL)3 was examined by mixing the
peptide with the lipids at a 1:10 molar ratio of peptide to fatty acid prior to the start of
the turbidity assay. The focus was on the formation of fatty acid liposomes, and we
wanted to avoid potential strong effects that might occur if the net positive charges on
the peptide exceeded the net charges of the fatty acids. Interestingly, the peptide alone
(red curves in Figure 6-19) had an intermediate absorbance of about 0.20 AU, which was
higher than the buffer background of about 0.07 AU (orange curves in Figure 6-19). It
remained unclear what gave rise to this turbidity or absorbance because (KL)3 was
expected to be fully soluble under these conditions due to its high charge density
(calculated +3 net charge). Myristoleic acid alone (black) showed only a low increase in
turbidity over time, but in the presence of the peptide (blue) turbidity peaked after
about 3 minutes before falling to about 0.4 a.u. after 20 minutes, when turbidity
decreased more slowly down to about 0.3 a.u. by 60 minutes (see Figure 6-19 A). A
similar result was obtained with palmitoleic acid-(KL)3 (blue; see Figure 6-19 B), but the
peak appeared right at the beginning of the measurement. There was considerable noise
after the plateau turbidity was reached by palmitoleic acid alone (blue). A potential peak
of oleic acid-(KL)3 (blue; see Figure 6-19 C) occurred within the dead time of the
experiment prior to the first measurement and rapidly decreased over time to a stable

plateau so that only the first time point appeared above plateau level. The turbidity of

138



Results

the (KL)3-oleic acid mixture (blue) did not exceed the plateau level reached by the fatty
acid alone (black). By the end of the measurement after 60 minutes the (KL)3-fatty acid
mixtures showed no difference to the fatty acid control (oleic acid, Figure 6-19 C) or
were slightly above and approaching control level (myristoleic and palmitoleic acid,
Figure 6-19 A and B). The palmitoleic acid alone and oleic acid alone showed a few small
oil droplets by the end of measurements. This was also seen in all (KL)3-fatty acid
samples, which exceeded the size and number of oil droplets in the fatty acid alone
samples. The initial peak in signal at the onset of the time course was not seen before
[210] and could not simply be the result of the addition of the peptide and fatty acid
signals. This might indicate the formation of larger, maybe non-vesicular complexes that
either fell apart again or quickly rose to sizes that no longer scattered efficiently at 450

nm anymore.

Light microscopy

From the turbidity assay it became clear that mixing (KL)3 with fatty acids had a marked
effect on the formation of scattering/ absorbing aggregates. To visualise these
structures, light microscopy was used to observe macroscopic structures. The formation
of potential liposome-peptide complexes at pH 8.5 from these vesicles and either (KL)3,
(HL)3 and (EL)3 was examined by light microscopy (see Figure 6-20 and Figure 6-21).
The 200 mM bicine pH 8.5 buffer has been used before to examine the formation of
liposomes from fatty acids without and with additional binding partners like clay or RNA
by Hanczyc et al. [210,243]. The peptides were carrying a theoretical net charge of +3 for
(KL)3, +/- 0 for (HL)3, and -3 for (EL)3 as calculated (see chapters 5.1.2 and 6.1.2). The
fatty acids on their own formed liposomes of varying sizes, apparently increasing in size

and density from myristoleic acid over palmitoleic acid to oleic acid (Figure 6-20 and
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Figure 6-21, first column). (EL)3 had no detectable effect on the liposomes (Figure 6-20
and Figure 6-21, second column). (HL)3 mainly gave rise to some large aggregates of
possibly fibrous origin, but there were still some liposomes visible (see Figure 6-20 and
Figure 6-21, third column). The nature of the aggregates was unknown, but since the
peptide on its own showed no aggregates (data not shown) and the fatty acids alone
were found to form only circular liposomes, an interaction seemed to be likely. The
picture was more differentiated for the (KL)3. At lower concentrations (see Figure 6-20,
right column) fibrous aggregates could be made out while the number of liposomes was
reduced for myristoleic and palmitoleic acid. The aggregates looked similar to
aggregates formed during insulin amyloid formation detected by Manno et al. using
phase contrast light microscopy [89,244]. Oleic acid predominantly showed large
aggregates and reduced numbers of liposomes, but the aggregates seemed to consist of
fibrous material. This behaviour changed at higher concentrations (1:1 concentration
ratio to liposomes) where only large amorphous aggregates were formed (see Figure
6-21, right column). The peptides on their own showed no visible complexes or

aggregates (data not shown).
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palmitoleic acid myristoleic acid

oleic acid

Figure 6-20: Light microscopy on fatty acid liposomes (from 3.33 mM fatty acid) in complex
with 1 mM peptide. Peptide or the same volume of water was spiked (1:20) into pre-
formed, 1 hour old fatty acid liposomes, incubated for 1 hour at room temperature and then
imaged. (EL)s; had no effect on the liposomes compared to the water control, but in the
presence of (HL); amorphous aggregates appeared. (KL)s gave rise to fibres, or fibrous
aggregates that in general were larger than the (HL); aggregates; the number of liposomes

seemed to be reduced. Scale bars are 10 um.
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myristoleic acid

palmitoleic acid

oleic acid

Figure 6-21: Light microscopy on fatty acid liposomes (3.33 mM fatty acid) in complex with
3.33 mM peptide. Peptide or the same volume of water was spiked (1:6) into pre-formed, 1
hour old fatty acid liposomes, incubated for 1 hour at room temperature and then imaged.
(EL)s had no visible effect on the liposomes compared to the water control, but in the
presence of (HL); amorphous aggregates appeared. (KL)s gave rise to aggregates that were in

general larger than the (HL)s aggregates. Scale bars were 10 um.

Dye-binding assays
The next step was to find out if the liposomes and peptides did more than just aggregate

and to find out whether they interacted to from amyloid structures. The fibrous material
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seen in the (KL)3-liposome samples encouraged us to examine the samples using
Thioflavin T fluorescence and Congo Red absorbance as this might indicate the

formation of amyloid (see Figure 6-22 and Figure 6-23).
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Figure 6-22: ThT assay on peptide-fatty acid complexes. 3.33 mM peptides were incubated
with 10 mM pre-formed fatty acid vesicles or buffer (200 mM bicine pH 8.5) in the presence
of 50 uM ThT as indicated. (KL); greatly increased ThT fluorescence in the presence of fatty
acids. (HL)z only slightly increased ThT fluorescence, while (EL); had no apparent effect. All
samples were run in triplicate (mean + s.d.). 50 uM Insulin amyloid positive control in grey,
buffer background fluorescence shown on the right. ThT fluorescence in arbitrary units. A
scattering control without dye showed no increase in signal. A Student's unpaired 2-sample
t-test with n = 3 was carried out using R to compare the means as indicated (* = p < 0.05; **
=p<0.01; *** =p<0.001) [215] (see Appendix 9.2 for a full list of the statistical
parameters). The peptides alone showed no significant increase above the buffer

background.
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(KL)3-fatty acid complexes showed a significant interaction with Thioflavin T. This
suggested that fatty acid liposomes might promote amyloid aggregate formation by this
peptide (see Figure 6-22). The ThT fluorescence was highest for oleic and palmitoleic
acid and about half as high for myristoleic acid. The signal obtained from fatty acid-(KL)3
mixtures was considerably higher than from (KL)3-ST DNA mixtures (compare to Figure
6-3). Interestingly, there also was a significantly increased ThT fluorescence showed by
(HL)3-fatty acid complexes, suggesting that this peptide might form amyloid under these
conditions. There was no significant increase of (EL)3, and none of the peptides alone
significantly exceeded the buffer background. The fatty acids caused some amyloid-
independent ThT fluorescence, probably because they provided a hydrophobic phase for
the dye that enhanced excitation of its fluorescence. A control assay run under the same
conditions in the absence of the dye showed no scattering contribution to the
fluorescence signal. Also, no significant differences between peptide-fatty acid mixtures
and fatty acid alone due to scattering could be detected when the scattering at the

excitation (440 nm) or emission (480 nm) wavelengths was examined separately.

144



Results

©
~

{ myristoleic acid  palmitoleic acid oleic acid

=
w
1

Congo Red absorbance at 544 nm
o
N
1

0.0+
(EL), + + + + E
>
(HL), + + + + £
£
(KL), + + + + 32
£

Figure 6-23: Congo Red assay on peptide-fatty acid complexes. 3.33 mM (EL)s, (HL)s or (KL)3
were incubated with 10 mM pre-formed fatty acid (1 hour old) vesicles in 200 mM bicine pH
8.5 in the presence 50 uM Congo Red as indicated. All samples with exception of (EL); alone
reached the level of the insulin amyloid positive control (50 uM; grey), although there was

considerable noise. All samples were run in duplicate (mean + s.d.).

Generally, Congo Red seemed not to be suitable to investigate amyloid formation in the
presence of fatty acids because all fatty acids showed high Congo Red binding
preventing any analysis of fatty acid-induced amyloid formation, maybe because of high
background absorbance of the turbid fatty acid solutions (compare to turbidity assay in
Figure 6-19). Although the Congo Red assay was set up to assess lipid complex
formation, the peptide-only controls that were performed at pH 8.5 added to the body of
data on the behaviour of peptides alone. (HL)3 and (KL)3 alone showed increased Congo
Red binding at pH 8.5 (see Figure 6-23), which might suggest that both peptides could
form amyloid aggregates under these conditions (200 mM bicine pH 8.5, resulting in a

theoretical 0 to -0.5 net charge for (HL)3, and +3 net charge for (KL)3; see Table 6-1).
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However, the increase was probably not significant (the samples were run only in
duplicate preventing statistical analysis), and (HL)3 showed no ThT binding under the

same conditions (see Figure 6-22).

X-ray Fibre Diffraction

Although the Congo Red assay gave only a weak suggestion of amyloid formation by
(KL)3 with pre-formed fatty acid liposomes, we were encouraged by the result to
examine such complexes by X-ray fibre diffraction. Stalk preparation with these
complexes was complicated by the reduced surface tension due to the fatty acids, but
eventually yielded milky-white stalks for all samples. The resulting patterns displayed
many salt rings and spots, maybe due to the high concentration of buffer ions (200 mM
bicine) and the fatty acids compared to the peptides (see Figure 6-24 and Table 6-15).
These might obscure a potential underlying peptide pattern. Some rings showed some
anisotropy agreeing with a cross-f pattern, which might suggest the presence of amyloid
fibres (bold print in Table 6-15). There were anisotropic rings that could not be assigned
to either meridional or equatorial direction, and that seemed to show only a single
maximum in contrast to the two opposing maxima mainly along or perpendicular to the
amyloid fibre axis of the amyloid-related reflections. There was no recognisable trend
whether the different fatty acids influenced the weak cross-f3 pattern of potential (KL)3-
fatty acid amyloid fibrils; the 3 recorded patterns showed different potential main
equatorial reflections (8.43 A with myristoleic acid, 7.88 A with palmitoleic acid, and
8.95 A with oleic acid). Interestingly, the equatorial reflections of the potential (KL)3
cross-f3 pattern seemed to be smaller than in the (KL)3-ST DNA pattern at pH 7 (see
Figure 6-15 and Table 6-12). Further analysis under altered conditions would be

necessary to prove amyloid formation, possibly recording patterns before the stalks are
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fully dried and the salt not yet crystallised, or trying to wash off the salt crystals on the

stalk surface.

(KL), with myristoleic acid ~ (KL), with palmitoleic acid (KL), with oleic acid

o

Figure 6-24: Fibre diffraction on (KL)s-fatty acid fibres. Samples were created from (KL)s in
200 mM bicine pH 8.5 with fatty acid vesicles as indicated. The patterns show anisotropy on
some reflections that might be associated with amyloid formation, but were overlaid by
strong diffraction of fatty acids and buffer salt. The reflections most were likely to be due to
an very weak underlying cross-p pattern of the (KL)s; peptide marked by arrows (labelled bold

in Table 6-15).
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(HL), with 883 mM bicine pH 8.5 (HL), alone pH ~6

By

Figure 6-25: Fibre diffraction on non-crystalline (HL); aggregates. Samples were composed
of 3.33 mM (HL)s in 200 mM bicine pH 8.5 (left) and 20 mM (HL)s at about pH 6 (right). The
patterns showed anisotropy on some reflections that were compatible with a cross-p

pattern (indicated by arrows; about 4.7 A meridional and 11 A equatorial). The left pattern
showed mainly salt rings and spots that were probably due to buffer salt crystallisation,
sometimes with anisotropy not in the equatorial or meridional direction (i.e. bottom left

of the recorded pattern). The right pattern displayed only very weak anisotropy.

An interesting side-effect of the treatment of (HL)3 with 200 mM bicine pH 8.5 was an
increased Congo Red binding which might suggest the formation of amyloid aggregates
by this peptide on its own, although the high turbidity of the solution might have been
responsible for this response (see Figure 6-23). (HL)3 alone in 883 mM bicine pH 8.5
(concentration created by accident) did not create a gel, but gave rise to aggregates as
indicated by visible turbidity (see Table 6-2). This material was used to make up stalks
for X-ray fibre diffraction and compared to a stalk prepared from a gloopy (HL)3 stock
solution in water before dialysis (very weak gel; see Table 6-2). Both gave rise to stalks
with opaque appearance suggesting either the presence of salt crystals on the surface or

of primarily unordered aggregates.
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Table 6-15: Reflections of (HL)s- and (KL)s-fatty acid complexes and (HL)3 alone

(HL); (HL)s (KL)s (KL)s (KL)s

no fatty acid no fatty acid myristoleic acid palmitoleic acid oleic acid

883 mM bicine unbuffered 200 mM bicine 200 mM bicine 200 mM bicine
pH 8.5 pH~6 pH8 8.5 pH 8.5 pH 8.5
17.02 e m | 19.82 e m | 22.45 e s
13.11 e s 14.94 e Vs

11.27 e (vw) | 11.05 (e) Vs 11.31 e s 11.15 ring w

8.43 e vw | 7.88 e w 8.95 e w
7.05 m m 7.08 ring m 7.07 ring m 7.07 ring m
5.96 e 'S 596 ring vs 593 ring s 595 ring s
5.51 ring w 5.51 ring  m 550 ring m 550 ring m
4.79 m w 4.83 m w 4.77 m s 4.83 m w
4.70 m 3 4.73 (m) m 4.73 m s 4.67 m s 4.72 m s
4.57 m 'S 4.62 m 'S 4.60 m S
4.52 m 'S 4.47 ring (w) 4.43 m 'S 4,51 m Vs 4.41 m Vs
4.33 e s 434 ring w 4.37 m Vs 433 ring m

3.72 ring (vw)

3.61 ring 'S 3.60 m 'S 361 ring s 3.60 ring vs
3.54 m s 3.53 m m 354 ring m 353 ring m
341 ring S 341 m S 341 ring vw | 3.40 ring S
3.34  ring m 3.30 m w 334 ring vw | 333 ring wvw
3.25 ring w 3.25 ring m 3.24 m w 3.26 ring vw | 3.28 ring vw
3.10 ring 'S 3.14 ring weak 3.22 m w 3.15 ring  w 3.21 ring m
3.15 m w 315 ring m
2.96 ring w 3.01 ring  w 2.96 ring vw | 3.05 ring m
290 ring VW 2.92 m vw [ 2.92 ring  w 2.92 ring  w
2.86 ring VW 2.87 m m 2.87 ring vw
2.83 ring w 2.82 ring S 2.84 m w 2.82 ring w
2.76 ring VW 2.77 ring vw | 2.75 ring vw
2.56 ring w 260 ring vw | 254 ring w 2.66 ring vw
2.50 ring VW 2.48 ring vw | 250 ring wvw | 2.52 ring  w
2.44  ring VW 2.46 ring vw | 2.48 ring  w

2.43 ring vw | 241 ring vw | 2.43 ring vw
2.35 ring VW 2.36 ring vw | 2.36 ring vw | 2.37 ring vw

231 ring vw | 2.33 ring vw

Table 6-15 legend: Bragg spacings were determined using WCEN from the diffraction
patterns shown in Figure 6-24 and Figure 6-25. Abbreviations: e, equatorial; m, meridional;
vs, very strong; s, strong; m, medium; w, weak; vw, very weak; reflections in brackets are
diffuse and their Bragg spacings cannot be determined with much confidence or anisotropy

is not very strong and difficult to spot. Bold reflections most likely represent an underlying

149




Results

cross-beta pattern of amyloid fibril-forming peptide-fatty acid complexes. Interestingly, the
equatorial reflections are smaller than the ones shown by (HL); or (KL)3-DNA complexes,

suggesting a different mode of lateral association (see Table 6-5 and Table 6-6).

The liposome buffer sample primarily exhibited salt rings and spots. But the weak
anisotropy on some of the rings suggested the presence of an underlying cross-f3
pattern, which might indicate that (HL)3 formed amyloid. The strongest equatorial
reflection was at 5.9 &, which was not seen with the other (HL)3-DNA complexes (see
Figure 6-14 and Table 6-11). A more likely candidate for the reflection representing the
spacing between the B-sheets of would be a fuzzy ring at about 11 A, which agreed
better with the previous fibre diffraction experiments (see Figure 6-14 and Table 6-11)
and would indicate either rather poor lateral association of maybe quite short fibrils or a
low degree of order within the stalk. A similar effect was seen with a sample of (HL)3
alone at about pH 6 (unbuffered), but the even weaker anisotropy suggested that
primarily amorphous aggregates were present (see Figure 6-25). All in all, (HL)3 in
liposome formation buffer might have formed amyloid fibrils, but further analysis would
be necessary to confirm this finding. The fibre diffraction pattern as a whole was not

conclusive because of the overlaying salt rings.

Summary

Taken together, light microscopy revealed aggregation of (HL)3 and (KL)3 in the
presence of fatty acid, which in the latter case took on an appearance similar to insulin
amyloid aggregates (see Figure 6-20 and Figure 6-21; ref [89,244]). The results from a

Congo Red assay were inconclusive because of a high background probably due to
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turbidity (see Figure 6-22), but the Thioflavin T assay showed increased binding to
(KL)3-fatty acid complexes; Figure 6-22). While the fibre diffraction patterns were not
very convincing they provided a hint at amyloid formation in (KL)3-fatty acid complexes
(Figure 6-24). This would support the suggestion that (KL)3 formed amyloid fibres in the
presence of fatty acids. Additionally, Congo Red binding (see Figure 6-23) and a weak
hint in fibre diffraction (see Figure 6-25 and Table 6-15) might suggest that (HL)3 could

form amyloid aggregates at pH 8.5 in a high-ionic strength (>200 mM) bicine buffer.

The effect of the peptides (HL)3 and (KL)3 on fatty acid liposome formation seemed to be
disruptive, as the aggregates seen by light microscopy (see Figure 6-20 and Figure 6-21)
and the oil droplet formation during the turbidity assay (see Figure 6-19) indicated. This
would suggest that they did not act like the clay montmorillonite [210], but they might

act similarly to other basic and amyloidogenic or cell-penetrating peptides that interfere

with membrane function [112,245].
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6.1.9. NucLEIC AcIDS PROMOTED STVIIE CONFORMATIONAL CHANGES

So far [ mainly used long DNA or RNA molecules and concentrations compatible with a
charge-neutralisation of the calculated positive net charges on the peptides by the
negatively-charged phosphate backbone close to a 1:1 charge ratio. This was thought to
create conditions favourable for amyloid aggregation by peptides that were not
expected to undergo this process so due to their high charge. [ was interested to see if
nucleic acids could also have a catalytic role and could enhance amyloid formation
kinetics. To study a 'catalytic effect’, the experiments needed to be conducted with
limited amount of DNA that could then be assessed for the ability to initiate amyloid
aggregation without necessarily being present as a structural component of the final
aggregate. The relatively fast amyloid formation, assuming it followed gel formation
within a few seconds (see Table 6-2, Table 6-3, Table 6-5, Table 6-6, Table 6-7, and Table
6-8) or the dye-binding assays within a few minutes (see ThT assays in Figure 6-5),
made it difficult to examine the kinetics of this process in ANA complexes. Additionally, I
wanted to avoid probes like the dyes Thioflavin T or Congo Red that might interfere with
the samples during amyloid formation. Therefore a decision was taken to follow amyloid
formation in the presence of trace amounts of DNA by circular dichroism (CD)
spectroscopy based on the well-characterised changes in CD spectra of peptides due to
conformational changes that have previously been shown to accompany amyloid

formation [139,142].

Our first choice was TVQFHMH, the peptide that formed amyloid on its own (cross-f3
pattern shown in Figure 6-17; gel formation in Table 6-7). It would have allowed the
examination of amyloid formation in the time frame of up to an hour based on gel

formation observation (Table 6-7), but its CD spectra did not agree with the established
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standard spectra [139,246-248] and were not reproducible even within the same
experiment when taken from the same sample (see Supplementary Figure 12). Some of
the observed problems may have been due to the high peptide concentrations (1 mM)
that were necessary to cause detectable gelation of TVQFHMH on its own (1 mM and
more; see Table 6-7), and the HT values of the CD spectrophotometer exceeded 800 V,
indicating that the generated spectra were out of range of the photomultiplier. This
phenomenon could have additionally been influenced by lack of tumbling of the
molecules in the cuvette due to fibre and gel formation, thereby violating a requirement
for circular dichroism spectroscopy (personal communication with Matthias Bochtler,

and ref. [249]).
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Figure 6-26: Time course of STVIIE forming amyloid on its own. The conformational change
of 0.8 mM STVIIE in 20 mM glycine pH 2.6 was followed by CD as previously described [142].
(A) CD spectra showing the transition from random coil (minimum at 198 nm) to B-sheet
(minimum at 218 nm). (B) Time courses of the ellipticity at 198 nm (blue; random coil) and

218 nm (red; B-sheet).
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The literature was then surveyed to identify basic peptides that had been characterised
by CD and that might therefore interact with DNA. We were unable to find a peptide
which had the necessary properties close to neutral pH and decided to focus on the
peptide STVIIE from Lopez de la Paz et al. [142] which was shown to display clear CD
time course spectra at pH 2.6. This offered the opportunity to analyse interactions with
single-stranded oligonucleotide DNA which would be stable at this pH. We then focussed
our attention on STVIIE that could form amyloid fibrils on its own within 24 hours (see
Figure 6-26; [142]). While this peptide was negative in ThT assays, probably because it
is too small to properly interact with the dye (personal communication with Louise
Serpell), it had a clear CD spectrum that was used before to follow the conformational
transition from random coil (minimum at 198 nm) to B-sheet (minimum at 218 nm),
which in combination with evidence of fibre formation seen by electron microscopy was
described as indicative for amyloid formation [142]. I were able to reproduce the
published results by recording a time course over 16 hours, showing a gradual
transition from the initial random coil spectrum to -sheet (Figure 6-26). The main
changes were visible at the disappearing minimum at 198 nm (random coil peak) and
the appearing minimum at 218 nm ([3-sheet peak). These peaks were used to monitor
the progress of the conversion to amyloid conformation. Additionally, a peak at 204 nm
belonging to the B-sheet signature developed. During the time course some particles
appeared in the cuvette, showing that amyloid aggregates formed by STVIIE were not
stable in solution. An isosbestic point at about 210.5 nm (between the recorded 210 and

211 nm steps) indicated a direct transition between two distinct conformations.

Throughout subsequent CD studies the control (peptide-only) spectra varied both for

the time of onset of measurable changes and for the profile of the curve at the final time
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point. (For example, compare Figure 6-26, Figure 6-28, Figure 6-29, and Supplementary
Figure 6). Because the kinetics of aggregate formation and the conformation of the
amyloid aggregates may have been dependent on the starting state, great care was taken
to analyse samples in parallel since control samples analysed simultaneously showed
very similar spectral changes and time of onset (data not shown). The samples were
prepared using the same peptide stock solution, buffer stock solution and freshly
cleaned cuvettes, and were examined simultaneously. Care was taken to minimise
differences in sample mixing during analysis by careful handling of the cuvettes during

the experiments.
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Figure 6-27: Oligo E control CD spectrum. CD spectra of 20 mM glycine pH 6 with (blue) and
without (black) 242 nM oligo E (8 uM with respect to charge) were recorded in three repeats
from 190 to 260 nm. After averaging and subtraction of the buffer spectra mean from the

oligo E spectra mean a virtually featureless spectrum (red) remained.
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Matched side-by-side comparison of samples with and without oligo E revealed a
conformational switch from random coil (minimum at 198 nm) to 3 structure (minimum
at 218 nm), but the final spectra were influenced by the presence of DNA (see Figure 6-
28 and Figure 6-30). There were also changes in the time course (see next paragraph).
The oligonucleotide did not have a big contribution to the CD spectra because of its low
concentration (242 nM), which resulted in a relatively featureless spectrum (see Figure
6-27). The absence of a DNA spectrum allowed the examination of peptide
conformational changes without interference. The spectra of STVIIE alone shown in
Figure 6-28 B and Figure 6-29 B indicated that not all random coil conformation was lost
in contrast to Figure 6-26 A as indicated by the trough of signal at 198 nm. However,
similar spectra were regularly encountered as the endpoint of the conformational
change both with and without oligo E (see Supplementary Figure 6). In one case (see
Figure 6-28 B) the presence of an isosbestic point at 214 nm suggested a direct
transition between two distinct conformations. The presence of 242 nM oligo E seemed
to influence the conformation adopted after 24 h as shown in Figure 6-28 A and Figure
6-30 A. The trough in signal at 218 nm became wider and deeper in comparison to the
matched STVIIE only sample. A shoulder at 198 nm suggested that not all random coil
conformation was lost. The absence of isosbestic points suggested that the
conformational transition did not occur directly between two distinct conformations,

but might have involved alternative trajectories.

The onset of conformational change of STVIIE as shown by the loss of the random coil
signal at 198 nm was greatly enhanced by the presence of 1:100 charge ratio oligo E
(1:3300 molar ratio, i.e. 242 nM) (see Figure 6-28 and Figure 6-29). There was variation

in the time of onset of the conformational change between different preparation of
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samples of STVIIE without oligo E (compare Figure 6-26, Figure 6-28 B/D and Figure 6-
29 B/D) and STVIIE with oligo E (compare Figure 6-28 A/C, Figure 6-29 A/C, and
Supplementary Figure 6). The peak at 204 nm did not develop after the experiment
shown in Figure 6-26 which matched the published spectrum [142]. Additional batches
of STVIIE were prepared to try to 'regain’ the first observed spectrum, but a range of
spectra were obtained in which the most consistent feature was the loss of the random
coil signal at 198 nm. The conformational switch was accompanied by the appearance of
white deposits on the walls of the glass cuvettes both with and without oligo E. These
aggregates initially had a web-like appearance, grew in size and visibility with larger
clumps emerging before disappearing again. The aggregates appeared to be immobile
during cuvette switches in the course of the experiments. The cleaning of the cuvettes

afterwards revealed that they were held in place due to gel formation.

The ellipticity increase at 198 nm was more robust and stronger than the decrease at
218 nm, indicating that the major process is the loss of random coil conformation and
not the adoption of beta-sheet conformation by the peptide. Logistic curves were fitted
to the time courses to determine the transition midpoints. The loss of the random coil
conformation occurred earlier with DNA (4.1 + 0.2 and 3.3 £ 0.1 hours vs. 7.3 £ 0.1, 13.2
+ 0.3 and 10.0 £ 0.1 hours), while the temporal differences in -sheet formation were
less pronounced (9.3 £ 0.2 and 7.5 + 0.1 hours vs. 5.7 + 0.0 and 8.8 + 1.7 hours). In the
absence of DNA the formation of B-sheet started before a loss of random coil could be
detected, while in the presence of DNA this was reversed. This suggested a different

conformational route for the transition to 3-sheet in each case.
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Figure 6-28: DNA oligonucleotides promoted loss of random coil conformation, repeat 1. A
time course of the conformational change of 0.8 mM STVIIE in 20 mM glycine pH 2.6 without
(B, D) or with (A, C) 242 nM oligo E (33mer; 1:100 charge ratio) was followed over 24 h by CD
spectroscopy. (A and B) A buffer background spectrum was subtracted from the spectra of
the time course (0 - 24 hours as indicated) shown in panel A (with oligo E) and B (without
oligo E). The initial spectra showed a minimum at 198 nm and a shoulder at about 215 nm.
The final spectra displayed minima about 201 nm and 218 nm (A) or at about 197 and 218
nm (B). (C and D) The ellipticity at 198 nm (blue) and at 218 nm (red) was chosen to follow

the conformational changes of STVIIE with (C) and without (D) oligo E.
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Figure 6-29: DNA oligonucleotides promoted loss of random coil conformation, repeat 2. A
time course of the conformational change of 0.8 mM STVIIE in 20 mM glycine pH 2.6 without
(B, D) or with (A, C) 242 nM oligo E (33mer; 1:100 charge ratio) was followed over 24 h by CD
spectroscopy. (A and B) A buffer background spectrum was subtracted from the spectra of
the time course (0 - 24 hours as indicated) shown in panel A (with oligo E) and B (without
oligo E). The initial spectra showed a minimum at 198 nm and a shoulder at about 215 nm.
The final spectra displayed minima about 201 nm and 218 nm (A) or at about 197 and 218
nm (B). (C and D) The ellipticity at 198 nm (blue) and at 218 nm (red) was chosen to follow

the conformational changes of STVIIE with (C) and without (D) oligo E.
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Figure 6-30: Logistic fits to STVIIE conformational change to determine the midpoints of
the conformational transition. Logistic curves (red lines; Equation 7) were fit to time courses
(black squares) at 198 nm (A) and 218 (B) shown in Figure 6-26 B. Results of the fits are

shown in the graphs.

A1—4,

1+(%)p

y=4;+ Equation 7

In summary, the studies suggested that samples with DNA lost the random coil
conformation at an earlier time point than peptide-only samples. This observation
supports the idea that DNA may be able to catalyse the loss of random coil conformation
of STVIIE. The identity of the peptide conformations at 24 h after the start of the assay
was less clear based on the variations in the final spectra observed. However, these
samples were observed to contain fibrils (see next section), suggesting that amyloid

formation had occurred.
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Figure 6-31: Logistic fits to STVIIE conformational change with or without oligo E to
determine the midpoints of the conformational transition. Logistic curves (red lines;
Equation 7) were fit to time courses (black squares) at 198 nm (A, C, E, G) and 218 nm (B, D,
F) shown in Figure 6-28 Cand D (A, B, E, F) and Figure 6-29 C and D (C, D, G). No curve was fit

to the time course at 218 nm shown in Figure 6-29 D because it was not clearly sigmoidal.

A1—4,

1+(%)p

y=4;+ Equation 7

Table 6-16: Midpoints and lag times for random coil to B-sheet transition of STVIIE + DNA

lag phase midpoint r2 lag phase midpoint
198 nm 198 nm 218 nm 218 nm

STVIIE Figure
without n.a. 73h+0.1h 0999 2h 57h+0.0h 0.999 &

. 6-26 B
oligo E
STVIIE _

. Figure
without 6h 13.2h+03h 0.946 10 h 88h+1.7h 0.751

. 6-28 D
oligo E
STVIIE not Figure
w1.thout 6 h 10.1h+0.1h 0.996 n.a. determined n/a 6-29 D
oligo E
STVIIE Figure
with 3h 41h+02h 0926 6h 93h+0.2h 0.978 &

. 6-28 C
oligo E
STVIIE Fi
with 2h 33h+0.1h 0982 6h 75h+0.1h 0994 B¢

. 6-29 C
oligo E

Table 6-17 legend: Midpoints were determined by fitting a logistic curve using Origin Pro 8
to the time courses shown in Figure 6-26 B, Figure 6-28 C and D, and Figure 6-29 C and D.
The fits are shown in Figure 6-30 and Figure 6-31. The lag phases were determined visually
from the same graphs. The data indicated that the presence of 1:100 charge ratio oligo E
promoted loss of random coil conformation (transition at 198 nm), while the gain of B-sheet

was not as clear (transition at 218 nm).
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Figure 6-32: Electron micrographs of STVIIE amyloid fibres. The samples created during the
first CD time course experiment (shown in Figure 6-28) from 0.8 mM STVIIE in 20 mM glycine
pH 2.6 without (A) and with (B) 1:100 (calculated charge ratio) DNA oligonucleotide showed
no clear difference in fibre morphology. Both showed long, relatively straight fibres, of which
some were twisted, with diameters of about 9 nm. Oligo E seemed to have no apparent

effect on the formation of larger fibre bundles or aggregates. Scale bars are 500 nm.

No striking morphological difference of STVIIE fibres formed either with or without
oligo E could be detected by EM analysis. Both appeared as amyloid fibrils with long,
relatively straight, occasionally twisted fibres with a minimal diameter of about 9 nm

(see Figure 6-32 and Table 6-17). No difference in aggregation either toward fibres or
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amorphous aggregates could be detected between STVIIE +/- oligo E, although this
survey was not exhaustive. This suggested that the presence of the oligonucleotide did
not induce macroscopic morphological changes detectable by TEM (see Figure 6-32), but
the differing spectra for the samples with and without oligo E suggested different final
conformations (see Figure 6-28). However, it might also be possible that material giving
rise to the CD signal did not attach to EM grids. The lack of an isosbestic point in the
presence of oligo E furthermore suggested that different pathways were followed by the
peptide when adopting its final conformation. Fibre diffraction experiments did not
yield usable results because the glycine buffer gave rise to surprisingly strong salt rings
and spots, completely masking the STVIIE diffraction pattern (data not shown). As
mentioned before for the fatty acid-peptide stalks, washing the stalks or using them
when still moist for diffraction might reduce this problem, but it would not be
guaranteed that this would allow picking up the potentially subtle differences between

STVIIE fibres with or without oligo E.
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Table 6-17: STVIIE fibre diameters

STVIIE alone STVIIE + oligo E

9.6 £0.3 9.5+£0.1
9.2+0.8 104 +1.4
10.1 £ 0.7 119+1.8
10.5+0.7 12.3+0.1
10.5+0.8 124+ 0.6
11.2+0.9 13.0+0.8
11.3+£2.0 145+19
11.5+0.9 149+2.6
13.7+0.4 151+1.1
13.7+0.9 15.5+2.1

Table 6-17 legend: Fibre diameters were determined using ImageJ [204]. Three
measurements were taken on clearly defined fibres with a distance of at least twice the
diameter between measurement sites. Measurements were not taken of large diameter
fibres/aggregates in order to determine minimum fibre diameters. No striking difference
between STVIIE fibres with and without oligo E could be made out. Diameters are in nm #

standard deviation of the three measurements of the same fibre.

In conclusion, we have shown that even very small amounts of nucleic acid could greatly
promote conformational changes of STVIIE, specifically the loss of random coil
conformation, by reducing the lag phase. The resulting fibres had the same appearance
on TEM images with or with support from the oligonucleotide, but the CD spectra

suggested different conformational polymorphisms and folding pathways to reach them.
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6.2. ANALYSIS OF HYBRIDISATION IN THE PRESENCE OF ANA COMPLEXES

From our studies it became clear that nucleic acids had a marked effect on simple basic
peptides with alternating polar and apolar amino acid residues by enhancing their
amyloid formation potential. These interactions were probably based on peptide and
nucleic acid charges as suggested by the gel formation (see chapter 6.1.3). Additionally,
the absence of a DNA signature in the fibre diffraction experiments cast doubt on the
structural integrity of DNA and made it seem worthwhile to examine DNA hybridisation
in the context of peptide-nucleic acid complexes. The ability of DNA to hybridise is

directly related to its ability to form base pairs and its double-helical structure.

6.2.1. PICOGREEN ANALYSIS OF HYBRIDISATION

PicoGreen is an asymmetric cyanine dye that shows increased fluorescence upon
binding double-stranded, but not single-stranded DNA or RNA [250-252]. Initially I
concentrated on the hybridisation of oligo E and oligo F that at least theoretically would
form double-stranded DNA strands of indefinite length (see Figure 5-4; also used for
BlAcore experiments, see Chapter 6.2.2). The effect of salt was examined with a NaCl
titration from 0 to 150 mM (see Figure 6-33). Even the quite low NaCl concentration of
10 mM was sufficient to give rise to half-maximal hybridisation, with a hybridisation
plateau reached at about 40 mM NaCl. This was a very low concentration compared to
what was used for hybridisation experiments like Northern and Southern blots or

microarrays [253-255].
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Figure 6-33: Hybridisation promotion of oligo E and F by NaCl measured by PicoGreen
fluorescence. (A) Schematic of oligo E and F hybridising to each other. The 16 bp overlap
sequences with a thymidine as a spacer would theoretically allow the creation of nicked DNA
double-strands of indefinite length. (B) PicoGreen assay of oligo E with oligo F. 2.5 uM of the
oligonucleotides were incubated with 0 to 150 NaCl at room temperature for 30 minutes
before measurement. Hybridisation of oligo E and F reached a saturation plateau at about 40
mM NaCl. A logistic curve was fit using Origin (A; = 3390 + 242, A, = 16993 + 205, xo = 9.6 +
0.5 mM NaCl and p = 1.7 £ 0.1 through the n = 12 points (r* = 0.98);see Equation 6).

1—42

y=A2+A

— 7 Equation 6
1+(2)

X0
In the next step I wanted to study the effect of (KL)s on hybridisation of oligo E and oligo
F. It had the highest charge density of the peptides used in this study (see Table 6-1),
and it was felt that it might be able to denature DNA. A BlAcore assay (see Figure 6-37)

showed that (KL)s might interfere with hybridisation and denature DNA.
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The presence of even very low concentrations of (KL)s resulted in a reduction of
PicoGreen fluorescence. The half-maximal fluorescence was reached at about 35 uM, and
at 100 pM all fluorescence it was reduced to background level (see Figure 6-34). This
was a low peptide concentration compared to the range explored before, for example for
gel formation (0.2 to 5 mM peptide; Table 6-5) and the Congo Red assay (0.2 mM

peptide; Figure 6-7).

The reduction of PicoGreen fluorescence might have been caused by the peptide
interfering with binding of the dye to double-stranded DNA, which is required for its
fluorescence. PicoGreen has been reported to most likely intercalate between the base
pairs [250-252], but its structural similarity to SybrGreen has also led to the suggestion
that it exhibits minor groove binding [256]. Independent of the exact PicoGreen binding
mode, the lack of binding may result from the distortion/ denaturation of the DNA
structure by (KL)s, thereby preventing dye binding. Alternatively, the peptide may have
quenched the fluorophore, resulting in a reduced fluorescence. The results of the
BlAcore assay (see Figure 6-37) suggested that (KL)s might interfere with hybridisation
of DNA strands to each other, making denaturation of DNA a more likely explanation for

the reduced PicoGreen binding.
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Figure 6-34: Signal reduction of PicoGreen by (KL)s. Very low concentrations of (KL)s (from
about 10 uM on) reduced fluorescence of PicoGreen, reaching the basal level at about 100
UM peptide. 2.5 uM oligo E and F were incubated with 0 to 10 mM (KL)s and 50 mM NaCl at
room temperature for 30 minutes before measurement, reaching maximum quenching to
background levels (about 5000 fluorescence units) at about 100 uM. A logistic curve was fit
using Origin (A1 = 20784 + 602, A, = 4286 + 426, xo = 0.035 + 003 mM (KL)s and p=1.53 +

0.23 through the n = 12 points (r* = 0.98); see Equation 6).

A1—4,

1+(%)p

y=A,+ Equation 6

Taken together, PicoGreen appeared to be able to detect the hybridisation from single-
stranded oligonucleotides, but the loss of fluorescence signal at concentrations lower
than previously used to explore the interactions of (KL)s with nucleic acids (gel
formation: Table 6-5, Congo Red binding: Figure 6-7, electron microscopy: Figure 6-10)
made this assay unsuitable for further experiments. The difficulties in distinguishing
between the effects of the peptide on DNA hybridisation and potential quenching led us

to switch to use the FRET setup, which allowed us to interpret possible effects on
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hybridisation or on the fluorophores by comparison of the 11 bp overlap and 0 bp

overlap probes. (see section 6.2.3 (page179) and Figure 6-39).

6.2.2. BIACORE ANALYSIS OF THE MUTUAL INTERACTIONS OF PEPTIDES AND OLIGONUCLEOTIDES
Interactions between biomolecules are frequently studied using surface plasmon
resonance (SPR; BlAcore) [257,258]. A system of multiple overlapping oligonucleotides
was designed to examine the effect of peptides and peptide-nucleic acid complexes on
nucleic acid hybridisation and of nucleic acid length on peptide aggregation [259-261].
For these studies, DNA oligonucleotides were immobilised on a gold chip, while peptides
were flowed over the surface. Local changes in refractivity result from changes in mass

at the surface and were expressed as response units (RU).

Initially a biotinylated anchor oligo D was bound to a streptavidin-covered gold BlAcore
chip (SA chip: carboxymethylated dextran pre-immobilized with streptavidin; BlAcore,
Sweden) (see Figure 6-35 for a schematic). Overlapping complementary sequences

(16 bp with equal use of each base) were hybridised to allow the sequential generation
of a stepwise increase in DNA of defined length with an increase in length of 17 b per
injection cycle (16 bp hybridising to each other with 1 base as a spacer). Importantly,
the DNA formed would have contained nucleic acid nicks at regular intervals as shown

in the diagram (see Figure 6-35 for a schematic).

Flowing oligo E over the chip led to an increase in response in the experimental flow cell
modified with oligo D on its surface and a control flow cell (see Figure 6-36 A, first oligo
E injection). The resulting curve after subtraction of the background of the control flow

cell showed that the response increased until a plateau was reached. This increase in RU

was interpreted as material associated with the chip surface, in this case oligo E. The
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response did not drop markedly during the buffer wash, indicating that the
oligonucleotide remained bound to the surface. Hybridisation of oligo E to oligo D was
seen as the cause for this response curve; without such stable interactions oligo E would
have been washed away. The plateau would suggest that all free binding sites were
occupied by the oligonucleotide. The following injection of oligo F resulted in a similar
curve shape, but the net increase from plateau to plateau was smaller (see Figure 6-36 A,
first oligo F injection). This pattern was repeated for the following injections of oligo E
and F, with oligo E reaching a stronger net response than oligo F. After the third

injection of oligo E no net increase in response was seen.

The apparent reduction in net response with each alternating flowing of oligonucleotide
over the chip might be due to the intensity decrease of the plasmon resonance field with
increasing distance from the chip surface. But the material accumulated on the chip
would create DNA strands of 30 nm length (based on 0.34 nm rise per base; 88 bp long
DNA), while the SPR-efficient field extended to about 200 nm above the surface (BIAcore
3000 manual). So it appeared as though the hybridisation of the oligonucleotides to each
other was not to 100% efficient, maybe due to some undetected secondary structure
formation. Hybridisation as a cause for the response increase was also supported by the
reduced association of the oligonucleotides with the surface in 50 mM Nac(l, and no
binding could be observed in the absence of NaCl (data not shown); hybridisation would
require NaCl for charge shielding of the phosphate backbone [201]. Oligo E usually
seemed to hybridise with about 70 to 80% efficiency, while oligo F reached only about
30% efficiency (see Figure 6-36 B). It remained unclear why no net response increase
could be seen after the 5t injection cycle. However, this pattern was reproducible, and I

thought that this system provided an assay suitable for the examination of peptides on
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DNA hybridisation. It should be noted that the final products in the control DNA
experiments would be predicted in the range of 20 b ssDNA to a nicked partial duplex of

maximum of 88 b (30 nm).

A Biotin-GATCTTCGAGTCAGACAGCT
AAGCTCAGTCTGTCGATTTGATCACAACGCTGG
AACTAGTGTTGCGACCTTTCGAGTCAGACAGCT

B %
© o, o, o, o,
OO ?90 ?90 ?90 {/90
<& A <& A
N

/

gold surface

Figure 6-35: Schematic of oligo E and F in the BlAcore build-up experiments. (A) Sequences
of oligo D (green, 5’ to 3’), E (red, 3’ to 5’), and F (blue, 5’ to 3’), showing their overlap. The
free end on oligo F provides a hybridisation site for oligo E. (B) Oligo D (green) is captured by
streptavidin (brown) immobilised on the gold surface of a BlAcore chip. Successive

alternating injections of oligo E (red) and oligo F (blue) build up a double-stranded DNA that

is linked to the gold surface.
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In the next step I wanted to examine the effects of the peptide on DNA hybridisation. To
avoid forming gels in the delicate liquid handling system of the BIAcore instrument 10
uM (KL)s was used in initial assays. This peptide concentration was lower than those
previously used to show gel formation (see Table 6-5) and that which was used in the
Congo Red assay (see Figure 6-7). However, it was thought that if positive interaction
data was obtained, the presence of fibrous aggregates could be determined on the
BIAcore chip surface using AFM as previously described [262]. In addition, the
concentration of peptide 10 uM was previously shown to be sufficient for amyloid
aggregate formation by AB1-40 [157]. (KL)s was used for initial assays as it had the
highest charge density and was amongst the largest of the peptides, thus most likely to

give a good signal.
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Figure 6-36: Hybridisation of oligo E and F on the BlAcore. (A) Oligo E and F were injected
(grey areas as indicated; E and F indicated on the top) over a chip functionalised with oligo D
(blue curve). A reference flow cell (black) was used to subtract the buffer/ unbound

background. This allowed the response curve (red) to be calculated. (B) Changes in response
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with each injection (plateau level of red curve in panel A). Oligo F reached only about a third
of the response of oligo E, which seemed to saturate nearly all available binding sites on
oligo D and oligo F. After 3 injection cycles only very low levels of new binding were

detected.

[ wanted to explore the binding of (KL)s to longer DNA strands and its effect on
hybridisation (see Figure 6-37). The DNA build-up showed the expected pattern of good
oligo E binding and weaker oligo F binding (compare to Figure 6-36). The addition of
(KL)s to the running buffer (10 mM HEPES pH 7) resulted in a large response which
quickly dropped at the end of the peptide injection, reaching a response level lower
than the plateau before the peptide injection. The response increase during peptide
injection would suggest that (KL)s associated only transiently with the surface in the
experimental flow cell. The response was lower in the control flow cell, which presented
a lower density of negative charges (oligonucleotide-modified streptavidin surface vs.
unmodified streptavidin surface). The decreased plateau level after dissociation of the
transiently bound peptide would suggest that some of the oligonucleotide was removed
from the chip surface, too. This might be due to either (KL)s interfering with
hybridisation, or to the peptide causing the release of the biotinylated anchor from
streptavidin. The reduction in PicoGreen fluorescence (see Figure 6-34) might support

the idea that the peptide interfered with hybridisation by denaturing the DNA.
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Figure 6-37: Binding of (KL)s to oligo E/F on the BlAcore chip. Running buffer was 10 mM
HEPES pH 7.0 with 150 mM NaCl at 20 pl/min. Dissolved in the same buffer, 0.5 uM of oligo
E or oligo F were alternatingly injected for 30 seconds as indicated in order to build nicked
double-stranded DNA of defined length on the chip surface before 10 uM (KL)s was injected
for 2 minutes. During the injection of the peptide the response increased because of a
change in buffer refractivity. The following response decrease fell below the response level
of the oligonucleotides on their own. The chip surface consisted of oligo D immobilised on
streptavidin and was regenerated by injection of 50 mM NaOH for 30 seconds to remove the
oligonucleotides and 1 M NaCl for 30 seconds to wash off any peptides sticking by charge-
interactions as indicated. The shown traces were buffer subtracted from a control flow cell

containing an unmodified streptavidin surface.

After (KL)s appeared to interfere with hybridisation and native DNA structure I
examined the direct effect of (HL)3 during oligo E binding to a BIAcore chip. The peptide
was mixed with the oligonucleotides directly before injection (no gel detectable; see

Table 6-2). There was virtually no difference in response between (HL)3-oligo E
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mixtures and oligo E alone (see Figure 6-38). While the oligonucleotide in both cases
seemed to hybridise as usual, no additional response that might have been due to the
peptides could be seen. This would suggest that the peptide did not associate with the
chip surface, and that it also did not interfere with hybridisation. A change in NaCl
concentration (0, 50, 150 mM) had no effect; no additional binding above the

oligonucleotide associating with the chip surfaces could be detected.
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Figure 6-38: Binding of (HL)s-oligo E mixtures to an oligo D BlAcore chip surface. 0.5 uM
oligo E (A) or 10 uM (HL)3 with 0.5 uM oligo E were flowed for 2 minutes over a chip surface
modified with oligo D. The chip was washed with buffer for 6.5 minutes before it was
regenerated by injection of 50 mM NaOH for 30 seconds. Running buffer was 10 mM MES

pH 6.2 with 150 mM NacCl at 20 pl/min.

Taken together, the BIAcore binding assays suggested that (KL)s may have denatured
double-stranded DNA because it seemed to be able to reduce the amount of

oligonucleotides bound to the chip surface (see Figure 6-37). (HL)3 on the other hand
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did not appear to interfere with hybridisation (see Figure 6-38). Since no aggregate

formation by the peptide could be detected, the work with this assay was stopped.

6.2.3. ENHANCEMENT OF HYBRIDISATION BY ANA COMPLEXES SHOWN BY TR-FRET

To study the effects of positively charged ANA complexes on hybridisation of
oligonucleotides, time-resolved FRET (TR-FRET) was used to follow the binding of two
oligonucleotides to each other. These probes carried either a donor (ATTO 488) or
acceptor (ATTO 550) fluorophore that showed only fluorescence energy transfer when
brought within the Forster radius (6.4 nm; Atto-Tec, Germany) of the fluorophore pair.
This was most likely to occur when the DNA probes hybridised with each other via their
complementary single-stranded 11-bp-overlap sequences. The existence of
hybridisation-independent processes that could bring the probes within the Forster
radius was controlled by the use of sequence-matched 0 bp controls (see schematic in
Figure 6-39). Additionally, samples without any peptide but with higher levels of salmon
testes DNA (3.5 mM ST DNA) were used to control for potential crowding effects (for an
example see Figure 6-45). It was thought that ST DNA would be a suitable, though not
ideal, control since the peptides used here would be expected to form amyloid fibres and
would not be available as monomers. The negatively charged peptide (EL)3 was used as
a control for the positively charged peptides since it showed no evidence for amyloid

complex formation under these conditions (see Figure 6-46).

The use of TR-FRET had several advantages over DNA-binding dyes like PicoGreen: The
fluorophores were covalently attached to probe oligonucleotides via a linker and did not
have to bind to DNA, avoiding access issues by aggregate or gel formation. Also, TR-

FRET was largely independent of the absolute fluorescence signal since measurements
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were not altered by minor changes to probe concentrations. In addition, the technique
was potentially more sensitive to lower levels of binding than intensity-based
measurements as fluorophore 'bleed-through' did not set a lower limit to the detection
range. Bleed through varies with the spectra of the fluorophore pairs used. I used the
time-resolved FRET set-up built and maintained for a different application by the lab of

Paola Borri [209].

A

Probe 1 with 11 bp overlap
3'-CACTGACCACTTACTGATGCTCGATCGAATCTCGCTCACGACTTCTCG-5"
5'-CTGGTGAATGACTACGAGCTAGCTTAGAGCGAG-3"'
Probe 2 with 11 bp overlap
3'-ACTTCAATCGCTAGAATCTAGTCGATGTGGGTC-5"
5'-TGCTGAAGAGCTGAAGTTAGCGATCTTAGATCAGCTACACCCAGTCAC-3"

Probe 1 with no overlap
3'-CACTGACCACTTACTGATGCTCGATCGAATCTCGCTC-5"
5'-CTGGTGAATGACTACGAGCTAGCTTAGAGCGAG-3"
Probe 2 with no overlap
3'-ACTTCAATCGCTAGAATCTAGTCGATGTGGGTC-5"
5'-TGAAGTTAGCGATCTTAGATCAGCTACACCCAGTCAC-3"

11 bp overlap no overlap
33 bp 1b 1b 33 bp ‘ 33 bp ‘ 33 bp
dsDNA ssDNA ssDNA dsDNA dsDNA dsDNA

ATTO488 % ; % ATTO550
ﬂ % no hybridisation

hybridisation

J 4
473 nm 523 nm 576 nm
Figure 6-39: Construction of the FRET probes. (A) Sequences of the FRET probes. The probes

were mainly double-stranded as indicated. The residues in bold carried either ATTO 488

(probe 1; donor fluorophore) or ATTO 550 (probe 2; acceptor fluorophore). (B) Schematic of
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fluorescence emission of the probe fluorophores. ATTO 488 attached to the donor probe was
the main excited fluorophore by the 473 nm laser light, emitting light at 523 nm. The
acceptor was minimally excited by the laser, and only emitted fluorescence at 576 nm with
intensity comparable to the donor when FRET occurred and the donor transferred energy to
the acceptor. This only happened when the fluorophores were brought within their Forster
radius (6.4 nm; Atto-Tec, Germany) upon hybridisation of the 11 bp overlap probes. The 0 bp
overlap probes could not give rise to FRET resulting from hybridisation because they lacked

the 11 bp complementary sequences.

Initially, I explored the ability of the system to detect hybridisation in a salt titration
ranging from 1.125 mM to 1 M NaCl in the presence of 500 nM hybridisation probes. The
probes were used at a concentration where near maximal saturation could be expected
at about 5x Kq (Kq of approximately 100 nM as determined by BIAcore analysis; personal
communication with Amal Kasry (Cardiff University); see also Figure 6-44). The
fluorescence decay of the donor fluorophore became faster with increasing NaCl
concentrations, while the fluorescence decay acceptor fluorophore showed a delayed
rise with a shift and broadening of the maximum (see Figure 6-40). FRET could be safely
detected from 20 mM NaCl to 1 M NaCl as indicated by a delayed rise and decay in the
acceptor channel (see Figure 6-40). At 5 and 10 mM NaCl there was only a weak FRET
signal, and at 1.125 mM NacCl no changes in donor or acceptor fluorescence decay could
be observed. NaCl did not affect the fluorescence decay of donor probe or acceptor
probe alone. Hybridisation levels could be calculated from the donor decay curves,
showing that a plateau was reached in the presence of 500 nM hybridisation probes at

about 150 mM NaCl. A Hill curve was fitted to the data in order to determine the NaCl
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concentration required for half-maximal hybridisation as cfe. = 53 mM NaCl. The NaCl
concentration required for half-maximal hybridisation was higher than the one

determined for oligo E and oligo F using the PicoGreen assay (9.6 mM NaCl; see Figure
6-33). This might be at least partially due to the shorter hybridisation sequence of the

FRET probes (11 bp) compared to the oligo E/F system (16 bp).
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Figure 6-40: Hybridisation promotion by NaCl measured by TR-FRET. (A) Fluorescence decay
time courses at varying NaCl concentrations. 500 nM of donor and acceptor hybridisation
probes were incubated with 1.125 mM to 1 M NacCl at room temperature for 30 minutes

before measurement. The reference was 500 nM donor or acceptor in 150 mM NaCl,
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respectively. (B) Hill fit to hybridisation levels. Hybridisation levels were calculated from the
fluorescence decay time courses shown in panel A as detailed in the methods section. A Hill
curve (red; Equation 13) with a Hill coefficient of n = 1.4 £ 0.1 s.d. and a dissociation constant
k =53 mM £ 3 mM s.d. NaCl was fitted to the 9 data points (r* = 0.996), indicating half-

maximal saturation at 53 mM NacCl.

f= fmaxXCyree Equation 13

kM +crree™

The next step was to examine the effect of peptide-nucleic acid complexes on the
hybridisation of the probes in order to detect potential effects of the amyloid state of the
peptides. The presence of ST DNA seemed to be necessary to induce amyloid formation
from (HL)3, (KL)s, (HL)s, and TVQFHMH. Complexes of (HL)3 and TVQFHMH were
chosen under their strongest gel-formation conditions (see Table 6-2 and Table 6-7), i.e.
with +2 calculated net charge per peptide at pH 6.2 or pH 5.0, respectively (see Table 6-
1). The peptides were mixed with the same concentration of ST DNA, resulting in a +1
overall net charge. The concentration of 150 mM NaCl was chosen because this
condition was previously used to form ANA complexes, and it induced near-maximal
hybridisation of the probes in solution (see Figure 6-40). The TR-FRET hybridisation
probes were spiked into the pre-formed peptide-nucleic acid complexes. Exemplar
fluorescence time courses of donor and acceptor fluorophores with or without the
hybridising 11 bp overlap in the presence of 1 mM (HL)3-ST DNA gel are shown in
Figure 6-41. The donor fluorophore of the 11-bp-overlap probe exhibited a faster decay,
while the acceptor showed a delayed rise and decay of fluorescence, which was
indicative for FRET. None of these effects were detected with probes lacking the

complementary overlap sequences, which closely followed the reference curves of donor
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or acceptor alone. This indicated that the 11 bp overlap sequences were necessary to
give rise to the FRET signal in the presence of the ANA complexes. The lack of FRET from
the 0 bp control in the presence of (HL)3-ST DNA complex contrasted with the
observation of low level FRET in samples with peptide alone (see Figure 6-42 A). Similar

curves were obtained in the presence of TVQFHMH-DNA complexes (data not shown).
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Figure 6-41: FRET example time courses. A faster fluorescence decay in the donor channel
(A) and a delayed rise and decay of fluorescence in the acceptor channel (B) compared to a
reference (black; the reference in panel A is largely obscured by the 0 bp control) consisting
of either only the donor probe or only the acceptor probe under the same conditions. Faster
donor (A) and delayed acceptor (B) fluorophore dynamics were observed with 11 bp (blue)
but not the 0 bp (red) overlap probes compared to the reference (100 nM donor alone or
100 nM acceptor alone in the presence of 1 mM (HL)s-ST DNA in the same buffer). Data
shown from 100 nM of oligonucleotides mixed with a preformed 1 mM (HL)s-ST DNA

complex at pH 6.2.
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A potential effect of the peptides (HL)3z and TVQFHMH on their own was tested with
500 nM hybridisation probe. This concentration was chosen because after the potential
denaturation of oligo E/F by (KL)s a reduction of the hybridisation level was expected;
also this relatively high concentration gave a good signal to noise ratio. The NacCl
concentration of the buffer (10 mM MES) was set to 0, 50, or 150 mM NaCl. The pH was
set to pH 6.2 for (HL)3 and pH 6.5 for TVQFHMH in order to give them a calculated net
+2 charge as used for (HL)3-ST DNA complexes and TVQFHMH-ST DNA complexes (see

below; Figure 6-42, Figure 6-44, Figure 6-45, and Figure 6-46).
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Figure 6-42: FRET assay on (HL); and TVQFHMH (peptide alone) with 500 nM hybridisation
probes. (A) Effect of (HL)s on hybridisation probe fluorescence decay. 500 nM hybridisation
probes were incubated with 1 mM (HL); in 10 mM MES pH 6.2 with 0, 50, or 150 mM NacCl.
(B) Effect of TVQFHMH on hybridisation probe fluorescence time courses. 500 nM
hybridisation probes were incubated with 1 mM TVQFHMH in 10 mM MES pH 6.5 with 0, 50,

or 150 mM NacCl.

(HL)3 had an influence on the fluorescence decay of the 11 bp donor and acceptor pairs
at 500 nM each (see Figure 6-42 A): Donor fluorescence decay was faster to a level

comparable to the presence of 1 M NaCl (also at 500 nM probe concentration; compare
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to Figure 6-40), while the acceptor fluorescence decay was delayed indicating FRET at
all NaCl concentrations (0, 50, and 150 mM) explored. The 0 bp overlap probes were
much less affected: The donor fluorescence decay showed a slightly faster decay
comparable to 20 mM NacCl (also at 500 nM probe concentration; compare to Figure

6-40).

TVQFHMH had a dramatic effect on both 11 bp overlap and 0 bp overlap probes in the
absence of NaCl, with a very fast donor decay showing (see Figure 6-42 B). But the
acceptor fluorescence decay showed an unusual decay, with an initial delay followed by
faster fluorescence decay than the reference. The hint a FRET occurring with the 0 bp
overlap probes was unexpected because the probes lack the 11 bp overlap sequences in
order to hybridise to each other, which would bring donor and acceptor fluorophore
within their Forster radius. Taken together, the unusual acceptor decay and the FRET
signal with the 0 mM overlap probes suggested that the fluorophore system was unable
to correctly report on hybridisation under these conditions (0 mM NaCl). In the
presence of 50 and 150 mM NacCl a pattern similar to (HL)3 (see Figure 6-42 A) emerged
with a FRET signal at 150 mM NaCl comparable to the presence of 1 M NaCl (see Figure

6-40), while in the absence of NaCl there was only a weak effect.

Please note that for both the (HL)3 and TVQFHMH control the references used were not
recorded in the presence of either of the peptides, but in the corresponding buffer (pH
6.2 or pH 6.5) with 150 mM NaCl; there were no detectable differences between donor

only or acceptor only curves at different NaCl concentrations (data not shown).
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The importance of the 0-bp-overlap controls became clear when the effect of (KL)s-DNA
and (HL)s-DNA complexes on hybridisation levels was examined (see Figure 6-43). The
(KL)s-ST DNA caused faster fluorescence decay of both donor and acceptor and a loss of
fluorescence intensity (visible before normalisation of fluorescence intensity; data not
shown) even with the 0 bp overlap control probes as well as with the references (donor
only or acceptor only without the corresponding hybridising probe), indicating
quenching of the ATTO fluorophores instead of FRET effects. (HL)s-ST DNA caused
faster fluorescence decay of the donor, including the 0 bp overlap probes and the donor
reference. The acceptor references were not affected, but the time courses of the
samples containing both donor and acceptor were unusual (compare to Figure 6-40,
Figure 6-41, Figure 6-42, or Figure 6-45). The 11 bp overlap probes gave rise to an
additional faster decay of the donor than the 0 bp overlap probes, but the reduced
dynamic range and the unusual acceptor time courses made it not seem worthwhile to

work with these peptides.
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Figure 6-43: Effect of (HL)s-ST DNA and (KL)s-ST DNA complexes on FRET probes. 500 nM

11 bp overlap (both donor and acceptor), 0 bp overlap (both donor and acceptor), 11 bp
overlap donor probe, or 11 bp acceptor probe were incubated in 0 or 150 mM NaCl with 1
mM (HL)s-ST DNA at pH 6.8 (10 mM MES) or with 1 mM (KL)s-ST DNA at pH 7 (10 mM
HEPES). Reference was 500 nM donor probe or acceptor probe in 150 mM NaCl in the
absence of peptide-ST DNA complex. (Top) (HL)s-ST DNA caused faster fluorescence decay of
the donor fluorophore for all samples including the 0 bp overlap probes and the donor only
sample. The 0 bp overlap and 11 bp overlap samples showed a delayed rise and decay, but

the acceptor only samples were not affected. (Bottom) (KL)s-ST DNA caused faster
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fluorescence decay of all samples in both the donor and acceptor channels, including the

donor only and acceptor only control samples.

When the delayed rise and decay of the acceptor fluorophore indicated FRET, the donor
decay could be used to calculate the ratio of bound, i.e. FRET-showing, to unbound donor
probes. When FRET was occurring the single-exponential fluorescence decay gained an
additional decay component, resulting in a double-exponential decay [209]. Division by
areference yielded the single-exponential decay caused by FRET, from which
hybridisation levels could be calculated using a curve-fitting procedure (Equation 9)
[152,209]. The hybridisation level of the 11 bp overlap probes was about as high with
85% hybridisation at 100 nM probe concentration as the value obtained with 500 nM
probes at 150 mM NaCl during the salt titration (see Figure 6-40). This suggested that
hybridisation of the 11 bp overlap probes was not hindered by the presence of ANA
complex. The hybridisation level seemed relatively high given the concentration
differences of the probes in the different experiments (100 nM probes in 150 mM NaCl
with ANA complex vs. 500 nM in 150 mM NacCl alone). To confirm and expand these
findings a titration from 20 to 800 nM probes in saturating 150 mM NaCl with or
without 1 mM (HL)3 ANA complex was carried out. The dissociation constant of the 11-
bp-overlap probes alone was determined to be at Kq = 96 nM, but this was surprisingly
clearly surpassed in the presence of the ANA complex as a dissociation constant of Kq =
18 nM was reached (see Figure 6-46). This showed that the presence of positively

charged ANA complexes actually enhanced hybridisation in saturating salt conditions.
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Figure 6-44: (HL)s-ANA complexes enhance hybridisation. In the presence of 1 mM pre-

formed (HL)s-ANA complexes (red) the dissociation constant was reduced to K4 =18 nM + 6
nM s.d. (n = 22, r* = 0.48) compared to salt only (blue) with K4 = 96 £ 23 nM s.d. (n = 21, r’ =
0.816). Probe oligonucleotides from 20 nM to 800 nM were examined with or without pre-

formed ANA complexes in the presence of 150 mM NaCl and 10 mM MES pH 5.5.

The Kq reduction seemed to be mainly due to increased hybridisation levels at
concentrations below the peptide-nucleic acid complex-free Kq in 150 mM NaCl only.
When 20 nM and 50 nM hybridisation probes were incubated with the positively-
charged peptide-ST DNA complexes of (HL)3 and TVQFHMH much higher hybridisation
levels than the control in 150 mM NaCl only could be detected. This was especially
prominent at 20 nM probe concentration where no FRET could be detected in the
absence of peptide-ST DNA complexes. (HL)3-ST DNA complexes gave rise to stronger
FRET signals than TVQFHMH-DNA ANA complexes, which resulted in higher
hybridisation levels. The hybridisation enhancement seemed to be based on charge
interactions since a mixture of negatively charged (EL)3 peptide and ST DNA (see Figure
6-46) as well as increased levels of salmon testes DNA as crowding control had no effect

(see Figure 6-45). The 1.0 mM ST DNA used in the peptide-ST DNA complexes had
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similarly no effect. A crowding control using 3.5 mM ST DNA, which by mass
corresponded to the peptide-nucleic acid complexes, did not increase hybridisation
compared to buffer alone. Also, none of the peptide-ST DNA complexes had an effect on
the 0-bp-overlap probes, showing that these effects were due to hybridisation of the 11-

bp-overlap probes (data not shown).
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Figure 6-45: 3.5 nM DNA with 100 nM hybridisation probes. 100 nM hybridisation probes
were incubated with 3.5 mM ST DNA (red) or buffer only (blue) at pH 6.2 in 10 mM MES with
150 mM NaCl. The donor fluorescence decay (A) and the acceptor, which by mass
corresponded to 1 mM (HL)3 with 1 mM ST DNA. The delayed rise and decay in the acceptor
channels (B, D) and the slightly accelerated fluorescence decay in the donor channels (A, C)
indicated that FRET occurred, although the signal was not very strong for 20 nM

hybridisation probes (C, D).
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Figure 6-46: (HL)s-ST DNA and TVQFHMH-ST DNA mixtures increased hybridisation at low
11 bp probe oligonucleotide concentrations. 20 nM (black)/ 50 nM (grey) 11 bp overlap
probes were incubated for at least 30 minutes before measurement with 1 mM (HL)3-ST
DNA, 1 mM TVQFHMH-ST DNA, 1 mM (EL)3-ST DNA, 1 mM ST DNA, 3.5 mM ST DNA, or
buffer. The buffer was 10 mM MES pH 5.0 or pH 6.2 (as indicated) with 150 mM NaCl. The
hybridisation levels were calculated from donor fluorescence decay time courses as detailed
in the methods section. The positively-charged (HL); and TVQFHMH, but not the negatively
charged (EL)s ANA complexes, enhanced hybridisation of 20 nM and 50 nM probes over
control levels. 1.0 mM and 3.5 mM ST DNA did not increase hybridisation of the 20 nM and

50 nM probes compared to the ‘salt only’ controls.

Taken together, time-resolved FRET revealed that (HL)3 and TVQFHMH promoted
hybridisation of the probe oligonucleotides. This effect was not abolished in the
presence of equimolar amounts of ST DNA, under which conditions amyloid fibres were
shown to form (Figure 6-2, Figure 6-9, Figure 6-12). Although similar levels of FRET

were observed for ANA complexes and peptide alone, ANA complexes appeared to have
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slightly lower levels of non-specific interaction as highlighted by the 0 bp probe (Figs. 6-
42 and 6-43). The effect of peptide on the hybridisation probe was to increase

hybridisation at low probe concentrations.
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7. DISCUSSION

7.1. GEL FORMATION BY THE PEPTIDES USED IN THIS WORK

Most of the peptides examined in this work did not aggregate or form gels on their own
or in the presence of diethyl phosphate as a monomeric anion under the conditions
explored (pH 5.0 - pH 8.0, 0 to 150 mM NaCl, room temperature; see Table 6-2, Table
6-3, Table 6-4, Table 6-5, Table 6-6, Table 6-7, and Table 6-8), suggesting that the
presence of polymeric anions was essential for gel formation. This observation was
consistent with previous studies by Calamai et al., who have shown that polymerised
charges increased amyloid formation by human muscle acylphosphatase and human
lysozyme [163]. Of the peptides examined, only the basic, positively charged ones
showed interaction with polyanions, while the negatively charged (EL)3 showed no
indication of amyloid formation in complex with nucleic or fatty acids (see Table 6-4,

Figure 6-5, Figure 6-22, Figure 6-23).

The detection of gels by pipetting was a rather rough assay, but it enabled us to scan for
potential associations between peptides and nucleic acids. The various peptides showed
quite diverse responses regarding gel and aggregated formation when they were mixed

with nucleic acids or diethyl phosphate.

Charge interactions appeared to be an important factor driving aggregation. NaCl had an
effect on the balance between gel and aggregate formation by (KL)s. While at 0 mM and
75 mM NaCl (KL)s-PA RNA only showed aggregation, in 150 mM NaCl there was some
gel formation at higher pHs (see Table 6-5). (HL)3-ST DNA showed weaker gels with

increasing NaCl concentrations (see Table 6-2). Taken together, this would suggest
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charge interactions as a mediator between aggregation and gel formation because NaCl
has been shown to have a charge-shielding effect [263]. Additionally, when TVQFHMH
and (HL)3 were titrated with varying ST DNA concentrations there was a preference for
a 1:1 ratio between peptide and nucleic acid at pH 6.8 and pH 6.2, respectively. The
peptides were calculated to carry a +2 charge under these conditions (see Table 6-1),
while the nucleic acid should carry a -1 charge per phosphate and base. This would
result in complexes with a +1 net charge per peptide, which in previous reports has been
suggested as optimal for amyloid fibre formation from peptides on their own [142]. It
was presumed that peptides with higher charge were prevented by charge repulsion
from interacting and forming stable associations through (-sheet and hydrophobic
interactions [142]. The formation of amyloid in complex with polyionic biomolecules
was consistent with previous reports on the aggregation of Af [164,165], tau [4,166], a-
synuclein [167], Bz-microglobulin [168], and murine PrP [6,169,170], although

compensation would not be a dominant factor in all these cases charge.

Since the interactions leading to gel formation and aggregation of the peptides were
based on non-covalent charge interactions the aggregation process should in principle
be reversible. Dilution or introduction of peptide-nucleic acid complexes into a
precursor-free environment should lead to disaggregation over time. The size of the
aggregates might influence the rate of disassembly because interactions of the
component polymers could only take place on the surface, or in the case of amyloid
fibres, most likely at their free ends [104,264]. Future studies could concentrate on

measuring the disassembly rate and try to determine the mechanism.
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Interestingly, diethyl phosphate or inorganic phosphate had no detectable effect on
aggregation or gel formation by (HL)3, (HL)s, (KL)3, (KL)s, or (EL)3 compared to the
buffer alone (see Table 6-2, Table 6-3, Table 6-4, Table 6-5, Table 6-6, Table 6-7). It
seemed that monomeric phosphate (either as inorganic phosphate or a nucleic acid
backbone mimetic diethyl phosphate) was not able to induce gels from most of the
peptides, but longer nucleic acid strands with a series of connected negative charges
(dubbed 'polymerised charges') could support gelation. An exception from this rule was
TVQFHMH, which seemed to form slightly stronger gels in the presence of diethyl
phosphate (see Table 6-7). However, TVQFHMH already showed a propensity to form
gels on its own (see also Figure 6-11) in the presence of NaCl, so the low concentration
of diethyl phosphate might have been sufficient to neutralise the charges on the peptide

in order to induce fibrillisation.

While the majority of the peptides used in this study were readily water-soluble, (HL)s
was quite insoluble (see chapter 6.1.3) and formed aggregates that were dominated by
the formation of small (turbidity) and larger (visible) aggregates at 5 mM concentration
(see Table 6-6). At 1 mM concentration only very weak gels appeared, and solely in the
presence of nucleic acid. Still this peptide displayed clear cross-3 patterns (see Figure 6-
14). Further studies will be required to examine the effect of the (HL) pattern expansion

that led from the soluble (HL)3 to the insoluble (HL)s.

(KL)3 -DNA mixtures were quite bad at forming gels at 5 mM concentration (see Table
6-3). This was in contrast to (KL)s, which was two (KL) units longer (see Table 6-5 and
discussion below). The concentration of (KL)3 might have been too low to support the

formation of gels or aggregation. Higher concentrations used for fibre diffraction sample
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preparation (>10 mM; see Table 5-4, Figure 6-15 and Figure 6-16) did form stronger
gels. This could suggest that a minimum concentration was required for strong (KL)s3-

nucleic acid interactions and potential amyloid formation that was higher than 5 mM.

(KL)s, (HL)3 and TVQFHMH showed some differential effects towards ST DNA and PA
RNA: While with peptide-ST DNA mixtures generally showed earlier and stronger gel
formation, the corresponding peptide-PA RNA mixtures displayed a trend towards
aggregation and weaker gels (see Table 6-2, Table 6-5 and Table 6-7). One could
speculate that the persistence length of double-stranded genomic DNA (60 nm (about
176 bp); [265]) and single-stranded artificial poly(A) RNA (about 2 bases; [265,266])
might have influenced the type of peptide-nucleic acid complex toward gels or
aggregates. Thus a shorter persistence length might allow higher flexibility in the gels,
potentially driving towards tighter aggregates based on the RNA being able to fold back

on itself much easier than the stiffer dsDNA.

In summary, it seemed that the peptides (HL)3, (HL)s, (KL)3, (KL)s, (KL)4, and (KL)3s
required polymerised charges in order to aggregate into gels or larger, potentially
amorphous, aggregates. Aggregation seemed to be concentration-dependent with
weaker gels at lower concentrations. The influence of NaCl concentration (0 mM, 75 mM
or 150 mM) on the complexes usually resulted in weaker gels at higher salt
concentration, which suggested charge interactions as a major factor in the aggregation
of the peptides. This was additionally supported by the increased gel strength of (HL)3-

ST DNA and TVQFHMH-ST DNA mixtures close to 1:1 molar and calculated charge ratio.
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7.2. STRUCTURES

The mixtures of peptides with nucleic acids not only formed aggregates (see section 7.1;
Table 6-2, Table 6-3, Table 6-5, Table 6-6, Table 6-7), but contained fibres that were
compatible with previously reported morphologies of amyloid fibres (see Figure 6-9,
Figure 6-10, Figure 6-11, and Figure 6-12) [2,44,72,94,183,267,268]. The gel formation
seemed to favour stronger interactions of (HL)3z and TVQFHMH with nucleic acids under
conditions (pH and near equimolar concentration of peptide and polyanion; Table 6-2
and Table 6-7) that gave the peptides-nucleic acid complexes a +1 net charge, which
was previously described ideal for amyloid fibrillisation [142]. Indeed nearly all of the
examined peptide-nucleic acid combinations showed a clear cross-f3 pattern (see Figure
6-14, Figure 6-15, Figure 6-17), which was indicative of amyloid formation. The
requirement for nearly equimolar amounts of nucleic acid in almost all cases (with
exception of TVQFHMH (Figure 6-17) and maybe (HL)3 (Figure 6-25) again supported
the idea of nucleic acids as an important component for the formation of amyloid fibres
from (HL)3, (HL)s, (KL)3, and (KL)s. Such complexes of amyloid fibre and nucleic acid

were called ‘ANA’ complexes for ‘Amyloid-Nucleic Acid’ [152].

Since the majority of the peptides used in this work seemed to require interactions with
polyanions to form amyloid, they were not recognised by current computational
algorithms used to find amyloidogenic peptides. So far the algorithms have not been
trained to recognise polypeptide sequences that required ionic interaction partners
other than themselves. Such ionic binding partners could neutralise the majority or all of
the charges, which as a first approximation might allow prediction of such peptide
sequences. Further research into this area could greatly improve these algorithms,

simplifying the search for new self-aggregating polypeptide sequences that could be
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used for nano-technological fibre production, and might help in finding essential

cofactors for amyloid nucleation associated with pathological amyloidoses.

An interesting feature of TVQFHMH was its ability to form fibres on its own, either from
a stock solution at pH >6 (used for X-ray fibre diffraction; Figure 6-17) or at pH 6.5 with
150 mM NacCl (used for electron microscopy; Figure 6-11). At least in the latter case the
pH was known, and the peptide was calculated to carry a +2 net charge, which has been
suggested previously by de la Paz et al. as being probably not compatible with ordered
amyloid aggregation due to charge repulsion [142]. One feature that distinguished
TVQFHMH from the other peptides used in this study was the presence of the aromatic
residue phenylalanine. Such residues have been suggested to be important drivers of the
formation of amyloid fibrils by A, serum amyloid A protein, a-synuclein, and some
artificial peptides derived from these examples [154,231,269]. Particularly the -
stacking interactions and high hydrophobicity have been suggested to greatly influence
the propensity of peptides to aggregate [154]. Such interactions might also have played
arole in the TVQFHMH fibre formation, although further studies would be needed to

confirm this.

While TVQFHMH on its own, and in complex with ST DNA or PA RNA, showed a cross-f3
pattern the equatorial reflections were quite weak (see Figure 6-17) when compared to
(HL)3-ST DNA (see Figure 6-14) or (KL)3- and (KL)5-ST DNA (see Figure 6-15) patterns,
or examples from the literature, e.g. TTR fibres [79,134,230]. The classical amyloid fibre-
based cross-B pattern contained an equatorial reflection at about 10 A, but an
alternative structure could be a -helix. B-helices have first been described as a fold in

native globular proteins like pectate lyase [270], Bordella pertussis haemagglutinin
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adhesin [239], or the phage P22 tailspike protein [134,271]. The most compelling
evidence for their presence in amyloid fibres comes from a yeast prion, i.e. the prion
domain of Het-s in Podospera anserina [134,237], and the core of PrP amyloid fibres
[134]. Interestingly, all of these examples were larger proteins or full protein domains,
which might help to fulfil a potential peptide length requirement, since all amyloid (3-
helices so far were shown to require the peptide backbone to run at least 1 (but usually
more) full circumferences around a hydrophobic core [24,235,237]. The 7mer
TVQFHMH on its own would probably be too short to form a 3-solenoid core with a
single molecule. It might be possible that 3 or more peptide strands could form such a
core (2 would most likely form a -sheet sandwich), but such a structure has not yet
been described. An alternative to the 3-solenoid would be a water-filled nanotube as
suggested by Perutz et al., which in contrast to the structures mentioned above did not
have a hydrophobic core, but had a core comprised of water [235]. Such a structure
would require an even longer peptide to make one circumference around the water core.
Also, the nanotubes were based on the diffraction pattern of a polyglutamine peptide
(D2Q15K2) which could present hydrophilic amino acid residues both to the inside and
the outside of the tube, while TVQFHMH with its alternating pattern of hydrophobic and
hydrophilic residues could not. Additionally, it was suggested that such a water-core
tube would collapse upon drying into a 3-sandwich-like structure with a corresponding
diffraction pattern [235]. The diffraction patterns collected of TVQFHMH, TVQFHMH-ST
DNA and TVQFHMH-PA RNA were from dried stalks, so they should have presented a
classical cross-f pattern with a strong equatorial reflection at 10 A [79,134,230]; the
weak equatorial reflection in that area (see Figure 6-17) would contradict the
assumption of a nanotube collapse upon drying [235] and made the formation of a

water-filled nanotube unlikely.
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Taken together, the weak equatorial reflection of the TVQFHMH diffraction patterns
might suggest the formation of a 3-solenoid around either a hydrophobic or a water
core, but the shortness of the peptide (7mer), the propensity of 3-solenoids to be
present in functional yeast prion amyloid (e.g. Het-s) and the absence of the equatorial
10 A reflection in the dried state made the formation of a f-sheet sandwich more likely,
especially since such a structure would be more associated with disease-associated
misfolded proteins and artificial short peptides. Further studies would be necessary to
elucidate the structure of TVQFHMH fibres, for example by solid-state NMR which was

used to determine the structure of the Het-s 3-solenoid [134,237].

(KL)3 showed some unusual meridional reflections in the two patterns recorded
involving this peptide (see Figure 6-15 (top row) and Table 6-12). In one case a triple
reflection at 5.03 A, 4.77 A, and 4.50 A was seen from (KL)3 in complex with herring
testes DNA (see Figure 6-15, top left), and in the other an unexpectedly small meridional
reflection at 4.62 A with (KL)3 in complex with salmon testes DNA (see Figure 6-15, top
right). The narrower reflection of (KL)3-ST DNA might be explained by a tighter packing
of the peptides within the B-sheets. Alternatively, a 4.7 to 4.8 A reflection might be
absent in this particular pattern because of interference leading to its extinction.
Reflections close to 4.6 A have been reported before [230], so this pattern might in
general agree with amyloid formation. On the other hand, the triple reflections of (KL)z3-
HT DNA would suggest that an unknown fibrous structure was formed. Further studies
would be necessary to determine the structure. From the limited data available it was
not clear if the diffraction patterns might be influenced by the different types of nucleic

acids (HT DNA vs. ST DNA).
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The other structures agreed with a cross-3 pattern indicative of amyloid formation (see
Figure 6-14, Figure 6-15, Figure 6-17; [2,41,79,142,230]). As described in chapter 6.1.70,
equatorial reflections found in addition to the major 10 A reflection for (HL)s-PA RNA,
(KL)s-ST DNA, and may (KL)3-ST DNA might suggest either a very ordered lateral
packing of fibrils, or the presence of a protofibrillar structure with (-sheet sandwiches
winding around each other in the amyloid fibril of these peptides [79,230,232]. Further
studies would be required to confirm this, maybe using magnetic fields or stretch frames

in order to generate better aligned fibre diffraction samples [272].

None of the diffraction patterns of ANA complexes showed a clear pattern of nucleic
acids (see Figure 6-14, Figure 6-15, Figure 6-17). The single-stranded poly(A) RNA
would exhibit only a very weak pattern on its own, probably comparable to that of heat-
denatured DNA (see Figure 6-18), which would probably disappear in the background of
a strong cross-f3 pattern. On the other hand, double-stranded salmon testes DNA
diffracted well and displayed a strong pattern as described before (see Figure 6-18;
[233]). It might be possible that DNA and amyloid fibres were not in a collinear
arrangement therefore the nucleic acid pattern did not show. On the other hand, (HL)3-
ST DNA seemed to be somewhat collinear as seen in the confocal images (see Figure
6-13). Perhaps the nucleic acid fibres were not packed regularly and densely enough in
order to be detected. In the case of (KL)5-ST DNA the peptide might have denatured the
nucleic acid, resulting in at least a conformational change and probably also strand
separation, so that maybe only a DNA pattern similar to heat-denatured ST DNA
remained (see Figure 6-18). This would agree with the findings of the PicoGreen (see

Figure 6-34) and BlAcore assays (see Figure 6-37). It remained generally unclear if DNA
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or RNA would be stable under the conditions explored in the presence of the peptides in

a dried fibre diffraction stalk, or if they would be denatured.

7.3. PEPTIDE AGGREGATION INDUCED BY NUCLEIC ACIDS

The effect of nucleic acids or other negatively-charged biopolymers on amyloid
formation has been examined before [163], albeit on amyloidogenic full-length proteins.
It was shown that the number of charged phosphate groups on an adenosine nucleoside
influences the amyloid formation dynamics of acylphosphatase, with more polymerised
charges improving amyloid formation [163]. This work expanded on that: Peptides not
able to form amyloid fibres on their own under the conditions explored could be
induced to form amyloid complexes by charge-charge interactions with nucleic acids as
suggested by weakened gel formation at increased NaCl concentrations and increased
gel strength close to a 1:1 charge ratio (see chapter 6.1.3), increased binding of ThT or
Congo Red (see chapter 6.1.4), fibre formation as detected by EM (see chapter 6.1.5),
and cross-f3 patterns shown by X-ray fibre diffraction (chapter 6.1.7). The mechanism of
amyloid aggregation remained unclear, but it might involve nucleation on the nucleic
acid by concentrating the peptides. In the studies described here, the peptide-nucleic
acid interactions that promoted amyloid formation must have occurred with sequences
that contributed to the core of the cross-f fibril. The lack of decorating sequences may
have allowed direct interaction of the cross-[3 core with polyanions to induce fibre
formation. The same effect of concentrating amyloidogenic polypeptides should also
work with positive polymerised charges, as shown for certain collagen stretches

interacting with 2-microglobulin in dialysis-related amyloidosis [20,273].
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Unlike most of the peptides used in this work, STVIIE did not require nucleic acids to
form amyloid [142]. But it was greatly affected in its folding behaviour by the presence
of very low levels of oligo E (1:100 by charge, 1:3300 on a molecular level) in both the
final conformation and the folding route taken to it. This emphasised the major effect
that simple charge-charge interactions could have on the nucleation of amyloid fibres.
This could potentially be exploited to influence the aggregation behaviour and
potentially final conformations of a multitude of amyloidogenic polypeptides, as was
shown before for the aggregation of Huntingtin polyglutamine tracts where short

artificial oligonucleotides could prevent aggregation [195,196].

7.4. PEPTIDE AGGREGATION INDUCED BY FATTY ACIDS

The polymerised charges did not necessarily have to be covalently linked to each other,
as it is the case for nucleic acids, heparan sulphate and collagen [20,163]. The surface of
fatty acid vesicles also seemed to be an enhancer of amyloid formation as shown by ThT
assays and by the presence of reflections compatible with the presence of amyloid
structures in the fibre diffraction assays, highlighting the importance of cellular
membranes on amyloid nucleation as previously described [112]. Stability of the
polyanionic membrane surface might have been an important factor for (KL)3
aggregation, as was suggested by the increased ThT signal for liposomes comprised of
the longer oleic acid than palmitoleic and myristoleic acid liposomes, which would
suggest increased liposome stability with increased hydrophobic chain length.
Interactions of the aliphatic fatty acid tail with the peptide seemed less likely since
hydrophobic interactions with the peptide would involve the hydrophobic leucine
residues that would be expected to be buried within the 3-sheet sandwich of an amyloid

fibre [137,138]. However without more detailed studies of the structure of the products
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of lipid-peptide interactions, the exact mechanism of formation may be difficult to
establish. While the integrity of the membranes in this trial was not directly examined,
the interactions of amyloid with cellular membranes has been scrutinized before,
showing mainly deleterious effects like increased permeabilisation and pore formation
[112,124,274]. This seemed to be mainly an effect of oligomeric amyloid precursors, but
not mature fibres [107-112], which might fit with the loss of liposomes during the
formation of complexes from (KL)3 and fatty acid vesicles (see light microscopy images
in Figure 6-20, Figure 6-21). It might be possible that the fatty acid membranes of the
liposomes had a similar effect on the peptides used in these experiments as membranes
on the aggregation of some amyloidogenic proteins have been shown to
[22,112,174,175,177]. This might encourage the use of fatty acid liposomes as model
membranes instead of the more difficult to prepare phospholipid membranes when only
the polyanionic nature of the surface is of interest. Also, fatty acid membranes are of
particular interest as model membranes for protocells during very early evolution of life

[210,243,275-278].

The acceleration of fatty acid vesicle formation by Montmorillonite clay as shown by
Hanczyc et al. followed a saturation curve [210]. This differed from the behaviour of the
peptide-fatty acid mixtures shown in Figure 6-19 where a peak in turbidity quickly
developed before disappearing. This would suggest that liposome formation was not the
only process occurring; it might be accompanied by the generation of fibrous and/ or
amorphous aggregates that registered in the light scattering assay (see also Figure 6-20
and Figure 6-21). This might have included amyloid formation by the positively charged
(KL)3 (as suggested by the Thioflavin T assay; Figure 6-22), but the peptide also seemed

to disintegrate liposome membranes in the process. This might be a cause for the
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reduction in turbidity over time (see Figure 6-19) and the lower numbers of liposomes
visible by light microscopy (see Figure 6-20 and Figure 6-21). Importantly, the light
microscopy samples consisted of liposome solutions to which the peptide was added, so
the peptide could not interfere with liposome assembly. Both (KL)3 and (HL)3 seemed to
tear the fragile membranes apart, a behaviour that might be similar to amyloidogenic
peptides and proteins that interfered with membrane function [112,240]. Unlike the
sometimes specific interactions between peptide and membrane, for example A3 with
membranes, the interactions between (KL)3 and fatty acid (membranes) were probably
based on charge interactions (similar to (KL)3-nucleic acid interactions). This again
would be similar to the mechanism Hanczyc et al. suggested for the montmorillonite-
fatty acid interactions: High charge density on the clay and associated counterions were
the main driving factors for liposome formation and growth from fatty acid micelle
solutions [210]. This mechanism might also apply for initial (KL)3-fatty acid interactions.
The formation of amorphous aggregates in (HL)3-fatty acid mixtures and the lack of
evidence for (EL)3 influencing liposome formation might further support charge
interactions as primary drivers of complex formation; (HL)3 had a calculated +0.5 net
charge, and (EL)3 a calculated -3 net charge (see Table 6-1). On the other hand, the side
chain properties of lysine, histidine and glutamic acid would vary considerably [201], so

that a pure charge-caused effect could not be proven here.

7.5. PEPTIDE-NUCLEIC ACID INTERACTIONS

(KL)s showed a reduction of PicoGreen fluorescence with the hybridising oligo E and F
(see Figure 6-34), and seemed to reduce the amount of hybridised oligonucleotide
associated with the BIAcore chip surface (see Figure 6-37). This suggested that this

peptide might be able to denature DNA. On the other hand, (HL)3 showed no influence
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on hybridisation of oligo E and oligo F to each other on the BlAcore (see Figure 6-38),
and (HL)3 and TVQFHMH seemed to support and enhance hybridisation (see Figure
6-42, Figure 6-43, Figure 6-44, and Figure 6-46). It might be possible that of the
examined peptides only (KL)s influenced nucleic acid structure negatively, but more
work would need to be done on all the peptides in order to get a general idea about what
properties (side chain identity, pH, salt type and concentration etc.) might influence this

behaviour.

With regard to the enhancement of hybridisation by (HL)3 and TVQFHMH, it might be
possible that they acted similar to polyamines such as spermine and spermidine [279].
The binding of pM amounts of spermidine induced the condensation of DNA into
toroidal structures of about 80 nm diameter with an internal opening of about 30 nm
[280]. No such structures were seen during the recording of electron microscopy images
of peptide-ST DNA complexes (see Figure 6-9 for (HL)3-ST DNA and (HL)s-ST DNA,
Figure 6-10 for (KL)3-PA RNA and (KL)s-PA RNA, and Figure 6-11 and Figure 6-12 for
TVQFHMH-ST DNA and TVQFHMH alone). Additionally, this image was taken in a buffer
containing 150 mM NaCl, where interactions similar to spermine/spermidine-DNA
complexes would be weakened [281,282].

DNA was found to maintain B-conformation in the presence of spermine or spermidine
[281], although binding of spermidine to DNA could induce conformational transition of
poly(dG-me5dC) from B-DNA to Z-DNA under low ionic strength conditions [283]. For
condensation of DNA a minimum of 3 positive charges on the amine seemed to be
required [279,284], in competition to monovalent and divalent cations [284]. This
agreed with a weakening of the spermine-DNA interactions that were abolished above

certain ionic strength thresholds ([279,285]), and about 100 mM Na+ have been found
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to inhibit DNA condensation independent of spermidine [285]. A higher concentration of
Na+ was present in the 150 mM NaCl-containing buffers often used in the experiments

presented here.

An alternative mechanism for the enhancement of hybridisation by (HL)3s and TVQFHMH
is based on the concentration of the probe oligonucleotides on the surface of positively
charged ANA complexes such that hybridisation was promoted at concentrations below
the solution Kg. This hypothesis is supported by a number of observations: Firstly,
confocal microscopy showed intimate association of peptides and nucleic acids in ANA
complexes. In these complexes, excess charges on the surface of the fibres would likely
associate with and concentrate free oligonucleotides. Secondly, assays carried out with
ANA complexes under NaCl concentrations (150mM) that saturated hybridisation in
solution still showed strong promotion of hybridisation (see Figure 6-40). This would
suggest that the peptides were not merely required to neutralise the phosphate
backbone charge to promote hybridisation as this function was already likely to be
provided by Na* ions. Instead the effect was more likely to result from the ability of the
peptides or ANA complex to concentrate the DNA probes. Thirdly, oligonucleotides as
well as longer dsDNA were shown to promote the formation of Congo Red-binding
aggregates from (KL)s (see Figure 6-7), suggesting that the interactions of both short
and long DNA with peptides generate amyloid structures. Fourthly, the enhancement of
hybridisation on surfaces has been described and exploited for hybridisation
microarrays before [254,286]. Dextran-poly-L-lysine block co-polymer conjugates have
been suggested to promote hybridisation by increasing local DNA concentrations and
increasing the nucleation of hybridisation [287]. The enhancement was thought to occur

by restricting oligonucleotides on a 2-dimensional surface instead of in a 3-dimensional
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volume. The ANA fibres might take this a step even further by providing a 1-dimensional
‘search channel’ for associated probes to find their respective binding partners (see

Figure 7-1).

Contrary to (HL)3z and TVQFHMH, (KL)s showed some hints that it was able to denature
nucleic acids in the PicoGreen assay (see Figure 6-34). It was not clear if the signal was
due to the peptide interfering with PicoGreen fluorescence or whether the peptide
denatured nucleic acids. BIAcore analysis revealed that (KL)s seemed to be able to
denature DNA (see Figure 6-37). It might be possible that the denaturation of DNA was
dependent on the charge density of the peptide since (HL)3 seemed to promote nucleic
acid hybridisation (see Figure 6-38, Figure 6-41, Figure 6-44, and Figure 6-46). Further
studies will be required to gain insight into the mechanism by which charge-based

peptide/ complexes to interfere with or enhance hybridisation.

Free in solution Attachment to surface Attachment to fibre

S

Increasing hybridisation effiency
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Figure 7-1: Enhancement of hybridisation by limitation of search space. Oligonucleotides
floating free in solution would have to search in 3 dimensions to find binding partners. The
association to a surface (red plane) would reduce that to a 2-dimensional search in a smaller
volume. Oligonucleotides associated with an ANA fibre (red cylinder) would have to search
only in one dimension in an even more reduced volume, further increasing the hybridisation

efficiency.

The promotion of hybridisation by amyloid fibrils might support the use of aptamers, 3-
dimensionally folded RNA molecules, for therapeutic purposes [288-292]. It might be
possible to generate aptamers that would be only active in the vicinity of an amyloid
fibril because it promotes hybridisation and proper folding of the 3-dimensional
structure. This could for example interfere with the formation of toxic oligomeric

species and promote their incorporation into less harmful mature fibrils.

7.6. APPLICATIONS FOR ANA COMPLEXES

The stable and repetitive nature of amyloid fibres would make them an interesting
target for biotechnological applications. The cross-f core structure could be decorated
with functional domains. One application could be the immobilisation of enzymes for
bioreactors, as shown before during the search for the inactivation mechanism of the
Sup35 prion [27]. It would be independent of chemical immobilisation methods that
often interfere with the activity of the enzymes attached. In the mentioned example the
attached enzymes were still active catalysts, albeit with reduced activity depending on
the substrate size. Optimisation could overcome this issue, for example by increasing the

spacing between the enzyme domains by including peptides lacking those domains.
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Most of the examined ANA complexes have proven surprisingly soluble apart from the
aggregation-prone (HL)s (see Table 6-6). No phase separation was observed, so ANA
complexes might help to keep the immobilised enzymes in solution and to prevent phase
transition to an aggregated state and denaturation. The regular structure of the -sheets
in amyloid fibres has been used to construct light harvesting complexes via attached
fluorophores [293,294]. Another potential use could be nanowires, either by decorating
amyloid fibres with cytochrome c [183], by casting wires in hollow amyloid tubes [63]

or by depositing metals on the fibres [295]. Binding partners like nucleic acids might

provide triggers for a fast conversion from monomers into amyloid fibres.

ANA complexes could also be exploited as hydrogels due to their strong gel formation. A
major research focus in this field is on fibres based on a-helical peptides in the form of
coiled-coil structures [296,297]. Amyloid fibres nucleated and/ or supported by nucleic
acids should in principle be able to provide the same functionality, but would be based
on shorter peptides, reducing the costs of the assembly. Although amyloid fibres usually
contain only a single polypeptide sequence mixed amyloids have been reported [298].
This in combination with decorating domains on the core structure would allow the
creation of branches as engineered in SAF fibres [297]. Again, the attachment of full
domains could give the fibres properties as needed, for example cell adhesion sites and

signals [299].
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9. APPENDIX

9.1. CONGO RED ABSORBANCE ASSAY NORMALISATION

To test the Congo Red absorbance assay independent of the plate reader and to test
normalisation methods of the samples containing 1 mM TVQFHMH, 1 mM salmon testes
DNA, 20 mM HEPES pH 7.0 and 500 uM Congo Red were incubated for 30 minutes
before the first recording of the absorbance spectra on a NanoDrop ND-1000. They were
kept at room temperature for 2 days before the repeat measurement was carried out.
The higher Congo Red concentrations used when compared to the plate reader assay

were necessary to generate a sufficient absorbance signal.

The raw spectra showed great variation in absorbance levels based on different levels of
aggregation that kept material outside the light path (see Supplementary Figure 1 A and
Supplementary Figure 2 A). This was a general problem with this assay and was
encountered previously [72,186]. Several options for normalisation were explored,
limited by the available filters on the plate reader. Also, the spectra generally undergo
some shape changes, leading to a shift in the absorbance maxima of the amyloid peak
around 540 nm. A normalisation to 403 nm, a potential isosbestic point [71], created the
biggest changes in the spectra (see Supplementary Figure 1 C and Supplementary Figure
2 C), while the normalisation to the Congo Red absorbance peak at 487 nm had a much
smaller effect (see Supplementary Figure 1 B). The normalisation to 450 and 485 nm
chosen for the plate reader was intermediate (see Supplementary Figure 1 D and

Supplementary Figure 2 D).
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Supplementary Figure 1: Congo Red normalisation with TVQFHMH-DNA sample on day 0.
The Congo Red absorbance spectra (A) were normalised either to the maximum at 487 nm
(B), a potential isosbestic point at 403 nm (C), or the average of 450 and 485 nm (D). The
appearance of a shoulder at about 540 nm is indicative of amyloid formation, which in this
case is directly eminent for TVQFHMH alone (brown). The insulin amyloid positive control

(red), DNA alone (blue), and TVQFHMH-DNA ANA complex (green) are much weaker.
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Supplementary Figure 2: Congo Red normalisation with TVQFHMH-DNA sample on day 2.
The Congo Red absorbance spectra (A) were normalised either to the maximum at 487 nm
(B), a potential isosbestic point at 403 nm (C), or the average of 450 and 485 nm (D). The
appearance of a shoulder at about 540 nm is indicative of amyloid formation, which after 2
days was given for both TVQFHMH alone (brown) and TVQFHMH-DNA ANA complex (green).
The insulin amyloid control (black) was clearly positive in this assay, and DNA alone (blue)

negative.

The difficulty of using Congo Red became apparent by the weak insulin amyloid positive
control on day 0, most likely because no Congo Red-binding aggregate was present in

the light path of the NanoDrop. The TVQFHMH-DNA complex absorbance might have
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been quite low because the dye had problems penetrating the gel to bind to the amyloid
fibres. The same effect could have led to the low signal of the insulin amyloid positive
control, but interestingly this was not an issue during Thioflavin T assays. So the assay
was negative for TVQFHMH-ANA complexes after only 30 minutes incubation with
Congo Red, but was positive after 2 days It was unclear if this was due to the dye finally
penetrating the gel and binding the amyloid material or if the dye induced the amyloid

formation during this time period.
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Supplementary Figure 3: Congo Red shoulder peaks after normalisation to 450
and 485 nm background subtraction. Congo Red absorbance spectra after 0 (left) and
2 days (right) in the presence of 50 pM insulin amyloid (red), 1 mM ST DNA (blue), 1
mM TVQFHMH (brown), or 1 mM TVQFHMH-DNA ANA complex (green) were
normalised to the absorbance at 450 and 485 nm before the Congo Red background was
subtracted. A peak at about 540 nm is indicative of amyloid formation. The peaks of DNA
and peptide alone remain largely stable, while the ones for insulin amyloid and

TVQFHMH-DNA ANA complex increase.

The shifts in the absorbance shoulders were also notable and visible after subtraction of
the original Congo Red (see Supplementary Figure 3). Insulin amyloid appeared to
develop a red-shift in the absorbance shoulder over time. Samples containing TVQFHMH
were even further blue-shifted to 532 nm. This could pose a potential problem when
comparing the absorbances at 544 nm of different samples, but should not be an issue

for the same peptide and with the 10 nm band pass filter of the BMG FLUOStar.
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Supplementary Figure 4. Comparison of Congo Red absorbance normalisation with insulin
amyloid titration. Spectra of 0 to 250 250 uM insulin amyloid with 500 uM Congo Red were
recorded and normalised to 403 nm (red; n =6, r? = 0.995) or blue (blue; n =6, = 0.966).

Note that the exceeding of 1 a.u. is due to the normalisation and did not occur during

recording of the spectra.

A comparison of the Congo Red normalisation methods using a titration of 0 to 250 pM
insulin amyloid showed little difference between them (see Supplementary Figure 4).
While the absolute values differed, the normalisation to 403 nm was only slightly (r? =
0.995) better than normalisation to 450 and 485 nm (r? = 0.966). Since the plate reader
could not be equipped with a matching filter for 403 nm due to capacity issues, the
normalisation to 450 and 485 nm was used, because it seemed that there would be little

deviation from the optimum.
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O0.2. STATISTICAL PARAMETERS

Supplementary Table 1: Statistical Parameters

sample 1 ny sample 2 n; t degrees of p Origin
freedom

(HL)3 4 (HL)3-STDNA | 4 - 3.489 0.0002622 | *** | Figure 6-2 on

15.1534 page 90

(HL)3 4 buffer 4 | 0.6405 5.044 0.5498 n.s.

(HL)s-STDNA | 4 ST DNA 4 | 4.9009 3.526 0.01103 *
(KL)3 4 (KL)3-STDNA | 4 | 30.5519 4.132 5.031-10- | *** | Figure 6-3 on
6 page 93
(KL)3 4 buffer 4 | 1.0393 5.999 0.3387 n.s.
(KL)3-ST DNA | 4 ST DNA 4 | 8.4217 5.142 0.0003372 | ***

(KL)s 4 buffer 4 | 29717 3 0.05899 n.s. | Figure 6-7 on
(KL)s-STDNA | 4 ST DNA 4 [ -13.272 5.703 1.668 - 105 | *** | page 100
(KL)s-STDNA | 4 (KL)s 4 [ -9.113 5.33 0.0001895 | ***

(KL)s-oligo E 3 | (KL)s-STDNA | 4 | -0.8168 2.63 0.4815 n.s.

(KL)s-oligo E 3 oligo E 4 | -6.6414 2.157 0.01801 *

(KL)s-oligo E 3 (KL)s 4 | -4.7361 3.288 0.01447 *

(HL)3-STDNA | 4 | STDNApH5.5 | 4 | 13.7878 4.384 8.91 -105 | *** | Figure 6-4 on

pH5.5 page 94
(HL)3-STDNA | 4 | STDNApH6.5 | 4 | 17.3298 4.927 1.32-105 | ***

pH 6.0
(HL)s-STDNA | 4 | STDNApH6.5 | 4 | 3.5654 5.784 0.1261 *

pH 6.5
(HL)3-STDNA | 4 | STDNApH®8.0 | 4 2.494 5.186 0.05316 | ns

pH 8.0

Myristoleic 3 | Myristoleicacid | 3 | 3.4233 2.439 0.05693 n.s. | Figure 6-22

acid - (EL)3 on page 143

Myristoleic 3 | Myristoleicacid | 3 9.753 2.03 0.00985 *
acid - (HL)3
Myristoleic 3 | Myristoleicacid | 3 | 76.8414 2.039 0.0001467 | ***
acid - (KL)s3
Palmitoleic 3 | Palmitoleicacid | 3 | 1.0239 3.974 0.3641 n.s
acid - (EL)3
Palmitoleic 3 | Palmitoleicacid | 3 | 4.1485 3.152 0.02311 *
acid - (HL)3
Palmitoleic 3 | Palmitoleicacid | 3 | 7.7302 2.008 0.01614 *
acid - (KL)s3
Oleic acid 3 Oleic acid - 3 -0.565 2.469 0.9592 n.s
(EL)s
Oleic acid 3 Oleic acid - 3 | 27.6066 2.579 0.0002936 | ***
(HL)3
Oleic acid 3 Oleic acid - 3 | 5.3438 2 0.03328 *
(KL)3

(EL)s 3 buffer 3 | -3.6022 2.367 0.05354 | ns.

(HL)3 3 buffer 3| -1.7214 2.439 0.2043 n.s.

(KL)3 3 buffer 3 | 1.1305 2.659 0.3498 n.s.

An unpaired Student's t-test was employed to determine if the differences between samples

shown in Figure 6-2, Figure 6-3, Figure 6-7, and Figure 6-4 were significant using R [215]. The
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number of replicates of both samples n; and n,, the t-value, degrees of freedom and the p-

value are listed here. * = p < 0.05; ** = p < 0.01; *** = p < 0.001; n.s. = not significant.

xlii



Appendix

9.3. RESULTS OF DYE-BINDING ASSAYS

This table summarises the results of the dye-binding tests that were carried out to test

for amyloid formation in various peptide-nucleic acid combinations. The majority of the

samples did not show positive results, i.e. no increased Thioflavin T fluorescence or

Congo Red absorbance at 544 nm in comparison to peptide alone or nucleic acid alone.

Supplementary Table 2: Qualitative Results of dye-binding assays.

\ Peptide
(HL)s-ST DNA

Thioflavin T

No signal at 50 uM, 500 pM, or 5 mM

each

Congo Red
No signal at 50 uM, 500 pM, and 5 mM

(KL)s-ST DNA

Significant binding at 50 pM

No signal at 50 uM or 5 mM each

(HL)s-ST DNA

Significant binding at 50 pM

No signal at 50 uM or 5 mM each

(KL)s-ST DNA

No signal at 50 uM or 5 mM each

Significant binding at 0.2 mM (KL)s with
1 mM ST DNA

TVQFHMH-ST DNA No signal at 50 pM, 1 mM or 5 mM each

No signal at 50 uM, 1 mM or 5 mM each

TVQFHMH alone

No signal at 1 mM or 5 mM each

No signal at 1 mM or 5 mM each

STVIIE

No signal at 0.8 mM

n.d.

Supplementary Table 2: The Thioflavin T or Congo Red assays were carried out as

described in the methods section. All buffers contained 150 mM NaCl and 50 uM Congo

Red or Thioflavin T, and were usually based on 10 mM MES or 10 mM HEPES. (HL)s-ST

DNA, (KL)3-ST DNA, (HL)3-ST DNA, (KL)s-ST DNA and TVQFHMH-ST DNA were tested at

pH 5.0,5.5 6.0, 6.5, 7.0, and 8.0, while TVQFHMH alone was examined at pH 6.5. The

Thioflavin T test on STVIIE was run at pH 2.6 in 20 mM glycine.
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9.4.. INSTRUMENT RESPONSE FUNCTION OF THE FRET SETUP
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Supplementary Figure 5: Instrument Response Function. A 50 ps laser pulse was reflected
by a glass coverslip in the sample holder and recorded by the photomultipliers. Identical
results were obtained with a silver mirror to ensure it was truly the response coming from
the laser and the detector, not the sample (data not shown). The response curves closely
followed a Gaussian distribution and showed the reaction of the instrument to an
instantaneous event, which in this case was simulated by the 50 ps laser pulse. The full width
at half maximum (fwhm) determined the time resolution of the instrument; at 20 MHz the
time resolution was 253 ps.

This data was kindly provided by Paola Borri (Cardiff University), who designed, ran and

analysed this experiment.
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9.5. ADDITIONAL STVIIE + OLIGO E TIME COURSES
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Supplementary Figure 6. Circular dichroism time courses of STVIIE + oligo E without direct
comparison to STVIIE alone. 0.8 mM STVIIE were incubated with 8 uM oligo E at pH 2.6 at
room temperature, taking a spectrum every 10 minutes. The spectra indicated a change
from pure random coil (minimum at 208 nm) to a mixed conformation containing high levels
of B-sheet (minimum at 218 nm) over the time course of several hours. Note the large
difference in lag time length between samples that were prepared in the same way, but not
from the same stock solutions and not closely matched (see also Figure 6-26, Figure 6-28,

and Figure 6-29).
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9.6. OVERLAY COMPARISONS OF FIBRE DIFFRACTION PATTERNS

magenta yellow overlay

Supplementary Figure 7: Comparison of DNA diffraction patterns. (A) A comparison of DNA
with (right) or without (left) 150 mM NaCl shows that the main DNA diffraction pattern was
not influenced by the presence of the salt, but it might be possible that the strong salt ring
suppressed it. (B) Denatured DNA (right) gained its weak features from some of the
strongest reflections of the dsDNA diffraction pattern (left). The good agreement at the 3.4 A
reflections suggests that the base stacking is retained during and after the denaturation

process and primarily the base pairing was lost.
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magenta overlay

Supplementary Figure 8: Comparison of (KL)3 with (HL)3 and (KL)s diffraction patterns.

Although there are big differences at the 4.8 A meridional reflection the two diffraction
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patterns of (KL)s in complex with DNA (A) are virtually identical. The comparison of (KL)s with
(HL)3 (B and C) reveals that the packing in fibre direction is very similar, but there are large
differences in the lateral packing of the fibres. This was due to the different length of the
varying side chains or different interactions with DNA that lead to different fibre packing.
The comparison of (KL)s; with (KL)s (D) shows no big differences, suggesting that both

peptides have very similar lateral packing.
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magenta overlay

Supplementary Figure 9: Comparison of (HL)s, (HL)3 and (KL)s diffraction patterns. As

expected, there are not big differences in meridional direction, showing that the peptide
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backbones are similarly aligned in the fibre for all peptides. The comparison of (HL)s with
(HL)3 (A and B) indicates that there are no major differences in the lateral fibre packing,
although there are more reflections visible in the (HL)s pattern. The fibres of (KL)s-DNA
complexes are wider apart from each other than (KL)5-RNA complexes (C), suggesting either
some influence of the nucleic acid (poly(A) RNA vs. salmon testes DNA) or the different
length of the side chains gave rise to different fibre distances. The two patterns of (HL)s3 in
150 mM and 50 mM NaCl buffers (D) reveal no differences in the peptide reflections,
showing that the amyloid core structure is not influenced by the NaCl concentrations chosen

here during formation.




overlay

Supplementary Figure 10: Comparison of TVQFHMH diffraction patterns. The comparison

of the various TVQFHMH diffraction patterns reveals that the TVQFHMH amyloid structure is
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largely independent of pH (B and C), nucleic acid (D) or microstructure of the stalk used for

fibre diffraction (A; powder diffraction pattern due to enclosed microcrystals).
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9.7. FATTY ACID SPECTRA
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Supplementary Figure 11: Fatty acid liposome spectra. 10 mM myristoleic acid (red),
palmitoleic acid (blue), or oleic acid (green) or 1 mM (KL); were incubated in 200 mM bicine
pH 8.5 for 1 hour before spectra were taken on a NanoDrop ND-1000 spectrophotometer.

Buffer background was subtracted. Please note that the path length differed from the plate

reader setup used for Figure 6-19.
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9.8. TVQFHMH CD SPECTRA

The CD spectra of TVQFHMH did not agree with the published standard CD spectra and
were not reproducible. Occasionally different spectra could be recorded for TVQFHMH
that was incubated for 1 hour with 1:100 molar ratio oligo E compared to peptide alone
(see Supplementary Figure 12 below), but the spectra could not be interpreted because
of reproducibility issues and very high HT values. This made them unusable for time

course experiments as shown in chapter 6.1.9.
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Supplementary Figure 12: TVQFHMH CD spectra. 1 mM TVQFHMH was incubated with (blue)
and without (red) 0.01 mM oligo E for 1 hour in 10 mM MES pH 6.5 with 150 mM NacCl
before CD spectra from 190 to 260 nm were recorded. A buffer spectrum was subtracted.
Note that the HT values exceeded 800 V below 206 nm so that the ellipticity values recorded

there were not reliable.
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9.9. HYPOTHESIS: THE AMYLOID-NUCLEIC ACID (ANA) WORLD AS TRANSITION FROM
THE RNA WORLD

The mutually beneficial interactions of amyloid and nucleic acids could provide an
explanation for a puzzling problem in the current models of the development of life. So
far the most convincing theory is the ‘RNA-world’, which is solely based on the catalytic
activity of 3-dimensionally folded RNA molecules that are both enzymatic catalysts and
genomic material, carrying out all the functions necessary for reproduction and survival
[300]. A major issue with this theory is that it is devoid of interactions between nucleic
acids and proteins. Such interactions are crucial in modern life in the regulation of
essential cellular function, for example protein and nucleic acid synthesis [201]. The
existing models do not provide a convincing hypothesis on how the nucleic acids of the
RNA world might profit from contacts with peptides or proteins. In most cases, the
binding of single amino acids is envisaged to improve the catalytic activity of RNAzymes
[301-303]. On the other hand, the related hypothesis of an ‘amyloid-world' that was
based on the high stability of the amyloid regarding hot conditions state does not
provide how the tight interactions with nucleic acids arose [146,148]. Its model for
inheritance was based on the propagation of the amyloid fold to new incoming peptide

as proposed for prions, but it was lacking interactions with nucleic acids.
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Supplementary Figure 13: Interlocking cycles of amyloid growth and nucleic acid
replication. (1) Nucleic acids recruit short basic amyloidogenic peptides to the growing end
of the amyloid fibril primarily through charge interactions with the phosphate backbone. (2)
With increasing length, the amyloid fibrils become vulnerable to hydrostatic forces, (3)

eventually causing them to shear. This generates daughter fibrils that inherit associated

nucleic acids, which were replicated on the fibre (see 5 and 6) and are therefore related. (4)
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The associated nucleic acids denature on the amyloid fibre, and (5) are separated into their
composite oligonucleotides. (6) Complementary oligonucleotides hybridise to the ones
associated with the fibre, which (7) refold to their 3-dimensional structure. Adapted from

Braun et al. (2011) [152].

Here we propose a model in which peptides, not single amino acids, and nucleic acids
interacted right from the beginning of biological life (see Supplementary Figure 13)
[151-153]. Similar to the 'RNA world' hypothesis, nucleic acids are the main carrier of
genetic information and catalytic activity. Positively charged amyloid fibrils provide a
growing compartment that restricts the enzymatic activity of RNAzymes towards co-
localised and therefore related nucleic acids [304]. Attachment of nucleic acids to
surfaces such as clay particles has been suggested before, primarily in combination with
their prebiotic synthesis [210,304-307]. The major difference of amyloid fibres to clays
like montmorillonite as a compartment lies in the ability of amyloid fibres to grow. The
negatively-charged phosphate backbone of nucleic acids interacts with positively-
charged peptides to increase the amyloid growth rate. The amyloid enhances
hybridisation of attached nucleic acids, which are able to move freely along the fibre.
This allows formation of (partial) double strands by overlapping short oligonucleotides.
The longer nucleic acid strands provide a larger negative charge density that increases
the concentration of basic peptides in the vicinity of the fibre, accelerating the rate of
fibre elongation [151]. Attached nucleic acids would be protected from the environment,
potentially inhibiting hydrolysis of the phosphate backbone [18]. The growing fibre then
provides more attachment sites for oligonucleotides, but it also becomes susceptible to

hydrostatic shearing. This breakage of ANA fibrils has been repeatedly encountered
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during pipetting work for the EM sample preparation and was visible in the EM images.
Hydrostatic shear creates daughter fibrils with attached genetically related nucleic acids
which represent the individuals that are subject to selection. ANA complexes making
best use of the mutually beneficial interactions of its components would grow faster,

replicate both amyloid fibre and nucleic acid more efficiently, and divide more often.
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This image has been removed due to copyright issues.

Shown here was Figure 1 from Braun et al. (2012).

Supplementary Figure 14: Evolutionary routes from a prebiotic ANA-world. (A) ANA world

life cycle. Nucleic acids recruit short basic amyloidogenic peptides to the growing end of the
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amyloid fibril primarily through charge interaction with the phosphate backbone. With
increasing length, the amyloid fibrils become vulnerable to hydrostatic forces, eventually
causing them to shear. This generates daughter fibrils that inherit associated and the
therefore related nucleic acids. The amyloid fibril might promote nucleic acid replication by
enhancing hybridisation. Inter- and intra-molecular hybridisation allows nucleic acids to
adopt secondary structures, some of which may enhance the incorporation of amyloidogenic
peptides. This might allow the formation of nucleic acid structures that could promote
amyloid elongation or nucleic acid replication, which could evolve ribosome-like or
polymerase/ligase-like activities respectively. (B) Elongase Evolution. Only peptides of the
sufficient length with an alternating pattern of hydrophobic (triangles) and hydrophilic
(circles) residues are incorporated into the amyloid fibre (red). If peptides of sufficient length
(e.g., 6 residues) are unavailable, RNAzymes associated with the fibril might generate
suitable peptides by ligating or extending shorter ones. RNA-specific recognition of suitable
amino acid sequences could evolve into the ribosome (purple). (C) Replicase Evolution.
Initially, the amyloid promotes hybridisation and double-strand formation from short
overlapping oligonucleotides. The resulting longer strands provide a higher charge density
and therefore associate more strongly with the fibre to enhance its elongation. Evolution of
nucleic acid ligase or polymerase activities enhances the quantity and length of associated
nucleic acids under conditions of limiting polynucleotides. This process advances through
selection to generate protein fibre-associated nucleic acid polymerases. (D) Separation of
Function. Initially, both elongase and replicase RNAzymes are required to be on a single
fibre. With the incorporation of ANA fibres within membrane vesicles, the elongase and
replicase functions could evolve on different fibres since the importance of the fibre for

compartment formation would be removed. Adapted from Braun et al. (2012) [153].
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Natural selection would favour the fastest growing ANA complexes which would be able
to expand and spread in a population of ANA complexes competing for limited resources
like abiotically synthesized oligonucleotides and peptides, putting selective pressure on
both nucleic acid replication and amyloid fibre elongation. The overlapping
oligonucleotides could, additionally supported by the amyloid fibre, develop an
RNAzyme with ligase activity to create longer nucleic acid strands. A system employing
an RNAzyme ligase chain reaction has already been developed, suggesting that a similar
reaction could take place in a prebiotic context [308,309]. This could then evolve further
into a RNA-based polymerase, in a pathway similar to the one taken in the in vitro
evolution of such a ribozyme (see Supplementary Figure 14) [150,152,153,300,310].
The increased efficiency in the generation of long nucleic acid strands provides the basis
for the development of longer and more complex RNAzymes that could potentially

provide additional functions.

Since shearing of long amyloid fibres is the proposed division mechanism an increased
growth rate would result in production of more 'offspring' ANA complexes and be
selected for. Amyloid elongation could be improved by specific selection of peptides
with sequences of alternating polar and apolar residues by aptamer-like nucleic acid
molecules, thereby concentrating more suitable peptides around the ANA complex and
maybe even promoting the conformational switch to 3-sheet for incorporation into the
fibre [288,311-313]. The initial recognition of suitable peptides could be improved by
catalysis of peptide ligation [314,315]and/ or expansion [316] to yield peptides of
suitable sequence and length. This initial recognition of suitable peptides would
eventually be driven towards development of template-dependent polypeptide

synthesis by a ribosomal activity (see Supplementary Figure 11).
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Longer peptides allow the formation of 3-dimensionally folded functional domains that
due to their higher variability compared to RNA would take over the majority of
enzymatic function, while still covalently linked to the amyloid fibre via amyloidogenic
sequence elements [27,183]. With encapsulation in lipid membranes the compartment
function of the amyloid fibre becomes secondary. The aggregation potential would
actually become harmful for the protocells so that finally amyloid would be counter-

selected, leading to the suppression of this conformation as it is found today [136].

Encapsulation into a lipid membrane is not strictly necessary in the beginning, but could
provide a mechanism to prevent ANA complexes to clump together. Fatty acid
membranes are the most likely candidates in a prebiotic setting to form membranes
[210,317]. Their growth and division would be supported by the accumulation of
polymers in their lumen, driving osmotic swelling [243,277,317]. Additionally, the
growing ANA fibres could push the membranes outwards, forcing the membranes to
grow, which might help then in the competition with other protocells [317]. Also,
encapsulation of ANA complexes in membranes would reduce the selective pressure to
maintain all enzymatic functions, be it RNAzymes or globular protein domains linked to

the amyloid fibre, on the same fibre (see Supplementary Figure 13).

This hypothesis of prebiotic evolution provides compartmentalisation, replication of
nucleic acids and amyloid fibre, selection and inheritance, essential prerequisites for
Darwinian evolution. It could provide the answer to the breakout problem by including

the nucleic acid and polypeptide interaction right from the beginning of life.

Ixii



