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Abstract

The ability of short peptide fragments to self-assemble in isolation as amyloid and
amyloid-like structures has prompted their use as model systems for the study of
amyloid formation and recently also for their utilisation as novel nanofibrillar
material. The atomic force microscope (AFM) is used here to investigate the self-
assembly of two peptide systems and the development of strategies to directly

manipulate and control the structures they form.

The studies presented in Chapter 2 address the self-assembly of a peptide
fragment of the human amylin polypeptide; amylin (20-29). In the opening study we
use ex situ AFM imaging to characterise the early stages of amylin (20-29) fibril
formation. High-resolution images reveal that following an initial lag phase, fibrils
displaying a globular appearance are formed, which over time are replaced by flat
ribbon-like fibrils with no periodicity displaying a range of polymorphic structures
and assemblies. Following on from these findings, we investigate the influence of
solution conditions on amylin (20-29) fibril formation utilising in situ AFM
imaging. Altering the pH and electrolyte composition affords a range of
morphologies including, truncated and long branched or unbranched flexible fibrils

and globular aggregates.

Following on from this characterisation chapter, in Chapter 3 a strategy to
assemble specifically functionalised fibrillar material from chemically modified
amylin (20-29) peptides was investigated. Azide and akyne moieties were
successfully coupled to the amylin (20-29) peptides. Ex situ AFM imaging and
Congo red binding confirmed that the additional steric bulk had no detrimental
effects on the fibril forming capacity of the peptides.

Finaly, in Chapter 4 the focus turns to the self-assembly of a dipeptide of
phenylalanine which corresponds to the core recognition motif of the B-amyloid
polypeptide. Here, the AFM is used to study the physical properties of the well-
ordered, discrete, hollow nanotubes which are formed. Their chemical stability in
organic solvents and considerable thermal stability under both dry and wet heating
conditions is revealed. Finally, the use of strong magnetic fields to directly control

and orientate the diphenylalanine nanotubes was examined by AFM.

The results presented throughout this thesis demonstrate the versatility of self-
assembling peptides for the generation of fibrillar nanostructures that can be directly
modified and controlled to generate novel architectures and functionalised well-

ordered nanomaterials.
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Chapter

1

Introduction

Proteins have a wide range of functions within aliving cell and are crucial to the
maintenance of life. The function of proteins depends on the highly ordered three-
dimensional structure of their native folded form. The progression from gene to a
correctly folded functional protein can be a precarious journey and the cell has
developed a variety of safety nets to prevent or limit any detrimental
consequences. However, when these safety features fail, the resultant misfolded
protein can have disastrous consequences to the cell. A common feature of a
group of mammalian disorders collectively caled amyloid or conformational
diseases is the aggregation of the incorrectly folded proteins into deposits of

fibrillar structures called amyloid.

1.1 Native Protein Structural Hierarchy

Proteins have complex structural hierarchy; the functional protein has a structure
folded into several levels of organisation. The physical and chemical properties of
each amino acid are conferred by the nature of its side chain, and are therefore of
considerable importance in the structure and resultant function of the protein.
Folding of the polypeptide chain is driven by non-covalent interactions which
form between the different amino acids of the polypeptide chain and is influenced
by restrictions imposed from the allowable conformations that the peptide bond

can adopt, as well asthe flexibility of the amino acids and their side chains.

Secondary structure conformations are stabilised via hydrogen bonds between the
side chains of one amino acid to that of another in close spatial proximity but not
necessarily neighbouring in the primary sequence of the polypeptide chain. The

tertiary structure of the protein is the further folding of the secondary structures
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into functional domains which are stabilised by the formation of ionic, disulfide
and salt bridges between different residues and by further non-covalent
interactions, such as van der Waals forces, hydrogen bonds, etc. The various
secondary structure orientations and combinations that can be adopted by the
polypeptide chain results in a heterogeneous array of possible structures and this
explains how folded proteins can have such functional diversity. The highest
level of organisation in a protein is the quaternary structure; referring to the
assembly of individual folded polypeptide chains into functional proteins that

comprise multimeric assemblies.

1.2 Folding pathways

In the cell, the maority of protein folding occurs within the endoplasmic

reticulum, which is the primary location of protein synthesis. Severa factors are

key to the folding process including:

« Packing and internalisation of hydrophobic amino acid side chains and
exclusion of the aqueous environment

. Formation of non-covaent interactions (hydrophobic, electrostatic, hydrogen
bonds)

The kinetics and thermodynamic properties of some polypeptide chains results in

the formation of a folded structure in the C-terminal portion even before the N-

terminal has been synthesised. In such circumstances protein folding is a

spontaneous event constrained merely by the speed of the ribosomes. However,

not all proteins self-assemble due to either the complexity of the folding event or

other factors such as environmental conditions. Under such circumstances the

newly synthesised polypeptide chain rapidly collapses to form a folding

— > — >
«— «—
Unfolded Molten Globule Folded

Figure 1.1: Progression of the unfolded nascent polypeptide chain through the

molten globule intermediate to the folded functional protein.

-2-



Chapter 1 Introduction

intermediate; a partially organised structure called the molten globule. These
intermediates enable folding to overcome the various energy and thermodynamic
barriers experienced. The molten globule is a group of these intermediates with

similar evolving structures rather than a single distinct structure.

The molten globule has severa common structural characteristics. It is
characterised by a pronounced secondary structure displaying the majority of the
structural features of the native protein (figure 1.1). Intramolecular interactions
are not properly formed and so the molten globule is lacking in higher order
structure and has a loosely packed hydrophobic core. This results in a less
compact globular structure than the native folded protein with aradius of gyration
10-30% greater [1]. The less compact structure and exposed hydrophobic core
increases the accessibility of the surrounding solvent to the hydrophobic residues.
This is a dangerous state for the protein to be in as the hydrophobic surface

increases the tendency of the intermediate to form aggregates.

Chaperones
"E}@ g;, P
&
Q Unfolded & M|sfolded %ﬁ}

Native Proteins Aggregated
Protein Protem

(3)

f%

Protein Bound

to Chaperone Protein Bound
to ATPase Component
ATP.
n\ ATP
Remodeling Unfolding, Translocation
J & Degradation

Q

Native Protein

(1)

Degraded Protein

Figure 1.2: Quality control mechanisms employed by the cell to combat unfolded
and misfolded proteins. The unfolded or misfolded protein has 3 possible fates in the
cell: (1) Refolding by the ATP-dependent molecular chaperones to the correct native
protein. (2) Proteolytic degradation or (3) if the misfolded protein escapes detection by

the cells quality control system it may aggregate within the cell. Adapted from [2].
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To aid the folding process, a group of ATP-dependent catal ytic proteins known as
molecular chaperones, whose primary role is to prevent protein misassembly and
aggregation [3], catalyse protein folding and assist the self-assembly of the molten
globules. These catalytic proteins recognise their substrates via the hydrophobic
patches exposed in the folding intermediate [4]. By binding the hydrophobic
residues they are effectively acting as cloaking devices, masking and preventing
the intermediate from forming any unwanted interactions. If the cell deems the
misfolded protein to be irretrievable then the proteolytic machinery quickly
degrades it. In most instances misfolded proteins are mopped up by the cellular
quality control systems. However, certain proteins may escape detection,
subsequently forming aggregates of non-functional protein. The exact reason as
to why the molecular chaperones and proteases do not recognise these misfolded

proteins still remains an area of contention [5].

1.3 Protein misfolding

The key difference between a native protein and its misfolded form is a change in
conformation, whether at the secondary, tertiary or quaternary level. Misfolded
proteins are unstable within the cell and form an intermediate reminiscent of the
molten globule [6]. In vivo, the misfolding of a protein may be triggered by any
of a number of events such as the result of an intrinsic error in its primary
sequence caused during tranglation, or as a result of mutation in the gene, or
misreading of the genetic sequence during transcription. Alternatively it is
possible that once the folded protein has been synthesised, a conformational
change may be induced by a template misfolded form of the protein (for example
the prion protein [7]), or the protein may experience destabilising conditions that
lead to either partial or complete unfolding, such as adverse pH, variations in
ionic strength and increased temperatures. Specific solvent conditions result in
the stabilisation of the molten globule, and consequently the partially folded
intermediate retains an exposed hydrophobic core and under these conditions,

accumulates, forming insoluble aggregates [8].

During the formation of the correctly folded globular protein, the polypeptide

chain collapses to internalise amino acids with hydrophobic side chains (valine,

-4-
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leucine and isoleucine) within the core of the protein. The resultant structure is
soluble in the agueous environment of the cell or associates with cell membranes.
However, if the protein is only partially or misfolded any exposed hydrophobic
residues will form interactions with similar surfaces [9]. The hydrophobic
interactions can cause any incorrectly folded intermediates to aggregate into
fibrillar deposits of varying sizes known as amyloid [10]. A possible role for
molecular chaperones in the prevention of amyloid deposition is their ability to
induce a conformational change in the precursors of amyloid fibrils [5],
preventing their accumulation into toxic insoluble aggregates and instead
catalysing the formation of detergent-soluble amorphous and non-toxic aggregates

that have been observed under the electron microscope [11].

1.4 Amyloid and Disease

The aggregation and subsequent deposition as amyloid of over 20 different
proteins is associated with several mammalian diseases collectively called
amyloid or conformational disorders. This group of disorders manifest both as
systemic and tissue specific conditions, and include a partial list of human fatal
neurodegenerative disorders including Alzheimer’s disease, Parkinson's disease
and Huntington’s chorea, the transmissible spongiform encephalopathies (Kuru,
CJD and BSE), Type Il diabetes mellitus and other systemic amyloidosis. A
common histopathological feature of all these disorders is the deposition of
amyloid fibrils as plaques in tissues. These plagues are observed both
intracellularly and within extracellular pockets in a range of organs including the
liver, spleen, kidneys and brain [12]. Deposition of amyloid is due to severa
factors and therefore the agetiology of this group of diseases is varied manifesting
as genetically inherited, sporadic and infectious disorders (For an excellent

overview see Dobson 1999 [13]).

Although the amyloid fibrils are a common factor, it still remains an area of
contention whether these aggregates of misfolded protein are the causative agent
of the disease state [14]. Current hypothesis suggest that prefibrillar assemblies of
the amyloidogenic proteins may actually be the cytotoxic component and directly
responsible for cell death [15-17]. Furthermore, the accumulation and aggregation

-5-
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of these prefibrillar assemblies culminates in the formation of the mature amyloid
fibril [17]. Thereis an increasing amount of evidence supporting this proposal for
such neurodegenerative or tissue specific amyloid diseases as Alzheimer’'s and
type-11 diabetes mellitus. However, for other systemic amyloidosis it still remains
clear that the accumulation of large quantities of insoluble protein aggregates have
a direct pathological effect too, causing disruption to organ and tissue functions
[18].

Although most amyloid comprises aggregated misfolded or partialy folded
versions of native protein, not al misfolded proteins become amyloid. In
addition, not al amyloid fibrils are associated with disease; in fact severa
proteins have been shown to form amyloid fibrils in vivo with no detrimental
effects to the cell and in certain exceptions proves beneficia [19]. Two examples
of which are the Escherichae coli protein curli [14] and the yeast prion protein
Sup35 [20]. Furthermore, amyloid formation is proposed to be a generic feature of
the polypeptide chain and that the intermolecular bonds which stabilize amyloid
are aso intrinsically involved in the folding of the peptide backbone common to
all proteins[8, 13, 21].

1.5 General characteristics of amyloid

The formation of the amyloid fibrils is not restricted to a subset of proteins but is
in fact a generic feature of the peptide chain and is greatly affected by
environmental conditions encountered. Fibril formation is dependent on the
accumulation of mis- or partially folded polypeptides exceeding a critical
concentration [22] and thus crowding within the cell caused by low clearance or
increased production facilitates interactions between misfolded or partially-folded
proteins. Variations in the localised environment can affect fibrillisation, such as

slight changes in temperature or pH [23].

Although the amyloidogenic proteins are the predominant component of in vivo
amyloid other molecules are commonly found associated or incorporated within
the fibrils. These molecular species are often common to many unrelated amyloid
deposits. Among these factors is the serum amyloid-P component (SAP), which is
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common to all amyloid found in vivo [24] and is proposed to aid amyloid fibrils to
escape proteol ytic degradation in the cell [25].

Despite the origins of amyloid from a diverse array of proteins, al amyloid fibrils
can be characterised by three generic structural criteria. Firstly, amyloid display
similar morphologies and are typically long unbranched fibrillar structures. Fibril
dimensions are typically less than 10 nm in diameter with lengths in microns scale
[26]. Secondly, all amyloid when stained with the azo dye Congo red display a
green-gold birefringence under cross-polarised light [27, 28]. This birefringence is
directly related to the ordered structural anisotropy of the dye molecule and the
core structure of the amyloid fibril. Thirdly, all amyloid have a common structural

core; the cross-beta () structural conformation.

1.5.1 Amyloid structure

Early X-ray diffraction analysis of amyloid revealed a common diffraction pattern
displaying an intense and relatively sharp 4.75 A meridona reflection and a
weaker and more diffuse equatorial reflection at 9.8 A [29]. A characteristic
diffraction pattern of the cross-beta () structural conformation, a common
secondary structure conformation found in many proteins [30]. The cross-f
structure is a particular folding conformation of -sheets, in which the constituent
B-strands are arranged perpendicular to the fibre axis and the p-sheets arranged
paralel. The individual B-strands may be arranged in parallel or antiparalel
configurations relative to each other. The 4.75 A meridonal reflection is generated
by the hydrogen bonding spacing between adjacent -strands, and the face-to-face
stacking of the B-sheets gives rise to the equatorial reflection at 9.8 A. To date all
amyloid fibrils including ex vivo, in vitro and fibrils synthesised from

oligopeptides display this common core structure [31].

Further details of the core structure and refinement of a generic amyloid model
were gained from synchrotron X-ray diffraction experiments on transthyretin
amyloid fibres carried out by Blake and Serpell [32]. The higher-resolution data
obtained from the synchrotron X-ray experiments revealed additional very weak
meridonal reflections at 3.2, 2.8-9, 2.39-41, 2.22-7 and 2.00-2 A, which fit a

-7-
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repeat distance index of 115.5 A parallel to the fibril axis. Leading to the proposal
that the B-strands comprising the cross-p structure of the transthyretin fibril are
grouped within this 115.5 A distance into a novel repeating unit of 24-strands
along the axis of the fibril, in which the 24™ strand is twisted by 360 degrees
relative to the 0™. Corresponding to a well-ordered core structure extending over
the entire fibril axis, which is stabilised by hydrogen bonding along the p-sheet
helix in which 24 B-strands are arranged with a helical pitch of 115.5 A, lying
paralel to the fibril axis. A molecular model [32] of a single B-sheet helix is
presented in figure 1.3 with the helical pitch indicated. The loop regions which
join together the individua strands are not shown.

The spacing and intensities of the 10 A equatoria reflections in the synchrotron
X-ray diffraction patterns indicate that a single fibril comprises severa of the -
sheet helices stacked face-to-face and perpendicular to the fibril axis. The diffuse
reflection is likely to represent the varying distances between individual p-sheets

24 B-strands with
a hdlical pitch of
1155 A

Figure 1.3: An isolated B-sheet helix from the core structure of the amyloid
fibril. A: View of the B-sheet helix along the axis of the fibril demonstrating the
parallel arrangement of the 24 B-strands within each 115.5 A helical pitch. B:

cross sectional view of the B-sheet helix. (Adapted from Blake et al ‘96 [32])
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within the fibril, with the distance dependent on the side chain packing of the
peptide chains.

Anaysis of the X-ray diffraction patterns from other amyloid show similar
meridonal and equatorial reflections [33, 34]. Consequently it is proposed that this
core structure determined for the transthyretin amyloid in which the 3-sheets are
arranged as a continuous helix configuration within the common cross-p core

structure is a generic structural arrangement within amyloid.

Electron microscopy analysis of amyloid combined with the detailed X-ray
diffraction data revealed that fibrils display a distinct structural hierarchy with
several levels of sub-fibrillar assembly and structural organisation [35-37]. The
fibrillar structure comprising severa p-sheet helices stacked face-to-face is
designated the protofilament and is the lowest structural level of amyloid
observable by EM and AFM [35]. Several protofilaments are found coiled
together, in the mgjority, arranged around a hollow, core or channel [35, 38] to
form a protofilament. The protofilament is found aggregated together by further
coiling or by lateral association into fibrillar deposits. A schematic representation

of the various structural levels within amyloid is presented in figure 1.4.

Amyloidogenic

protein
) assembly assembly aggregation
Conformational - 5 > - 5
change or -
strand stacking
. - _ fibrillar
subprotofilament protofilament protofilam deposits

Figure 1.4: Schematic of the structural hierarchy of the amyloid fibril. The cross-§
structure of the amyloid fibril includes a hollow channel through the centre of the fibril. The

structure of the fibril comprises several well-ordered sub-fibrillar levels.
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The core B-sheet structure and hierarchical organisation are proposed to be generic
characteristics of amyloid, however the exact number and orientation of
protofilaments within the fibril is protein specific and dependent on the sequence
of the polypeptide chain. Moreover, not al of the polypeptide chain is
incorporated within the folds of the ordered -sheets, consequently the superfluous
and connecting regions influence the interactions and packing arrangements
between protofilaments [39, 40]. Furthermore, the orientation of the B-strands
within the individual B-sheets is protein specific and may be either antiparallel or
parallel.

Summarised in table 1.1 is a list of the suggested structural hierarchy of five
different amyloid fibrils as determined from a selection of X-ray diffraction,
NMR, EM and AFM studies. In illustration, the proposed structural arrangement

Mature
Structural hierarchy
_ ) ) proto- o Example
Protein Associated disease within the mature
filament references
) protofilament
diameter
AB-peptide (1- | Alzheimer'sdisease | 6-10 nm 5-6 protofilaments | [41, 42]
40) & (1-42) 3-5nmin diameter
Amylin Type Il diabetes 8-13nm | 2to4 protofilaments | [43, 44]
mellitus 3-5 nmin diameter
Iglight chain Light chain 7-8nm | 5 protofilaments 2-3 | [45]
amyloidosis nm in diameter
Lysozyme Autosomal dominant | 8-10 nm 5 protofilaments [46]
(Asp67His hereditary 3 nmin diameter
variant) amyloidosis
Transthyretin Senile systemic 13nm 4 protofilamentsof | [36, 47]
(full length & amyloidosis 4-6 nmin diameter
fragment) arranged in pairs

Table 1.1: Summary of the structural information obtained for five amyloidogenic
proteins. Proteins are listed with the associated disease state. The range of dimensions of
the mature protofilaments typically observed and the structural hierarchy of species
comprising the protofilaments are presented in columns 3 and 4. Examples of the references
citing experimental data in support of the structural information are presented in the fina

column.
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models for the polypeptide chains of two dissimilar amyloid proteins within the
common cross-f structure of their fibrils are discussed below.

The proposed structura model for protofilaments of the human amylin
polypeptide suggests that the polypeptide chain folds in an S-shape with 3 (-
strands formed by residues 12-17, 22-27 and 31-37. -turns allow the polypeptide
to fold into the S-conformation with long-range interactions between residues
F15, F23 and Y 37 [48]. Stacking of the B-strands perpendicular to the fibril axis
gives 3 in-register superpleated B-sheets which run parald to the fibril axisin a
cross-f conformation. The S-shaped fold gives rise to a small left-handed
rotational twist in the B-sheet [44, 49, 50]. Protofilaments comprising 3
protofilaments arranged with a left handed helical twist are the predominant
species [43]. While other structura models have been suggested for the
configuration of the p-strands, currently this model is in strongest agreement with

experimental observations.

By comparison the model of the fibrils formed by Ap (1-40) and (1-42) proteins
suggests that protofilaments (>2 nm in diameter) are assembled from pairs of -
sheets. The B-sheet is composed of two B-strands formed from residues 25-30 and
30-40 in an anti-parallel arrangement [41, 51-53]. A B-turn at residues 12-24
enables the two B-strands to form two, in-register, parallel B-sheets in contact via
side chain interactions giving rise to the characteristic cross-p X-ray diffraction
patterns [54]. The folding of the polypeptide chain is such that the protofilament
has a hydrophobic core with one hydrophobic face. EM and X-ray anaysis
suggest that five or six protofilaments aggregate, most likely driven by
hydrophobic forces, into a helical arrangement around a central core channel, 5.5
nm in diameter [38, 41].

152  Amyloid fibril morphology

As noted earlier, a generic structural feature of amyloid is a long, unbranched
fibrillar structure. There is however, a degree of heterogeneity displayed by the
morphologies of fibrils formed not only by different proteins but also within the

fibril population formed from the same protein species. EM and AFM studies of
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amyloid have revealed the polymorphic nature of the amyloid fibril; insulin
amyloid forms helicaly twisted fibrils with four different morphologies
dependent on the number of protofilaments present [55], the fibrils formed by
lysozyme Asp67His are wavy [26], whereas both human amylin and human AB
amyloid exhibit similar heterogeneous polymorphic mature fibrils that may be
helical, with left-handed coiling and axial cross-over periodicity of 25-50 nm,
twisted ribbons or as ribbon-like arrays [43, 56, 57]. This apparent polymorphic
nature is thought to arise not only due to the varying numbers of protofilaments
incorporated within the amyloid fibril but may also be directly influenced by
environmental conditions[23].

1.6 Fibrillisation pathway

The rate of protein aggregation is greatly dependent on several factors
intrinsically linked to the amino acid sequence of the polypeptide chain. With
importance on amino acid size, propensity to form B-sheets as well as the
hydrophobic nature of the polypeptide sequence [58-60] and growing evidencein
favour of aromatic stacking interactions [61-63].

Kinetic studies of amyloid formation indicate a two phase nucleation-dependent
mechanism, in which an initia lag phase occurs followed by a period of rapid
growth and elongation of fibrils [64-66]. The initial step requires the formation of
a nucleus and therefore is dependent on protein concentration and suitable
environmental conditions. Following the lag phase, assembly and growth of fibrils
occurs rapidly at an exponentia rate, limited merely by the availability of the
protein.

In the initial lag stage of fibril formation, dimeric or low-oligomeric building
blocks further oligomerise to form prefibrillar structures [57, 66-68]. Aggregation
and ordered assembly of these structures result in the formation of the

protofilament and consequently assembly into protofilaments and fibrillar species.

Seeding of preformed fibrillar aggregates into protein/peptide solutions eliminates
the lag phase [69, 70]. Interestingly, ‘cross-seeding’ of different proteins can
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occur, though the level of diversity in the amino acid sequence constrains the
efficiency of seeding [70-71]. This sequence specificity may be explained by the
long-range interactions that stabilise the amyloid structure. This apparent cross-
seeding is likely to explain the species barrier phenomenon associated with the
transmissible spongiform encephalopathies; the level of transmission is lowered
between different species[73].

1.6.1  Driving forces and stabilising interactions

A fundamental question in amyloid formation which remains in part unanswered
focuses on the identification of the driving forces behind self-assembly and
aggregation. Not only will answers to this question complete our understanding of
amyloid formation but most importantly will aid the development of therapeutic

strategies to combat the degenerative amyloid diseases.

Given that the formation of amyloid is a generic feature of the polypeptide chain,
it seems highly probable that the interactions and forces involved are intrinsic to
the polypeptide backbone. Consequently, the interactions which govern correct
protein folding may also be involved in the self-assembly and aggregation of the
well-ordered amyloid, considering the same building block is involved in both
[13].

Amyloid formation is dominated by a specific pathway of non-specific
interactions involving non-covalent molecular recognition and self-assembly. The
aggregation pathway commences with the attraction of misfolded or partialy
folded polypeptide chains by eectrostatic and hydrophobic interactions. Regions
of the polypeptide chain that would normally be internalised may, in the non-
natively folded polypeptide chain, be exposed to the surrounding solvent and thus
prone to aggregation driven by such forces [74].

There is also growing evidence in support of the role of aromatic residues in the
ordered self-assembly process. Aromatic interaction between the planar ring side
chains of the aromatic amino acids are often observed in protein-protein

recognition events [75]. The attractive forces between aromatic rings form
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interactions that are predominantly entropy driven and thereby provide some of
the energetic contribution during the fibril assembly process [60, 62, 75, 76,]. In
addition, n-n stacking requires that the planar aromatic side-chains have restricted
geometries relative to one another [75]. Consequently, aromatic interactions may
also contribute to directionality and ordered arrangement of the polypeptide chain
within the B-sheet core.

The aggregated polypeptide chains form oligomeric species which, once reaching
aspecific size, act as nuclei for the elongation of the fibril. The size of oligomer is
entirely protein and condition dependent; oligomers of full-length amylin form
oligomers 2 to 6 nm in height before elongating into protofilaments [64], by
comparison pre-fibrillar oligomers of Ap (1-40) are 4-6 nm in height [56, 77].

Several mechanistic models have been proposed to describe the exact process by
which the individual polypeptide/peptide chains form the oligomeric nuclei [66,
78-81], with further suggestion that the mechanism may be amyloid species
specific [82]. However al are in agreement that protofilament assembly involves
either the longitudina association of these pre-fibrillar structurally-ordered
oligomeric species [64, 83] or by the addition of monomers to the ends of the

growing fibril [66].

Once formed the elongating fibril exhibits considerable stability, the maor
contributor of which is the hydrogen bonding network which exists between
individual B-strands within the p-sheet which thus extends along the core structure
of thefibril.

1.6.2 Core amyloidogenic fragments

The quest to identify a common factor in the amyloid protein responsible for fibril
formation has in part focussed on the identification of sequence motifs within the
native proteins. The synthesis of large aggregation prone polypeptide chains is
both difficult and expensive. Therefore, shorter fragments of these amyloidogenic
polypeptides are often studied as model systems to understand the interactions and

mechanisms which govern amyloid assembly [84].
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Although no common sequence homology has been demonstrated, key
amyloidogenic regions within the individual polypeptide chains have been
identified. These sequences are crucial for amyloid formation and intrinsically
form part of the pB-sheet core of the fibril [85]. In the native, correctly folded
polypeptide chain these aggregation ‘hot spots are likely to be hidden away
within the hydrophobic core of the protein with their side chains involved in

stabilising interactions [85].

These amyloidogenic sequences have been identified in the mgority of
amyloidogenic proteins largely utilising mutagenic (proline and alanine) scanning
and through biophysical examination of structures formed by short peptide
sequences [86-88]. The short peptide fragments which include the amyloidogenic
motifs readily self-assemble into fibrillar structures under a range of conditions.
Generaly these fibrillar structures still retain the 3 generic amyloid criteria but
may often vary, dependent on the size of the fragment, in fibril dimensions and
morphology (in example [88-91]). Therefore it may be surmised that the
information required for amyloid formation is retained within these key

amyloidogenic regions that are incorporated within the cross-p core of the fibril.

For many of the amyloidogenic proteins, there may be severa short peptide
sequences which are capable of forming amyloid-like fibrils in isolation.
However, within most of the proteins there is a key sequence of amino acids
without which the whole protein will not form amyloid; referred to as the ‘core
amyloidogenic’ motif. For example, rat amylin has considerable sequence
homology to the human protein differing by only 6 amino acids, though rat amylin
does not form amyloid. Five of the six variations in amino acid sequence between
the two homologues have been pinpointed to a 10 amino acid stretch
corresponding to residues 20 to 29. Analysis of this region revealed that the
central B-strand (residues 22 to 27) within the core cross-f structure of the fibril
was formed by this section. Consequently the sequence NFGAIL (residues 22 to

27) has been designated the minimum core amyloidogenic region for amylin.
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The information derived on the properties and characteristics of the short
fragments provides detail of the interactions which govern the assembly of that
specific amino acid sequence. However, when contemplating the assembly
interactions which govern the whole polypeptide chain these individual findings
must be considered in the context of the influences imposed by the surrounding
polypeptide chain. Especially when taken into account that fibrillogenesis of
many shorter fragments often require non-physiological conditions. For example,
the Alzheimer’s polypeptide was recently identified to have a core recognition
motif of a ssimple phenylalanine dipeptide [86]. This dipeptide is the smallest
fragment known to self-assemble into fibrillar structures. However, the fibrillar
structures that form are large nanotubes (>50 nm in diameter) rather than the
smaller biofibrils formed by the full-length AB polypeptide. In fact the smallest
fragment of the Ap polypeptide known to form biofibrils similar in morphology to
the full-length polypeptide fibrils corresponds to residues 16-22, which contains
the core diphenylaanine sequence (residues 19-20) [89] clearly demonstrating
that the surrounding amino acid sequence can greatly influence the self-assembly

packing behaviour.

Although no common motif or homologous amino acid sequence within the
amyloidogenic proteins has been identified, in most instances the core
amyloidogenic regions often have a greater propensity for certain amino acids;
especially residues which are recognised to preferentialy form p-sheet structures.
In particular the aromatic amino acids such as phenylaanine and tyrosine have a
high prevalence in the B-sheet folds. This high incidence of aromatic residues is
not thought to be coincidental but may be intrinsic to the driving forces behind the
self-assembly pathway of amyloid [62, 92]. In fact some success has been
reported with controlling the formation of amyloid by the A polypeptide using n-
stacking inhibitors [93, 94].

However, in a study by Tracz et al [95] the effect of replacing Phe23 from the
core amyloidogenic region of the amylin polypeptide with leucine or aanine
revealed that the charge, size and propensity to form p-sheet were much more
influential than retaining the aromatic residue in determining whether fibrils

formed from the peptide. This suggests that the driving force is not purely that of
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n-n stacking, certainly in amylin, but that aromatic interactions may still play a
key role in both the kinetics of self-assembly and structural arrangement within

the ordered cross-p core [48].

1.7 The study of amyloid

Many of the advancements made in the study of amyloid have come to fruition
due to the development of techniques to isolate in vivo amyloid, and from studies
of the fibrils formed in vitro from polypeptide chains and shorter peptide
fragments. The fibrils formed in vitro have been demonstrated to be

ultrastructurally similar to fibrils found in vivo [96].

Presented in table 1.2 is a summary of the most commonly represented techniques
utilised in the study of amyloid. Although this list is not exhaustive, the
techniques outlined demonstrate the vast wealth of information that has been and
can be determined on the structure, properties and kinetics of amyloid fibrils.
Evidence obtained from individua techniques may stand alone, however it is
rarely taken so and conclusions are generally drawn in context and corroborated

by the findings from investigations using a variety of experimental techniques.

Thisrefined list of techniques may be split into those evolved to study amyloid by
the histologist and those by the biophysicist. The histology approach to amyloid
determination and investigations relies primarily on the use of specific staining
and fluorescent labelling. In the majority these have been established as
techniques for the study of in vivo or ex vivo amyloid and subsequently for the
detailed study of in vitro amyloid too. Congo red dye and the fluorophore
Thioflavin T both require the ordered beta-sheet conformation of the amyloid
backbone to bind [27, 28, 97, 98]. The green gold birefringence observed under
polarised light of Congo red stained samples is seen as a bench mark indicator for
the presence of amyloid. Thioflavin T fluorescence is commonly used for kinetic
studies of the growth of amyloid in solutions as well as the effects of solution

conditions or inhibitors/promoters on the kinetics of fibrillisation.
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Technique Experimental evidence obtained Refer ences
Congo red - Histopathology stain for amyloid [27, 28]
- Stained amyloid characteristically
displays a green gold birefringence under
polarised light
Thioflavin T - Specific binding to B-sheet structure of | [97-99]
fluorescence amyloid resultsin fluorescence of the dye
- Measurement of fibril growth in solution
- Kinetic measurement assays
X-ray diffraction - Fibril ultrastructure [32-34, 54,
100]
Nuclear magnetic - Fibril ultrastructure [101-103]
resonance
Circular dichroism The secondary structures of protein/fibril | [8, 104]
ior:frF;rgger transform Observation of conformational change
spectroscopy Measuring the rate of fibrillogenesisas a
function of changing structural
conformation
Electron - Study of fibril morphology [33, 37,
microscopy _ Exsitu kinetic study of fibrillogenesis 105]
- Exdgitu study of environmental conditions
effects on fibril formation/morphology
- Ex gitu study of thermal and chemica
stability
Atomic force - Study of fibril morphology [39, 40, 44,
mi croscopy 56]

Direct kinetic measurements of
fibrillogenesis

In situ study of environmental conditions
effects on fibril formation/morphology

Direct observation of thermal and
chemical stability

Mechanical properties (image and force
measurements)

Table 1.2: Summary of the most commonly used techniques for the study of

amyloid. Summarised with each technique is a list of the information that can be

determined experimentally and examples of work citing such techniques.
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The biophysical approach to investigating amyloid seeks to resolve three
fundamental issues: fibril structure determination, the mechanism of fibril

formation and understanding the kinetics of fibril formation.

X-ray diffraction and nuclear magnetic resonance (NMR) imaging have played an
important role in elucidating the ultrastructural organisation of the amyloid fibril,
providing detailed evidence on the structural hierarchy exhibited by amyloid and
revealing the core cross-p spine common to all amyloid. However, difficulties in
forming crystals of pure fibrils for x-ray diffraction analysis has proven a
limitation to the extent of information obtained and strategies for improved crystal
growth are ongoing. The use of computer modelling and molecular dynamic
simulations utilises the information derived from X-ray diffraction patterns and
NMR data to generate amyloid structural models and simulations of events during
fibrillisation [92, 106, 107].

Circular dichroism (CD) and fourier transform infra red spectroscopy (FTIR) can
provide information on the secondary structure conformations of proteins in
solution. These techniques have been used to map the changing conformations
often observed in solutions of proteins as they aggregate to form amyloid fibrils;
from random coil conformations and a-helix content to the characteristic rich p-
sheet of amyloid formations. The influence of solution conditions and the
presence of potential inhibitory factors on amyloid formation can also be
investigated.

The electron microscope (EM) and the atomic force microscope (AFM) are the
most widely used instruments for in-depth study of amyloid fibril morphology.
Historicaly, amyloid from a variety of diseased tissue was first observed by
electron microscopy in 1959 [10]. With the development of in vitro fibrillisation
protocols, both the EM and AFM provided detailed studies of the polymorphic
nature of fibrils self-assembled from both full-length polypeptides and shorter
amyloidogenic peptide sequences. This has enabled the fibril pathway and
morphological changes to be studied over a time course alowing events during
the fibrillisation pathway to be visualised. Furthermore, morphological studies of
the influence of environmenta conditions on fibrillisation have provided

-19-



Chapter 1 Introduction

information on the interactions which govern self-assembly of the polypeptide and
peptide chain into amyloid.

The EM (including scanning electron microscopy (SEM) and transmission
electron microscopy (TEM)) is capable of generating very high-resolution images
of biological samples. However there are limitations to studying amyloid using
the EM: firstly, the requirement for extensive sample preparation in which
samples must be dried and stained before imaging, and secondly the inability to
image dynamic processes in situ; the images generated are of dehydrated samples
in their non-native state. By comparison sample preparation for the AFM is
extremely easy, requiring physisorption of a sample to a surface. Furthermore, and
most importantly, dynamic events such as fibrillogenesis can be directly
visualised by liquid imaging; samples are physisorbed to a support substrate and
imaged in a liquid environment thus maintaining the sample in a near-native
hydrated state. A drawback to imaging in solution using the AFM is that the
sample must be sufficiently immobilised to the surface. Therefore conditions
which promote physisorption of the sample to the substrate surface must first be
identified.

The study of amyloidogenic peptide self-assembly presented in this thesis has
primarily utilised the AFM to study the morphology and dynamic behaviour of
amyloid biofibrils and nanotubes. Outlined in the sections below is a brief
description of the principles of AFM and a discussion of the advances made in

understanding of amyloid using the AFM.

1.8 Atomic force microscopy (AFM)

The atomic force microscope (AFM) [108] is a surface biophysical probe capable
of generating high-resolution topographical images of surfaces and exploring the
interactions between molecules within a sample. In addition force spectroscopy
experiments can be performed using the AFM whereby the forces between the tip

and sample or interactions between individual molecules can be investigated.
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The principle of AFM imaging is analogous to a record player where sound is
generated when the stylus moves across the surface of the record. In the AFM, a
stylus is attached to a flexible cantilever; at the end of the stylus is a sharp tip,
which interacts with the surface of the sample. As the cantilever raster scans
backwards and forwards across the surface of the sample, a map of the surface
features is generated in the x and y direction. In the simplest imaging method, to
build up a topographical map of the sample surface details of variations in the
height of the surface are recorded by the movement of the cantilever in the z
direction, thus producing a two-dimensional image of the surface topography. The
deflections of the cantilever are monitored with atomic-scale sensitivity by an
optical lever system; a laser beam directed onto the cantilever is reflected via a
mirror to a position sensitive photodiode. A piezoelectric ceramic scanner controls
the motion of the cantilever by an electronic feedback mechanism. Presented in
figure 1.5 isaschematic of the typical AFM set up.

As the probe raster scans across the surface, the flexible cantilever undergoes

deflections due to the attractive and repulsive forces experienced by the tip as a
result of the overlapping electron orbitals between the atoms of the sample and the

Mirror

Laser
source

Position sensitive

y4 photodetector
Cantilever
X
Piezo Sample surface
direction

AFM stage

Figure 1.5: Schematic representation of the AFM set up. Image inset is a
scanning electron micrograph of the tip at the end of an AFM cantilever (Image from

Olympus Corp., scale bar represents 2.4 um).
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tip. Consequently the deflection of the cantilever is a measure of the forces
experienced by the tip. AFM cantilevers for biological imaging are very flexible
structures with spring constants of less than 1 N/m for contact mode and 2 to 42
N/m for tapping mode imaging. Typically cantilevers are silicon or silicon nitride
with lengths ranging from 100-250 um and tip apexes with radii of curvature of 5
to 40 nm. The optimum resolution of an image is greatly affected by the shape
and apex of the tip. Currently the most commonly used commercialy available
tips are oxide-sharpened pyramid shaped (see inset in figure 1.5). However, the
low aspect ratio and shape of these tips may result in the contact occurring
between the sides of the tip and the sample feature before the apex of thetip. This
causes a tip broadening artefact whereby features appear larger than their true
size, in addition two structures lying adjacent might be perceived as one. A
solution to this limitation is under development, in which long and narrow carbon
nanotubes with high aspect ratios, replace the pyramidal tip [109].

1.8.1 AFM imaging modes

In the conventional AFM, there are three operating modes for image acquisition;
contact mode, tapping-mode and non-contact mode. Each mode functions within
the different force regimes (attractive and repulsive) of the tip-sample interaction.
A brief description of these operating modes is discussed below.

1811 Contact mode

In contact mode, the AFM probe is in constant contact with the sample surface.
Asthetip or sampleisraster scanned relative to one another, the repul sive contact
forces between the probe and sample cause the cantilever to bend. The z-feedback
loop monitors the cantilever deflection and constantly adjusts the height
correcting for the deflection and maintaining a constant force on the sample.
Images mapping the topography of the surface are generated either by monitoring
the changes in z-piezo height or by the movement of the laser caused by changes

in the deflection of the cantilever asit israster scanned across the surface.

The high resolution and fast image acquisition processes used in contact mode are

typically associated with the application of high forces and therefore it is
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preferentially suited for imaging hard, non-deformable samples. When imaging
soft samples in contact mode, such as biomolecules, the lateral forces exerted by
the tip can sweep materia from the sample surface. Furthermore during air
imaging, the adhesive capillary force between the adsorbed liquid layer of the
surface and the tip can cause an overall increase in force on the sample [110]
which ismore likely to deform a soft biomolecular material.

1.8.1.2 Tapping mode

In tapping mode the cantilever is oscillated at or near its resonance frequency
(200-400 kHz in air and approximately 10 kHz in liquid) at amplitudes of tens of
nanometres when not in contact with the surface. As the tip is moved towards the
sample it gently taps the surface as it is raster scanned in an xy direction, only
briefly coming into contact with the fragile surface [111-113]. In tapping mode
the AFM is operating in both the repulsive and attractive regions of the tip-sample
interaction. Variations in the topography of the sample surface result in changesin
the oscillation amplitude of the cantilever; lower features will cause increased
amplitudes, conversely raised areas result in dampening of the oscillation
amplitude. Any resultant variations in the oscillation amplitudes are monitored by
a feedback circuit which maintains the amplitude of the freely oscillating
cantilever at a constant pre-set value by adjusting the z piezo. The problematic
lateral forces of contact mode imaging are no longer experienced as the applied
force is periodic and vertical as the tip intermittently comes into contact with the
surface. Consequently, tapping mode is the preferred imaging mode for
biomolecules and as such al AFM images presented in this thesis have been
generated in this operating mode.

Further information about the sample can be achieved by interpretation of the
phase shift experienced by the oscillating cantilever as it raster scans across the
sample surface. In free air the oscillation amplitude of the cantilever is pre-set at a
constant piezo drive voltage, however as the probe raster scans the surface thereis
a phase lag in the oscillation relative to the driving signal due to tip-sample
interactions. The phase lag is recorded and mapped as an image and is referred to

as phase imaging [114]. The phase data can provide additional topographical
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detaill and under certain tapping regimes information can be elucidated on the
visco-elastic and adhesive properties of the surface [115-117].

1.8.1.3 Non-contact

In non-contact mode the oscillating tip (at its resonant frequency) never actually
touches the sample but is instead kept at a small distance above the sample surface
within the long-range van der Waals attractive forces of the tip-sample interaction
[118]. As the tip is raster scanned across the surface, gradients in the force are
detected by changes in the tip resonant frequency or oscillation amplitude of the
cantilever. The magjor advantage of non-contact AFM is that the technique is non-
destructive as the tip does not make contact with the sample, a necessary factor
when studying easily deformable biomolecules. However, the attractive forces
involved are very small (as little as 10™ N) and less sensitive to probe-sample
separation. Consequently, the images generated generally have lower spatial
resolution. Thisis particularly problematic in non-contact imaging in liquid where
at small tip-sample distances the van der Waals forces are greatly reduced by
more than two orders of magnitude [119, 120].

1.8.2 Force distance measurements

In addition to the imaging capabilities of the AFM, quantitative force
measurements of tip and sample interactions can be generated [121]. In an AFM
force experiment, the probe is moved vertically at a constant z-piezo velocity
towards a sample surface until contact is made and then retracted away. By
measuring the deflection experienced by the cantilever a force-distance plot can
be generated provided the spring constant of the cantilever is known. Shown in
figure 1.6 is a typica force-distance curve in which the y axis is the cantilever
deflection force (measured in nN) verses the distance travelled by the z-piezo

(measured in nm) on the x axis.

The AFM is one of few techniques (others include optica tweezers,
biomembrane-force probe) in which force-distance curves can be generated for
single molecule rupture events. This alows the mechanical properties such as

individual molecule flexibility and stiffness to be quantified. Furthermore detailed
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Figure 1.6: Schematic of a typical force-distance curve. A The tip approaches
the sample surface. At B there is “jump to contact” due to attractive van der Waals
forces. The cantilever bends as the tip continues forward until point C, the predefined
maximum load. The tip is retracted and point D is the “pull off” force as the tip

disengages. At E the tip returns back to the start position away from sample contact.

investigations of protein or peptide folding and unfolding events may be mapped
as well as protein-protein interactions and protein-ligand binding. For excellent
reviews detailing the scope of biomolecular AFM force measurement experiments
see [122-124].

1.9 The characterisation of amyloid by AFM
The AFM has extensively been utilised in the study of amyloid and has made

possible many advances in our understanding of amyloid. Possibly the greatest
achievement facilitated by the AFM is the study of amyloid in a hydrated
environment; enabling the direct visualisation of dynamic events during
fibrillisation.

The AFM can generate images of samples in solution at static time points as well

as dynamically generating a time-lapse sequence of images of fibrils nucleating
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and elongating; enabling the study of rates of fibrillogenesis, as well as mapping
the progression of variations in morphologies and the development of structural
hierarchy. Furthermore, events can be studied under conditions closely

exemplifying the native physiological state.

191 Ex situ and in situ imaging

Tapping-mode AFM has been successfully utilised for high-resolution imaging in
both air (ex situ) and in solution (in situ) of fibrils formed by a range of
amyloidogenic polypeptides and their shorter peptide fragments, including AP
[56, 77], amylin [44, 87, 125], Ig light chain [45, 126], and lysozyme [39] as well
as the non-disease related Sup35 [81]. Detailed morphological studies can be
made and information derived on the helical periodicity, height, and persistence
length of the fibril under various environmental conditions [57, 127]. AFM
images of B2-microglobulin have demonstrated that variations in pH promote
different fibril morphologies from highly flexible worm like chains to long
straight unbranched fibrils and rod-like structures [128, 129]. In situ imaging
allows the morphology of a fibril in its hydrated state to be studied, thereby

enabling the direct visualisation of afibril in a state near to that expected in vivo.

For the acquisition of stable high-resolution images in situ the specimen must be
sufficiently immobilized to the sample surface. This is often a limiting factor in
the imaging of biological samples using tapping mode AFM as suitable conditions
must be identified. Various strategies are employed to promote sample
immobilisation, including a choice of positively or negatively charged substrate,
or by altering the buffer conditions; adsorption is promoted by altering the sample
or surface charge through the addition of monovalent or divalent ions [111, 130,
131]. Alternatively samples may be covalently attached to a functionalised surface
[132].

The substrate of choice for the study of amyloid is predominantly mica due to its
atomicaly flat surface [40, 56, 133-135]. Other substrates which have been
utilised include gold [136] and highly-ordered pyrolytic graphite (HOPG). The
atomicaly flat HOPG is preferentially utilised for orientated and template-
directed growth of fibrils due to its crystalline nature [137, 138]. However, it has

-26 -



Chapter 1 Introduction

been noted that fibrils grown on a substrate support during in situ AFM imaging
can display different morphologies to counterparts grown in solutions, suggesting

that for some systems fibril formation is surface-dependent [135].

Particularly pertinent to the study of amyloid is the ability to mimic the in vivo
environment. Not only by imaging fibrils at physiological conditions but aso by
mimicking biomimetic surfaces. Amyloid is believed to preferentially form at the
cell membrane where their prefibrillar assemblies act as pores within the
membranes leading to disruption of the membrane and loss of cell activity [139-
141]. Dynamic AFM imaging of lipid covered substrates in the presence of human
amylin and AB(1-42) polypeptide solutions revealed, over a time course, the
formation of holes in the lipid rafts which resulted in membrane disruption.
Following a lag time fibrillar structures were also observed within the images
[140, 142].

An antibody, known as anti-amyloid antibody W01, has been shown by AFM
investigations to bind not only to oligomeric species (in this example to 2-
microglobulin prefibrillar oligomers) but also some morphologies of the mature
fibril. Indicative therefore that the binding epitope for the antibody is freely
available on the oligomeric species but may be masked in some mature fibril
morphologies, suggesting fibril self-assembly may follow severa distinct
pathways [128, 143].

1.9.2 Kineticstudies

The ability to image dynamic events by AFM has facilitated one of the most
important advances in the study of amyloid kinetics. The direct observation by
tapping mode AFM using time-lapse liquid imaging of amyloid fibril formation
[44, 56]. The rates of fibril growth can be measured and correlated with changing
morphologies, in addition the direction of growth can be studied [44, 57]. Snap
shot events during fibrillisation can be observed using ex situ AFM which detall
the changing morphology of the fibril and prefibrillar species [135]. Seeding
experiments have been performed on solutions of AB polypeptide whereby the
effects of pre-formed aggregates on fibril growth can be directly visualised;
providing insights into the fibrillisation pathway [57, 144].
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The recent development of high-speed AFM capable of generating whole
topography and phase images in millisecond rather than minutes at high
resolutions [145, 146] has enabled the AFM for the first time to image biological
processes in real-time. Currently, studies of the fibrillisation pathways have been
limited to time-lapse studies; images of the sample are effectively snap shots of a
particular time point taking minutes to generate a full image. Given that the time
gpan of fibrillisation for many amyloid proteins involve hours rather than seconds,
time-lapse imaging appears to be more than adequate in the study of amyloid.
However, with the development of real-time imaging it may be possible to derive
more detailed information on the subtle morphological changes which occur

during some of theinitial events of fibrillogenesis.

1.9.3 Investigating the physical properties of amyloid.
The therma and chemical stability of amyloid has often been determined using
the traditional methods employed for protein studies namely the use of CD and
FTIR in which the loss of secondary structure can be dynamically measured. The
EM has also been used to study the effects of heat and chemicals on samples,
however these samples must be removed from the conditions, undergo preparative
regimes and then imaged, during which vauable information may be lost or
masked. However, the AFM is able to combine both strategies, enabling a
dynamic study of the changes in morphology with variations in temperature or by
the introduction of denaturing chemical agents into the chemically and pH robust

liquid cell to alow time-lapse imaging of any resultant artefacts.

The thermal and pressure stability of amyloid fibrils has been investigated by
AFM. Samples of transthyretin fibrils after exposure to high hydrostatic pressures
and prolonged high temperatures were imaged by ex situ AFM, revedling that
prefibrillar structures are dissociated by the conditions, however mature fibrils
were observed to remain stable [147]. In these experiments, the amyloid samples
are treated and then imaged, however modification of the AFM stage with the
incorporation of an electronic feedback-controlled heating element would enable
samples to be heated from the bottom-up during imaging in air up to ~250 °C or
in closed liquid cells up to 100 °C. This would therefore enable, through in situ
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heat imaging, the effects of temperature to be studied throughout the fibrillisation
pathway.

Other physical properties of amyloid fibrils have been quantified using the AFM
such as persistence length measurements from topography images [128]. Through
AFM imaging experiments the ability of Apo ClI fibrils to circularise was shown
to be intrinsicaly linked to their flexibility and persistence length [148]. Other
amyloid have been noted to circularise: under high pressure conditions insulin
fibrils circularise [149], whereas equine lysozyme forms circular amyloid under
low pH conditions [150]. The circularised amyloid still retain the ability to bind
Congo red and are thought to be another morphological state adopted by amyloid

[57].

The small diameter of the AFM tip (~10 nm) and the ability to measure forces
with picoNewton sensitivity ideally suites the AFM to measuring the small
interaction forces which govern biological polymer assembly and stability and has
widely been used to investigate the mechanical properties of many polymer
systems from polysaccharides [151] to oligomeric proteins [152, 153]. Similarly
the mechanical properties of the amyloid fibril have been investigated to gain a
greater understanding of the interactions that govern fibril formation and confer
the observed stability within the amyloid plagues. In a study of insulin amyloid
the AFM was used to measure the mechanica properties of the fibrils using a
nanoindentation method: a fibril is placed over a pore or gap in a substrate (ie
between islands on a gold substrate) and the force required to push an AFM tip
down onto the fibril is measured, akin to a three-point bending test. This enables
information on the Young's, elastic and shear moduli (measure of the stiffness,
elasticity and rigidity) of the amyloid fibril to be derived [154].

By utilising the indentation method the elastic properties of B2-microglobulin
fibrils have been identified Furthermore, individual 3-sheets have been ‘ unzipped’
or mechanically peeled away from the fibril and the forces measured using the
AFM [155]. In this experiment it was noted that the p-sheets could be reversibly
and repeatedly unzipped from the main fibrils of both A (1-40) and Ap (25-35),
although the forces required where different for the two polypeptide chains.
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Protein secondary structure is an important factor in mechanical strength; B-rich
conformations display greater mechanical resistance than a-helical rich, which is
atributable to the H-bonding stabilising forces between p-strands [156].
Furthermore, AFM force-extension measurements and molecular dynamic
simulations have shown that protein mutants differing by only afew amino acid in
their primary sequence, which still display aimost identical topology, can exhibit
different mechanical resistance due to side chain interactions [157]. Consequently,
amyloid fibrils may have considerable mechanical stability due to their B-sheet
conformation and therefore it has been hypothesised that fibrils may display
characteristic mechanical fingerprints which are dependent on their constituent
protein [155].

By studying the mechanical and physical properties of the amyloid fibril a greater
understanding of the interactions which govern fibril formation and stability can
be achieved. This knowledge will invariably play akey role in the devel opment of
therapeutics, which seeks to prevent formation or destabilise the fibril or
prefibrillar material.

1.10 Amyloid and the nanoscientist

Advancements in the biotechnology industries have led to the search for more
exploitative and readily functionalised building blocks from which novel
materials can be built. The vast potential of amyloid structures has not evaded the
keen eye of the inquisitive and inventive nanoscientist. As the knowledge and
understanding of the many ideal and stable properties of the amyloid fibril have
been realised, so too have their apparent ability to be utilised in a wide range of
potential applications; a bottom-up approach to novel material fabrication [47,
158, 159].

The recent discussion into the pathogenicity of amyloid has led to the suggestion
that the cytotoxic element is the prefibrillar species and not the mature fibrils [15-
17]. If this is true then the potential range of possible applications for amyloid
may be greater than previously thought possible due to safety concerns, for

examplein vivo as drug delivery vessels or implants.
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Predominantly the use of amyloid fibrils for novel biomaterias has focussed on
the exploitation of amyloidogenic fragments rather than whole proteins, due to
their ease of synthesis and handling. Gold and silver nanowires have been
assembled using nanotube scaffolds formed from the dipeptide recognition motif
of AB, the Alzheimer’s protein [86] and the NM domain of the yeast prion Sup35
[160] for use in microelectronics circuitry.

The synthesis of nanofibrillar materials which can perform or support a specific
function is of particular interest to the pharmaceutical and biomedical industries.
For example, a Sup35 protein modified with a C-terminally linked green
fluorescence protein (GFP) till retained the ability to form fibrillar structures
which had green fluorescence [161]. This example demonstrates that proteins and
peptides modified with specific functionalities may still retain the ability to form
amyloid. Therefore it may be possible to engineer self-assembling fibrils with
specific catalytic activity by coupling enzymes to the main protein or alternatively
specific functional moieties could be attached to the constituent protein or peptide

and thus generate chemically functionalised fibrils.

Furthermore with the proposal that the formation of fibrillar structure with core p3-
sheet ultrastructure is not limited to a subset of disease related proteins but isin
fact a generic feature of the polypeptide chain, new avenues of research are being
explored for the development of self-assembling nanofibrillar material from a

range of designed amino acid sequences[2, 158, 162-165].

In this introduction a brief overview of the vast world of the amyloid fibril has
been discussed from the origins, in vivo as misaggregated proteinaceous deposits
to manipulation and exploitation as novel nanomaterials. The knowledge derived
on the structural, kinetic and physical properties of amyloid using the AFM has
been intrinsic to the developing understanding of amyloid fibrillisation. The work
presented in this thesis focuses on the study of amyloid and amyloid-like
structures using the AFM and a detailed description of the basic principles and

functioning parameters of the AFM are al so discussed here.
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The aims of this PhD project are to investigate the self-assembly of peptides
utilizing the AFM, particularly with the view to characterising the morphology,
fibrillisation and properties of the fibrillar assemblies which they form.
Furthermore, to develop strategies to directly control and exploit these fibrillar

structures to explore their potential use as novel nanostructures.

The work presented in this thesis focuses on the fibrillar materia self-assembled
from peptide fragments of two amyloidogenic proteins: the amylin polypeptide
associated with type-ll diabetes mellitus and p-amyloid (AP) polypeptide
associated with Alzheimer's disease. Specifically the experiments investigate
short fragments of these polypeptides comprising the minimal amyloidogenic
peptides containing the core recognition motif of the proteins;, amylin fragment
corresponding to residues 20-29 in the human sequence and residues 19-20 of the

human A polypeptide.

1.11 Thesis outline

The first section of this work focuses on the study and exploitative potential of the

amyloid fibrils that self-assemble from amylin (20-29) peptides.

The studies presented in Chapter 2 are concerned with the self-assembly and fibril
formation of the amylin (20-29) peptide fragment. Although amylin (20-29) is a
commonly studied model peptide fragment, there are no detailed studies that
directly visualise fibrillisation and changing morphology in a hydrated sate. The
opening section of the chapter documents the synthesis of the peptide fragment
corresponding to amino acids 20-29 of the human amylin polypeptide by solid
phase peptide synthesis. Congo red assay and AFM imaging revea that the
peptide fragments readily self-assemble, forming polymorphic amyloid fibrils.
The chapter concludes with an investigation of the influence of solution pH, ionic
strength and electrolyte composition on the morphology and fibril forming
capabilities of the peptide, which are directly visualised using both ex situ and in
situ AFM imaging.
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The experiments presented in Chapter 3 investigate the exploitative potential of
the self-assembling amylin (20-29) peptide to produce fibrils decorated with
specific functional groups. The amylin (20-29) peptide fragment is synthesised by
SPPS with either an azide or alkyne functional group coupled to the N-terminus.
High-resolution ex situ AFM imaging and Congo red staining probe whether the
peptides retain the capacity to form amyloid fibrils.

In the presence of copper (1) catalyst, alkyne and azide functional groups undergo
a chemical ligation reaction. Consequently, it may therefore be possible to form
stable covalent links between fibrils decorated with these moieties. Ex situ AFM
imaging is used to investigate the effectiveness of this chemical ligation reaction

to produce arrays of covalently linked amylin (20-29) fibrils.

The last section of this thesis focuses on the self-assembly of the second peptide
fragment, the dipeptide of phenylalanine; the core recognition motif of the p-
amyloid protein. This simple dipeptide of phenylaanine readily forms nanotubes
in organic solvent, however these structures are unlike the biofibrils formed from
larger fragments of the polypeptide. The nanotubes are large hollow structures
with diameters in excess of 200 nm. The successful application of these nanotubes
for use as scaffolds for the generation of nanowires has previously been
demonstrated. The aim of this study is to further develop our knowledge of the
properties of these nanotubes and to develop a means of controlling their
assembly. In Chapter 4, in situ and ex situ tapping-mode AFM is used to
investigate the thermal and chemical stability of these nanotubes. Furthermore, the
AFM is used to directly visualise the manipulation and ordered orientation of the

nanotubes using strong magnetic fields.
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Chapter

2

Characterisation of Amylin (20-29) Fibrils
by Ex situ and In situ AFM Imaging

2.1 Introduction

Amylin is a 37 amino acid polypeptide co-secreted with insulin from the
pancreatic B-cells of the islets of Langerhans [166]. Amyloid deposits of amylin
fibrils are found in over 90% of cases of type Il late-onset diabetes mellitus or
non-insulin dependent diabetes mellitus (NIDDM) [19, 167, 168]. Whether or not
these amyloid deposits are a cause or effect of NIDDM is still largely unclear
[169, 170], but increasing evidence supports the hypothesis that pre-fibrillar

species of amylin amyloid are cytotoxic in vitro [171, 172].

In this chapter, the atomic force microscope is utilised for the characterisation of a
self-assembling peptide fragment of the human amylin polypeptide,
corresponding to amino acid residues 20 to 29 of the human sequence. Many
studies utilising a combination of SEM, TEM and AFM have been undertaken to
investigate the morphology and fibrillisation of the full-length amylin polypeptide
and several of its peptide fragments [43, 44, 49, 61, 87, 105, 125, 173-177]. These
studies have provided evidence that one of the key amyloidogenic regions of the
human amylin polypeptide, a 6 amino acid peptide fragment (nH,- NFGAIL -
cooH), is the smallest amylin fragment capable of self-assembly [87]. Further
studies using a combination of EM and turbidity tests have shown that the larger
10 amino acid peptide fragment (NH SNNFGAILSS —cooH), and the focus of this
chapter, self-assembles into fibrils which are similar in morphology to those
formed by the full-length polypeptide in vitro [48, 100, 102, 176, 178].

Substitution experiments of specific amino acids within the full-length

polypeptide revealed that residues within the core amylin (20-29) sequence are
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crucia for fibril formation. Substitution of Ser-28 for 3-sheet disrupting proline
completely inhibited fibril formation [88] and substitution of the aromatic residue
Phe-23 for aanine influenced the formation of higher order amyloid aggregates
[61]. Together these findings highlight the importance of the amylin (20-29)
fragment in fibril formation, however studies of longer amylin fragments revedl
that other regions of the polypeptide directly influence the morphology and
higher-order fibril assembly of the full-length polypeptide [ 48, 90, 179, 175].

The maor advantage that AFM poses over SEM and TEM is that the sample can
be imaged in solution by in situ imaging. This enables a dynamic investigation of
amyloid in it's hydrated state, and thus a study into the kinetics and real-time
fibrillisation is possible [44, 56, 57, 177]. Kinetic studies of the fibrillisation of
full-length and fragments of amylin have predominantly relied upon the use of
turbidity and spectroscopic techniqgues measuring Congo red, ANS (1-
Anilinanaphthalene-8-sulphonate) and Thioflavin-T binding [49, 180-182]. To
date time-lapse AFM has only been utilised for the kinetic study of full-length
amylin [44, 64] where growth of individual protofilaments, 2.4 nm in height, were
observed in Tris buffer elongating at arate of 1.1 (+0.5) nm min™. The fibrils had
varying morphologies and growth was bi-directional with no significant
preference for either end of the growing fibril. Kinetic studies have revealed that
fibril formation proceeded through two distinct phases and is nucleation
dependent [64]. Fibril elongation followed an initia lag period, the length of
which could be influenced by pH and temperature [181].

Although the AFM makes an ideal tool for the study of fibrillisation its use is
dependent on sufficient immobilisation of the fibrils to a solid substrate support,
particularly during in situ imaging. For the study of soft biomolecules such as
peptide fibrils the use of tapping-mode AFM, where the tip only briefly comes
into contact with the surface, is the most ideal mode of imaging [132, 177, 183].
The minimal forces applied by the tip as it oscillates across the sample surface
require only weak immobilisation of the biomolecule to the substrate, enabling

biomolecular interactionsto freely occur at the surface and thus to be studied.

Immobilisation strategies in the simplest form rely on electrostatic attractions

between substrate and biomolecule. Two commonly used substrates in AFM
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imaging of amyloid [184] are muscovite mica which carries a net negative charge
and gold which has a neutral surface charge. The former substrate is more
favoured for AFM imaging due to ease of cleaning during preparation and atom
scale flatness, and for this reason is the substrate of choice for the experiments
presented in this thesis. For physisorption of a biomolecule to the substrate it may
be necessary to manipulate the electrostatic charges on either surface by means of
altering the pH or ionic environment. Introduction of co-ions or counterions either
in a buffer solution or ssimply by pre-adsorbing monovaent or divalent salt ions
(eg Nickel, Zinc, Cobalt, Magnesium) to the substrate enables the charge on either
the substrate or the biomolecule to be masked in favour of physisorption [131].
Time-lapse AFM imaging of full-length amylin to mica was performed in a Tris-
HCI buffer at a pH of 7.3 [44]. The isoelectric point of full-length amylin is 8.9
and therefore at this pH the peptide would carry a net positive charge due to
protonation of free amine groups of the protein.

Despite the key role of the amylin (20-29) sequence in fibril assembly by the full-
length polypeptide no detailed AFM study has been performed on the fragment,
and in particular there is no information on the early stages of amylin (20-29)
fibril formation or the morphology of the younger fibrils. The work presented in
this chapter details the characterisation of fibrils formed by the peptide fragment
amylin (20-29) by in situ and ex situ AFM imaging. The peptide fragment was
synthesised using solid phase peptide synthesis (SPPS) and a study was made into
purification using reverse-phase high performance liquid chromatography (RP-
HPLC). Preliminary high-resolution ex situ imaging was used to investigate the
polymorphic nature of young amylin (20-29) fibrils. For successful in situ AFM
imaging of amylin (20-29) fibrils the development of an immobilisation strategy
was investigated and initial studies were made into the effects of ionic solution

conditions on the morphology, kinetics and fibrillisation of amylin (20-29).

The ex situ AFM experiments presented within this chapter are the subject of an article
published in the journal Protein and Peptide Letters [134]
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2.2 Experimental

221  Materials
All amylin (20-29) was synthesised by SPPS, reagents used in the process were:

NovaSyn® TGR resin and standard Fmoc protected amino acids were purchased
from NovaBiochem; dimethylformamide (DMF) purchased from Rathburn;
piperidine, N-methylpyrrolidone (NMP), N,N-diisopropylethylamine (DIPEA),
trifluoroacetic acid (for SPPS), triisopropylsilane (TIPS) and dichloromethane
(DCM) were purchased from Sigma-Aldrich; N-[(dimethylamino)-1H-1,2,3-
triazol o[4,5-b] pyridin-1-ylmethylene]-N-methyl methanaminium
hexafluorophosphate N-oxide (HATU) obtained from Perseptive Biosystems,
Germany; ethanol, hexane, diethyl ether, acetonitrile (Far UV grade) and
trifluoroacetic acid (for HPLC) purchased from Fischer Scientific Chemicals,
Sodium chloride were purchased from Sigma-Aldrich.

Reagents used in the AFM studies: sodium citrate (dibasic and monobasic),
sodium acetate, potassium chloride (KCl), magnesium chloride (MgCly), Tris and
TrisHCI al purchased from Sigma Aldrich. Congo red and sodium chloride were
purchased from Sigma Aldrich. Ethanol was purchased from Fischer Scientific.

222 Method

2221  Solid phase peptide synthesis

Peptide fragment of human amylin corresponding to residues 20 to 29 (sequence
shown below) was synthesised using SPPS.

NHo—SNNFGAILSS coon

Adaptations based on the work of Nilsson et al [185] for synthesis of
amyloidogenic peptides were incorporated into the standard [186] SPPS Fmoc
procedure.

The column was packed with 0.1 mmol of an amide Rink resin, NovaSyn® TGR

resin was solvated initially with N-methylpyrolidinone, and the activation cocktail
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containing the coupling reagents, 0.8 mmol DIPEA and 0.4 mmol HATU,
solubilised in NMP, mixed with 0.4 mmol of the C-terminal amino acid (serine)
and added immediately to the column. Amino acids were |loaded with a four-fold
excess to ensure maximum yield. Sufficient solvent was added to the column for
the resin to be fluid and was left at room temperature on a magnetic stirrer. The
first amino acid coupling was left overnight to ensure complete attachment to the

resin.

All the amino acids have an Fmoc group protecting the NH, group to prevent
unwanted formation of peptide bonds. Fmoc deprotection was performed by
washing the column with 100% DMF, to remove excess activated amino acids
and then with 20% piperidine-DMF solution. Solvent washing of the column was
controlled using a LKB Biolynx 4175 Peptide Synthesiser, set to a flow rate of 3
mi/min. Fmoc deprotection and coupling efficiency was monitored
spectrophotometrically by absorbance measurements (Azgonm) Of the column

eluent.

Following Fmoc deprotection, the resin was washed with NMP to remove any
trace of DMF and the succeeding amino acid with activation cocktail was added.
The process was then repeated for each amino acid until the complete sequence
was generated. The resin was washed using DMF and DCM over a Buchner
funnel and then shrunk using hexane. Cleavage of the peptide chain from theresin
and deprotection of side chain groups was performed by the addition of a mixture
of 90% v/v trifluoroacetic acid (TFA), 2% v/v triisopropylsilane (TIPS) and 8%
viv water, for 2 hours. The suspension was then filtered and the filtrate
evaporated under vacuum. The residual material was titrated with diethyl ether,
and the resulting powder (100 mg), consisting of the crude peptide was stored
below 4°C.

2.2.2.2  Liquid chromatography mass spectometry (LC-MYS)
Presence and purity of the peptide was determined using LC-MS. Crude peptide

was injected onto the column at a concentration of 1 mg/ml in ultrapure water (pH
6, resistivity 18.2 MQcm). A C;g analytical column (Bore size 5 ym) wasrun at a
linear gradient of 25 to 100% solution B (90% v/v acetonitrile and 0.06% v/v
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trifluoroacetic acid) over 30 minutes with flow rate of 0.25 ml/min, with detector

monitoring eluent at A214 nm.

2.2.2.3  High performance liquid chromatography (HPLC)

Peptide was purified by reverse-phase HPLC using a Cg semi-preparative column
(bore size 5 um) on a Beckman Gold System. Solvent A was water and 0.06%
v/v trifluoroacetic acid and solvent B, 90% v/v acetonitrile and 0.06% v/v
trifluoroacetic acid.  Presence of peptide in the eluent was monitored
spectrophotometrically by monitoring absorbance at wavelength of 214 nm. The
conditions and parameters used for the HPLC purification are a scaled up and
developed method based on those used for LC-MS. To achieve more efficient
purification, the peptide was loaded at a higher concentration, by dissolving 2
mg/ml of crude peptide in 40% acetonitrile. Criteria for method development
were based on improving the resolution of target peak, increasing separation of
contaminants and minimising run time. The finalised method was a gradient of 25
to 100 % B over 20 minutes with flow rate of 5 ml/min and injection volume of
200 pl.

HPLC solvents were removed from the purified peptide sample under vacuum
using a Rotavac™ system and the purified peptide sample lyophilised over 36
hours and stored below 4°C.

2224  Congored assay
The histopathology stain Congo red is commonly used in the detection of amyloid

[27] and was used to determine the formation of amyloid fibrils by our amylin
(20-29) peptides. A saturated solution of Congo red was prepared using 0.2g of
Congo red powder per 100 ml of 80% v/v ethanol solution saturated with sodium
chloride. Purified and crude lyophilised peptide samples were suspended in
ultrapure water (pH 6, resistivity 18.2 MQcm) at concentration of 1 mg/ml. The
suspension was aged for 18 and 48 hours at room temperature to ensure maximum
allowance for fibrils to form. At each time interval a 10 ul aliquot was dropped

onto a clean glass dide and air-dried. Samples were stained for 1 minute by
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addition of the saturated Congo red solution. Excess stain was removed by
washing with ethanol and the slide air-dried.

22241 Optical microscopy and birefringence

Birefringence was examined using a Leitz Diaplan light microscope with
polarisers and 10 and 25 times magnification objective lens. The polariser lens
are set at a 45 degrees to each other, one in the incident beam and the other set
above the dide stage between the objective lens and camera. Images of the
sample under normal and polarised light were captured using a Nikon 100 digital

camera.

2225 Ex situ AFM imaging

The lyophilized amylin (20 to 29) peptide was solubilised in ultrapure water (pH
6, resistivity 18.2 MQcm) at a concentration of 1 mg/ml. Samples were left to
form fibrils at room temperature up to 48 hours. In some instances, to prevent
molecular overcrowding of the AFM scan area, stock solutions were diluted to
concentrations of 100 ug/ml in ultrapure water immediately prior to imaging.
Aliquots of 10 pl were dropped onto freshly cleaved mica (1 cm?), dried in a N,
gas stream and imaged immediately. Ultrapure water stored under identical
conditions and for the same time period was used as a control preparation; here
imaging showed no fibrillar structures. Images presented were generated using a
Nanoscope llla AFM (Digital Instruments, Veeco Metrology Group, Santa
Barbara CA). All imaging was performed in air in tapping mode with scan rates
of 1.5-2.5 Hz using silicon TESP tapping probes (supplied by Veeco Metrology
Group) mounted on cantilevers with nominal spring constants of 42 N/m (range of
34.4-37.2 N/m) and nomina resonant frequency of 320 kHz (range of 280-360
kHZz).

2226 Insitu AFM imaging of amylin (20-29) fibrils

22.26.1 Sample Preparation
The lyophilised peptide was initialy solubilised in ultrapure water (pH 5.6,
resistivity 18.2 MQcm) at a concentration of 1 mg/ml. After 1 hour at room

temperature, the sample was diluted to give a fina peptide concentration of 100-
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200 pg/ml in varying salt solutions and left to incubate at room temperature. All
solutions were prepared on day of the experiment from ultrapure water. The salt
solutions investigated are summarised in table 2.1, which lists the salt
concentrations used and solution pH. Both the potassium chloride and magnesium
chloride were acidified by stepwise addition of hydrochloric acid to achieve the
desired pH of 4.0. A 30 ul drop of solution was placed onto freshly cleaved mica
and an aliquot transferred to an AFM liquid cell immediately prior to imaging.

lonic content pH
10-50 mM TrisHCI 7.2
10-100 mM KCI 4.0
100 mM MgCl; 4.0
50-150 mM Sodium acetate 55
125 mM Sodium acetate with KCI salts 55
125 mM Sodium acetate with MgCl, salts 5.0
50-150 mM Sodium citrate 4.0
130 mM Sodium acetate with KCl salts 4.0
125 mM Sodium acetate with KCl salts 4.0
125 mM Sodium acetate with MgCl, salts 4.0

Table 2.1: An overview of the buffer and ion solutions investigated for

the immobilisation of amylin (20-29) fibrils to mica.

2.2.2.6.2 AFM Imaging

All images were collected using a Nanoscope Illa atomic force microscope in
tapping mode at scan rates of 2-3 Hz using silicon nitride cantilevers with

resonant frequencies of 31-34 kHz and spring constant of 0.08 N/m.

2227 AFM imageanalysis

Data was processed using two computer packages, the analytical processing
options from the Nanoscope software version 5.21b48 (Digital Instruments,
Veeco Metrology Group, Santa Barbara CA) and SPIP program (Image
Metrology ApS USA). Images show topography and phase data (where indicated)

with scale bars. Z range contrast scale bars are presented alongside images where
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appropriate. The upper z range value is stated above each scale bar with lighter
colours indicating higher topographical features and greater phase contrast
respectively.

2.3 Results

231 Solid phase peptide synthesis

The ten amino acid peptide fragment corresponding to residues 20-29 of the
human amylin polypeptide was successfully synthesised using solid phase peptide
synthesis. After each amino acid coupling, an absorption reading of the column
eluent was measured using a spectrophotometer to ensure that coupling was
successful. However, it was found that after the addition of the third amino acid
(leucine) clumping of the resin occurred suggesting the possibility of aggregation
of the resin/peptide chain. In order to eliminate this and improve chances of
complete coupling, 5 of the ten (bold-type in the sequence below) subsequent

amino acids were double coupled.

HoN-SNNFGA | L SS-COOH

Double coupling involves the addition of the same amino acid twice: after the first
addition and coupling of the amino acid there is no Fmoc deprotection, instead the
same amino acid is reapplied to the reaction with coupling activation cocktail, left
for a further 2 to 3 hours before the column is washed with DMF, and then the
cycle continues with the next amino acid addition following deprotection. This
maximises the efficiency of coupling by increasing the tendency of all growing
peptide chains to couple with the new amino acid and thus maintaining a high

yield of the correct full-length peptide.

Purity of the end product, a white powder (100 mg) was characterised by LC-MS.
The rea time chromatography UV trace is shown in Figure 2.1a. A positive ion
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mass spectrum of the largest peak (at 12.43 minutes) is presented in figure 2.1b
and confirms the presence of the target peptide.

Yield : 100 mg (85.7%)

ES-MS: m/z 1008.6 (100 %, [M]™).

232 HPLC
Purification of the peptide was carried out on a C,g preparative column using high

performance liquid chromatography. The starting method, based on the conditions
used in the LC-MS, was developed by scaling up the conditions utilised in the
smaller analytical column to the HPLC preparative column.

In the optimised method, solvents remained the same but with an increased flow
rate of 5 ml/min. The sample injection volume was increased to 200 ul of 2 mg/ml
peptide in 40% v/v acetonitrile. The column was washed with a gradient of 25 to
100 % B over 8 minutes, remaining at 100 % B for 5 minutes to ensure release of
all bound material, then reduction to 25 % B and run at this ratio for 10 minutes to
re-equilibrate the column.

LC-MS analysis of the eluent collected at approximately 5.5 minutes confirmed
the presence of the molecular ion corresponding to the peptide. Subsequent
analysis of a blank run confirmed all peptide was washed off the column at this

time.

Using this method, purified peptide yields were low and combined with the high
solvent consumption during the purification process, despite maximum
refinement, proved highly inefficient; 3 mg of crude peptide yielded only 0.61 mg
of purified peptide.
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Figure 2.1 Liquid chromatography mass spectrometry spectra for the crude
peptide sample. The real-time chromatography UV trace is shown in figure 2.1a.
The molecular ion spectrum for the peak at 12.43 minutes is shown in figure 2.1b,

identifying the presence of the target peptide ion [M]".
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2.3.3 Congo red assay
The histology stain Congo red is used as a common bench indicator for the

presence of amyloid. Positive results are indicated by a green-gold birefringence
when viewed under the polarised light microscope. Aged samples of the crude and
purified amylin (20-29) in solution were assayed for the presence of amyloid by
staining with Congo red and the presence of any birefringence under polarised
light noted.

Following incubation of both the crude peptide and the purified peptide in
solution for 18 hours, aliquoted samples were dried and stained with Congo red
dye. Figure 2.2 presents images of the stained peptide samples. the crude peptide
viewed under normal (figure 2.2a) and polarised light (figure 2.2b), and the
stained purified peptide sample viewed under normal (figure 2.2c) and polarised
light (figure 2.2d). Additionally the samples were left for a further 30 hours to
ensure maximum opportunity for amyloid formation. Figure 2.2e shows the crude
peptide viewed under normal light and figure 2.2f under polarised light. The
stained purified peptide sample viewed under normal light is shown in figure 2.2g
and polarised light in figure 2.2h. Both samples under normal light have the red
colour of the dye. When the samples were viewed under polarised light the
characteristic green gold birefringence is observed for both the crude and purified
samples at both time intervals. The birefringence can predominantly be noted
around the outer edges of dense aggregates of samples, which form as an artefact

of drying.

2.34 AFM ex situ imaging

The aim of the experiments in the following section was to achieve a detailed
study of the morphology of amylin (20-29) fibrils by ex situ tapping mode AFM
imaging; specifically studying the variation in fibrillar morphology over time with
emphasis on younger fibril characterisation.

2341 Preiminary ex situ AFM images

Preliminary investigations were made into the fibril forming capacity of the crude
and purified peptide samples, primarily to evaluate the level of necessity for
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Figure 2.2: Congo red staining of amylin (20-29) samples. Aged for 18 hours
crude (a and b) and purified (c and d) peptide samples under normal (left) and
polarised (right) light. Aged for 48 hours crude (e and f) and purified (g and h)
peptide samples under normal (left) and polarised (right) light. Peptide
concentration 1 mg/ml.
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purification. Samples of the crude peptide and the purified peptide were stored
under identical conditions at room temperature for 18 hours and 48 hours to
ensure the maximum time for any fibrillar structures to form. Figure 2.3a is a
typical example of the topography (left) and phase (right) image of the crude
peptide sample at 18 hours. Individua fibrillar structures can clearly be seen in
the high resolution image. Similarly, fibrillar structures are observed in the
purified peptide sample at 18 hours (figure 2.3b). In both the purified and crude
sample images study of the background mica surface shows a similar extent of
deposition of non-aggregated material. This deposited material appears to have
had no detrimental influence on fibril formation and subsequent immobilisation to

the mica surface.

Figures 2.4a and 2.4b are representative AFM images of the crude and purified
samples (respectively) aged and imaged after 48 hours. The samples appear
similar in topography with a dense layering of fibrous material on the mica
surface. Additionally large dense aggregates are observed irregularly arranged on

top of the fibrous layer in both samples.

2.34.2 Fibril morphology

Ex situ tapping-mode AFM was used to obtain low and high-resolution images of
the morphology of amylin (20-29) fibrils. Figures 2.6 to 2.12 are a representative
selection of the topography and phase images generated of peptide fibrils formed
in solutions of ultrapure water (concentration 1 mg/ml) aged between 2 and 48
hours and imaged ex situ on freshly cleaved mica substrate. To prevent molecular
over-crowding of the scan area, it was often necessary to dilute the sample using
ultrapure water prior to imaging. Dimensions given are the mean + the standard

deviation of a sample of randomly selected fibrils within the scan areas.

In control experiments, ultrapure water without peptide was incubated under
identical conditions. At the same time as an aiquot of peptide solution was
removed and imaged, an aliquot of the control was dropped onto freshly cleaved
mica and then imaged, only clear mica surfaces were observed (images not

shown).
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Figure 2.3: Ex situ AFM images of the amylin (20-29) peptide sample a) after
purification and b) the crude peptide sample at 18 hours. Peptides were solubilised
in ultrapure water for 18 hours before aliquot samples were removed and dried onto
freshly cleaved mica. The final peptide concentrations were 100 pg/ml. Topography

images are shown to the left and phase images on the right with z range contrast bar.
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Figure 2.4: Ex situ AFM images of the amylin (20-29) peptide sample a) after
purification and b) the crude peptide sample at 48 hours. Peptides were
solubilised in ultrapure water for 48 hours before aliquot samples were removed and
dried onto freshly cleaved mica. The final peptide concentrations were 100 pg/ml.
Topography images are shown to the left and phase images on the right with z range

contrast bars.
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234.2.1 Amylin (20-29) at t=18 hours

The images in figures 2.6-8 are a typical selection of the amylin (20-29) fibrils
formed in ultrapure water for 18 hours at a concentration of 1 mg/ml. Immediately
prior to imaging in air using tapping-mode AFM, aliquots of solution were diluted

to 100 pg/ml before drying onto freshly cleaved mica.

The images shown in figure 2.6a are of a selection of individual fibrils observed
in the peptide solutions aged for 18 hours, severa different fibril dimensions can
be observed. Fibrils were straight (green arrow) and curved (blue arrow),
branched (red arrow) or unbranched (black arrow). Figure 2.6b shows a high-
resolution image of the boxed area in figure 2.6a, highlighting the end of afibril.
Thisfibril is 1.195 um in length with an average width of 26.15(x2.8) nm. At the
end of the fibril there is a reduction in height and slight decrease in width (white
arrow) compared to the rest of the fibril. The fibril then branches into two arms of
similar height but smaller widths (pink arrow). Figure 2.5 is a histogram of the
half-height width of a sample selection (n = 150) of fibrils found in the 18 hour
samples. The mean half-height width is 27.31(+£8.36) nm.

Severa distinctive morphological features that were encountered during imaging
are presented in the topography and phase images presented in figure 2.7. Figure

2.7a shows a high-resolution image of fibrils extending outwards in a fan-like
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Figure 2.5: Histogram of the half-height width distribution of amylin
(20-29) fibrils aged 18 hours. Mean fibril half-height width is
27.31(x8.36) nm (n = 150)
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manner from a dense central point. Fibrils are of similar width, with average
dimensions of 34.4(x8.1) nm. A regularly observed feature is the splitting or
branching of asinglefibril. Branches are generally of equal width and are in most
cases as wide as the originating fibril (figures 2.7b and 2.7c). The point at which
afibril splitsin two appears to be random, and occasionally the branches rejoin to
form asingle fibril again (figure 2.7c). A high-resolution image of such a feature
can be seen in figure 2.7d, in which the originating fibril is 33.03(£6.83) nm, the
branches are 24.89(+3.89) nm and 28.84(+4.59) nm and the remerged fibril is
34.5(x5.30) nm.

The phase images presented in to the right in figures 2.7a, 2.8b and c, provide
additional complementary information to the topography data on the morphology
of the amylin (20-29) fibrils; distinct boundaries between individual fibrils can be
elucidated.

Individual protofilaments were also observed organised into higher-order
structures. The image shown in figure 2.8ais typical of protofilaments assembled
into twisted bundles. The twisting of the bundles appears to have no regular
periodicity and displayed variation in the number of protofilaments incorporated
within each bundle. Also of note, protofilaments within the twisted bundles could
extend out from one bundle to form that of another, generating a network.
Furthermore, protofilaments were also observed laterally aligned, forming sheet-
like assemblies as demonstrated in the topography and phase image shown in
figure 2.8b and at a higher-resolution shown in figure 2.8c. In such cases a more
uniform array is produced, and the protofilaments are more linear than in the

twisted bundles with no discernable branching.

2.3.4.2.2 Fibril Variation with Time

A preliminary study to investigate the time-scale of amylin (20-29) fibrillogenesis
was performed. Aliquot samples were removed from a 1 mg/ml stock solution of
amylin (20-29) after successive 2 hour time periods (0, 2, 4, 6 hours), dried onto
freshly cleaved mica and imaged in air using tapping mode AFM. The high-

resol ution topography images are shown in figure 2.9.
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Figure 2.6: Ex situ AFM images of individual fibrils of amylin (20-29) stored for
18 hours. Peptides were solubilised in ultrapure water for 18 hours before aliquot
samples were removed and dried onto freshly cleaved mica. The final peptide
concentration was 100 pug/ml. Figure 6a is a topography image, the arrows highlight
the range of different fibril morphologies. A higher resolution topography image of the
boxed area is shown in figure 6b. Arrows indicate two different widths (16.7 (+3.1)

nm and 23.9 (+2.6) nm) of the protofilament. Z range contrast bars are shown.
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Figure 2.7: High-resolution ex situ AFM images of amylin (20-29) fibril
morphologies at 18 hours. The final peptide concentration was 100 pg/ml in ultrapure
water. Figure 7a shows a topography (left) and phase (right) image of fibrils fanning out
from a central point. The topography image shown in figure 7b is of a fibril splitting or
branching. The topography image shown in figure 7c is another example of fibril
branching, the higher-resolution image of the boxed area shown in figure 7d is of a fibril

splitting and remerging. Z range contrast bars are shown.
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Figure 2.8: Ex situ AFM images of higher-order assemblies of amylin (20-29)
fibrils aged 18 hours. Final peptide concentration 100 pg/ml in ultrapure water.
Figure 8a shows a typical topography image of fibrils associated into twisted
assemblies. The arrows indicate two bundles with different sizes and morphologies.
Figure 8b shows a topographic (left) and phase (right) image of laterally associated
fibrillar assemblies. Figure 8c is a higher-resolution topographic image of the boxed

area in figure 8a. Z range contrast bars are shown.
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Fibrillar structures were first observed after incubation of the solution for 4 hours
(figure 2.9c). Prior to this, no fibrous material was noted. However the mica
surface had a granular appearance presumably due to pre-aggregation material,
which is still apparent in the higher resolution image in figure 2.9c of the sample
at 4 hours but which is dramatically reduced at 6 hours (figure 2.9d). Many of the
early protofilaments display a twisting along their axis, giving the structures a
globular appearance (figures 2.10 and 2.11). This was more prevaent in the fibrils
in the samples aged 6 hours. The twisting periodicity varied between different
protofilaments and in some instances had no regular turn. Figure 2.10a and b are
typical high-resolution topography images of the protofilaments at 4 hours, with
further topographical information detailed in the phase images. At 4 hours the
majority of fibrillar structures displayed twisting along their axis; however the
periodicity varied amongst the protofilaments in the sample. Figure 2.10c is a
cross-sectional profile along the axis of the fibril in the boxed areain figure 2.10b;
the measured periodicity is approximately 40 nm with some variation between
twists and afibril half-height width of 20.3 nm. By comparison the fibril in figure
2.10a has a periodicity of approximately 48 nm despite a half-height width of only
10.1 nm. Examples of protofilaments from samples 6 hours old can be seen in the
topography image shown in figure 2.11a. Thisistypical of the sample at this time
point and highlights the variation in protofilaments; many display periodicity
along their axis whilst the remaining have a featureless morphology. The higher-
resolution topography image in figure 2.11b is of the boxed area in figure 2.11a
and highlights several protofilaments with periodicity along their axis. Figure
2.11c shows a height cross-sectional profile along the axis of the boxed
protofilament in figure 2.11b which has a regular periodicity of approximately 75
nm and maximum half-height width of 26.4 nm and height of 4.1 nm. The
twisting periodicity was not observed in solutions of protofilaments incubated for

longer periods (18+ hours) (figures 2.7 and 2.8).

2.3.4.2.3 Fibril Morphology at 48 hours

Peptide solutions were stored at room temperature for a further 30 hours in
ultrapure water at a concentration of 1 mg/ml, and then aliquots removed, dropped

onto freshly cleaved mica and dried immediately prior to imaging in air using
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Figure 2.9: Ex situ AFM images of amylin (20-29) after 0, 2, 4 and 6 hours

incubation. Final peptide concentration was 1 mg/ml in ultrapure water. Topography

images are of the peptide sample at a) 0 hours, b) 2 hours, ¢) 4 hours and d) 6 hours.
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Figure 2.10: Ex situ AFM images of amylin (20-29) fibrils aged 4 hours. Final
peptide concentration was 1 mg/ml in ultrapure water. The periodicity observed in
younger fibrils is demonstrated in the topography (right) and phase (left) images
shown in figure 10a and figure 10b. Figure 10c is a line plot along the axis of the
fibril in the box of figure 10b, showing an example of the regular periodicity observed

in younger fibrils.
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Figure 2.11: Ex situ AFM images of amylin (20-29) fibrils aged 6 hours. The final
peptide concentration was 1 mg/ml in ultrapure water. Figure 1lla shows a
topography image, a higher-resolution topography image of the boxed area is shown
in figure 11b. Z range contrast bars are shown. Figure 11c is a line profile of the
height variations along the axis of the fibril in the box of figure 11b, showing an

example of the periodicity observed in younger fibrils.
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tapping mode AFM. Typica topography and phase images are shown in figure
2.12.

In most samples, a fibrous layer was observed (Figure 2.12) covering the entire
sample area and appeared much denser than previously seen in the samples aged
18 hours. In the upper portion of figure 2.12a, higher raised aggregates can be
seen on the denser portion of the fibril surface layer. The aggregates are of varied
dimensions with no discernable morphology. There is no regularity to the location
of the aggregates on the surface layer and it is not apparent whether these are
aggregates which have adsorbed to the preformed fibrils or a mis-aggregated
clump bulging outwards from a fibril. Figure 2.12b is a higher-resolution
topography and phase image of the fibrous layer, several of the protofilaments are
broken, a likely effect of the drying process. The mean half-height width of
protofilaments at 48 hours was 33.7 (£6.9) nm and height of 2.19 (= 0.54) nm. In
Figure 2.12, several genera features are worth noting, firstly that the fibrils
appear to be layered in sections in which they are laterally assembled with no
twisting and coiling, and second that the majority of fibrils appear straight and
unbranched. Although these layering features could be a characteristic of aged
fibrils, it is also possible that this may be an artefact of drying, especialy the

tendency for the fibrilsto layer in aunidirectional manner.

The images displayed in Figures 2.12c and d are of an area on the perimeter of the
fibrous layer. The topographical image of a fibrillar structure extending away
from the layer is shown in figure 2.12c. The topography image suggests that the
structure is asinglefibril; however azoom in of the structure indicates a bundle of
at least 3 fibrils (figure 2.12d). The bundle is 1.78 um in length and 52 nm wide,
with the widths of the individual fibrils being 25.4, 26.6 and 30.7 nm. The fibrils
within the bundle are straight with a regular uniform surface along their entire

axis and no noticeabl e surface features.

2.3.5 AFM in situ imaging

The aim of the following experiments was to study amylin (20-29) fibrils in a
hydrated form by AFM liquid imaging. A variety of salt solutions were

investigated to determine the necessary conditions for physisorption of the amylin
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Figure 2.12: Ex situ AFM images of amylin (20-29) fibrils aged 48 hours. The final
peptide concentration was 1 mg/ml in ultrapure water. Figure 12a shows a
topography (left) and phase (right) image, a higher-resolution topography (left) and
phase (right) image of the boxed area is shown in figure. Figure 12c shows
topography image at the perimeter of the fibrous area, a higher-resolution topography
image of the boxed area is shown in figure 12d. Z range contrast bars are shown.
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(20-29) fibrils to muscovite mica. An overview of the buffers and ionic species
investigated are listed in table 2.2. Only a few of the conditions investigated
provided a suitable environment for the immobilisation of the peptide material to

the substrate, which was necessary for stable and reproducible AFM imaging.

| onic content pH
10 & 50 mM TrisHCI 1.2
10, 50, & 100 mM KCI (acidified) 4.0
100 mM MgCl; (acidified) 4.0
50, 100, 150 mM Sodium acetate 55
125 mM Sodium acetate and 30 mM KClI 55
125 mM Sodium acetate and 30 mM MgCl, | 5.0
50, 100, 150 mM Sodium citrate 4.0
130 mM Sodium acetate and 30 mM KCl 4.0
125 mM Sodium acetate and 30 mM KClI 4.0
125 mM Sodium acetate and 30 mM MgCl, | 4.0

Table 2.2: Concentrations and pHs of the buffer and ion solutions

investigated for the immobilisation of amylin (20-29) fibrils to mica.

2351  UltrapureWater

The images displayed in figure 2.13 are typical topography images observed when
amylin (20-29) at a concentration of 125 pg/ml was imaged in ultrapure water
after 18 hours (figure 2.13a and b). No fibrillar structures were observed
physisorbed to the mica surface at either 18 or after the sample was left for a
further 6 hours (images not shown). Control images of ultrapure water stored

under identical conditions revealed clear mica (figure 2.13c).

Taking into account the air imaging experiments in the previous section in which
fibrillar structures readily form in ultrapure water, it is likely that the
immobilisation of the fibrils rather than impaired formation is the reason for these

findings. Therefore it may be surmised that ultrapure water is not sufficient to
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enable immobilisation of the amylin (20-29) fibrils to mica and thus further
Investigations were required.

2352 TrisHCI

The study by Goldsbury et al 1999 [44] followed the fibrillisation of full-length
amylin on mica substrate using 10 mM Tris HCI (pH 7.3) system and so was
deemed a good starting strategy for imaging the amylin (20-29) fragment fibril in
solution. Figure 2.14a shows a typical topography image of the amylin (20-29)
sample (peptide concentration 100 pug/ml) after 8 hoursin 10 mM Tris HCI at pH
7.2. No fibrillar structures are observed, instead the mica surface has a mottled
appearance, which may be aggregated material that has not undergone
fibrillisation. To increase the ionic strength of the Tris ions, the imaging
concentration was increased to 50 mM. At 50 mM Tris HCI pH 7.2 small clumped
aggregates are observed, however no fibrillar structures are observed (Figure
2.14b).

The isoelectric point for amylin (20-29) has been calculated to be 5.2. Therefore
at pHs below this value, the peptides would have an overall positive charge. The
surface of muscovite mica has an overall net negative charge, therefore using an
ionic environment with a pH below 5.2, physisorption of the peptides and fibrils
to the mica surface should be promoted. The topography image presented in
figure 2.14c is of amylin (20-29) in 10 mM TrisHCI at pH 5.0. In similarity to the
higher pH images, no fibrils are observed in the sample and the mica surface has a
deposition of aggregated material. Figure 2.14d is a low-resolution topography
image of a control solution of 10 mM Tris HCI at pH 5.0 with no amylin (20-29)
present. As expected the mica surface appears clear with no material deposition.
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Figure 2.13: In situ AFM images of amylin (20-29) fibrils in ultrapure water at 18
hours. The final peptide concentration was 125 pg/ml. Figure 13a shows a
topography image, a higher resolution topography image is shown in Figure 13b.
Figure 13c is a topography image of the control solution. Z range contrast bars are

shown.
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Figure 2.14: In situ AFM images of amylin (20-29) fibrils 10 mM and 50 mM Tris
HCI. Peptide solutions were aged for 8 hours before imaging. The final peptide
concentration for all was 100 pg/ml. Figure 14a shows a topography image of peptide
in 10 mM TrisHCI at pH 7.2 and figure 14b shows a topography image of peptide in
50 mM TrisHCI pH 7.2. Figure 14c shows a topography image of peptide in 10 mM
TrisHCI pH 5.0. Figure 14d is a topography image of the control sample. Z range

contrast bars are shown.
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2.35.3 Potassium chloride

The rationale behind the following set of experiments was to investigate the
ability of ionic solutions with pH’s lower than the isoelectric point of amylin (20-
29) to facilitate the physisorption of the peptide fibrils to a mica surface.

The topography image shown in figure 2.15a is typica of the low-resolution
liquid images of amylin (20-29) in solutions of 10 mM potassium chloride pH 4.
The amylin sample was prepared in ultrapure water and then diluted to 100 pg/ml
in the potassium chloride (KCI) solution after 4 hours and imaged in solution after
8 hours. The mica surface has a granular appearance which is most likely peptide
material and not potassium salts agglomerates as the solution was filtered through

a0.2 um filter prior to use and were not observed in control samples.

To determine whether the KCI had interfered with the self-assembly of the amylin
(20-29) fibrils, aliquot samples were removed after 6 2 hours and dried onto
freshly cleaved mica. Figure 2.15b and c are typical low and high-resolution
(respectively) images of the dried sample. A dense mat of clearly defined fibrillar
structures is observed covering the entire sample surface. The high-resolution
image shows the protofilaments to have no discernable surface topographies, and
are flat ribbon-like structures with many having extending branches and
dimensions in the same range as previously observed. Worthy of note is the

apparent lack of globular material seen in the liquid images.

To determine whether a higher concentration of the monovaent salts would
facilitate physisorption, the experiment was repeated at the same pH but the ionic
strength of the KCI solution was increased 5 fold. Figure 2.16a, b and ¢ are typical
high-resolution topography images of the fibrillar structures observed in the
solution at 8 hours, with peptide concentration of 100 pg/ml. Fibrils were
observed only as individual structures with no lateral or coiling aggregation of
several fibrils together. Fibrils were generally observed as flexible rods, either
branched (figure 2.16b) or unbranched fibril of width 10.67 nm and height of 1.66
nm can be seen in figure 2.16c, with half-height widths of 10.5 and 13.7 nm and
heights 1.66 and 1.75 nm (respectively).
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Figure 2.15: In situ and ex situ AFM images of amylin (20-29) fibrils in 10 mM
KCI pH 4. Peptide solutions were aged for 8 hours before imaging. The final peptide
concentration was 100 pg/ml. Figure 15a shows an in situ topography image. Figure
15b shows a topography image of the same sample after drying in N, gas stream and
imaging in air (sample aged 6% hours). A higher-resolution topography image of the

dried sample is shown in figure 15c. Z range contrast bars are shown.
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Figure 2.16: In situ AFM images of amylin (20-29) fibrils in 50 mM KCI pH 4.
Peptide solutions were aged for 8 hours before imaging. The final peptide
concentration was 50 pg/ml. Figure 16a shows a topography image. Higher-
resolution topography images of individual fibrils are shown in figure 16b and figure

16c. Z range contrast bars are shown.
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Although the solution conditions have enabled imaging of the fibrils, a double-
tipping effect was observed in al the images generated. Furthermore, the images
are unstable due to insufficient adsorption of the fibrils to the surface which has
caused the structures to appear broken. To overcome these issues the
concentration of the solution was increased further to 100 mM KCI, however no
fibrillar structures were observed at this higher KCl concentration. Furthermore,
on increasing the peptide concentration to 200 pug/ml no fibrillar material was

observed.

2354  Magnesium chloride

Typical low and high-resolution topography images are presented in figure 2.17 of
amylin (20-29) at 8 hours in a solution of magnesium chloride (MgCl,). The
peptide concentration was 100ug/ml in a 30 mM MgCl, solution at pH of 4. No
fibrillar structures were observed in the MgCl, solution during imaging however
the mica surface did have aggregates of material across the surface. This
aggregated materia is likely to be peptide-based as the MgCl, solution was
filtered to 0.2 um prior to use and were not observed in control samples in the
absence of peptide. In the higher-resolution image (figure 2.17b), one can see that
the globular materials are very low structures with no distinct surface regularity

and of varying dimensions, and most likely to be aggregated peptide deposits.

2.355 Sodium acetate

Following the limited success with simple monovalent and divalent ionic
solutions, more complex buffer solutions were investigated. Sodium acetate buffer
(pH 5.5) at three different concentrations of 50, 100 and 150 mM were studied.

No fibrillar structures were observed at 8 hours in the 50 mM sodium acetate,
instead a dense layer of material was present covering the entire mica surface.
Figure 2.18ais atypical topography image of amylin (20-29) at a concentration of
150 pg/ml in 50 mM sodium acetate. The mat of material contains some holes,
but no individual fibrillar structures could be elucidated at either low or high
resolution. With the intention of reducing the dense coverage of material the
peptide concentration was lowered to 100 pg/ml. Figure 2.18b is typical of the
topography images observed; a dense layer of material has till formed on the
surface and no distinguishable fibril features were apparent. From these images it

- 68 -



Chapter 2 Characterisation of amylin (20-29) fibrils

4.0 nm

2.0

0.0

5.0 nm

25

0.0

Figure 2.17: In situ AFM images of amylin (20-29) fibrils 30 mM MgCl, pH 4.
Peptide solutions were aged for 8 hours before imaging. The final peptide
concentration was 100 pg/ml. Figure 17a shows a topography image, a higher-

resolution topography image is shown in figure 17b. Z range contrast bars are shown.
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Figure 2.18: In situ AFM images of amylin (20-29) fibrils 50 mM sodium acetate
pH 5.5. Peptide solutions were aged for 8 hours before imaging. Figure 18a shows a
topography image of the sample at a final peptide concentration of 150 ug/ml. To
reduce molecular overcrowding of the scan area the peptide concentration was
reduced to 100 pg/ml, figure 18b shows a topography image of the sample. Z range

contrast bars are shown.
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is not clear whether the sodium acetate has interfered with fibril formation and
thus no fibrils are formed or that there are fibrils present but that the individua
fibrils are not resolvable by the AFM tip aperture due to dense aggregation and

packing together on the surface.

On increasing the sodium acetate concentration to 100 mM success was achieved
in imaging individua fibrillar structures. A selected sample of the successive
topography images captured during the course of the study are shown in figure
2.19ato f. An animation of these images can be found in Appendix A. The images
were collected over approximately 2 %2 hours when the peptide solution was aged
between 5 to 7 2 hours, the exact length of minutes is noted against the individual
image. The peptide concentration was 100 pg/ml. Fibrils appear to originate from
a dense clump and elongate outwards retaining the same width and height along
the entire axis. Fibrils were flat ribbon-like structures with widths in the range of
10-15 nm and heights of 2-4 nm. Individua fibrils often appeared granular along
their surface but did not generate branches from a central axis, instead severd
fibrils elongated from the same nucleating clump. An unfortunate artefact of AFM
imaging in solution is drift, despite efforts to maintain the same position on the
mica during the course of imaging there was some drift experienced. A red cross
marks the same spot on the mica surface in each of the images shown in figure
2.19af. Figure 2.19qg is a control topography image of the 100 mM sodium

acetate solution in the absence of peptide, no fibrillar structures are present.

A study of the kinetics of fibril formation was performed on a random sample of
protofilaments from these images. The change in length of the fibrils was
measured over time and plotted as a graph shown in figure 2.19h. The average
increase in length was calculated per minute and varied between fibril from
approximately 2 to 10 nm min>. The growth of fibrils could be bidirectional and it
was often noted that the growth was suppressed if another fibril blocked the path
of the elongating fibril. This may be a reason for the variation in fibril rates as a
growing fibril once blocked by another would not undergo any further increase in

length over the time period.
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Figure 2.19: In situ AFM images of amylin (20-29) fibrils in 100 mM sodium acetate pH 5.5. The final peptide concentration was 100 pug/ml. Figures
19a-f are successive topography images with the age of the solution shown in minutes below. The red cross highlights the same point on the mica
surface in each image. Z range contrast bars are shown. The line graph shown in figure 19g is the change in length with time of 7 randomly chosen
fibrils within the scan area. The rate of fibril elongation is shown as nm per min. Figure 19h shows a topography image of the control sample. Z range

contrast bar is shown.
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(Figure 2.19 continued: In situ AFM images of amylin (20-29) fibrils in 100 mM sodium acetate pH 5.5)
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(Figure 2.19 continued: In situ AFM images of amylin (20-29) fibrils in 100 mM

sodium acetate pH 5.5)
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The concentration of sodium acetate was increased further to 150 mM (pH 5.5). A
typical low-resolution topography image of 150 pg/ml amylin (20-29) in 150 mM
sodium acetate at 8 hours is shown in figure 2.20a and a higher-resolution image
of the boxed area is shown in figure 2.20b. No fibrillar structures were present at
this higher buffer concentration; however the mica surface has a grainy
appearance. To determine whether the higher sodium acetate concentration had
interfered with fibrillisation a sample was removed and dried onto freshly cleaved
mica, the topography images are shown in figure 2.20c and a higher-resolution
image is shown in figure 2.20d. The dried sample revealed that fibrils are still
forming in 150 mM sodium acetate concentration, however large aggregates of
varying size and morphology were frequently observed too. These aggregates are
most likely amorphous aggregates of peptide rather than buffer sdts as the

solution was filtered to 0.2 um prior to use.

2356  Sodium acetate and potassium chloride system

Given the differing dimensions and morphologies of the fibrillar structures
observed in the sodium acetate buffer solutions to those observed in the KCI ion
solution, afurther experiment was devised to investigate the electrostatic effects

of abuffer with amonovalent ion on the fibril formation of amylin (20-29).

Clear high-resolution images of the amylin (20-29) fibrils were produced using a
125 mM sodium acetate and 30 mM potassium chloride system. Figure 2.21lais a
typical low-resolution topography image of the fibrillar structures observed in the
sample at 18 hours with a peptide concentration of 150 pg/ml. A high-resolution
topography image of the boxed area in figure 2.21a is presented in figure 2.21b
and a zoomed in 3D representation of the surface is shown in figure 2.21c. The
fibrils were unbranched and ribbon-like structures with no apparent surface
morphology. Fibrils appear to preferentially aggregate together forming isolated
clumps directly onto the mica surface. Unlike the aggregation patterns observed in
fibrils self-assembled in water and imaged in air, no twisting or coiling of the
fibrils into bundles was observed. However, here the fibrils have a propensity to
laterally align (highlighted by arrow in figure 2.21c). Individua fibrils have
considerable flexibility with the ability to freely form curves and loops and to

overlap one another on the surface.
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Figure 2.20: In situ and ex situ AFM images of amylin (20-29) fibrils 150 mM
sodium acetate pH 5.5. Peptide solutions were aged for 8 hours before imaging. The
final peptide concentration was 150 pg/ml. Figure 20a shows a topography images
with a higher-resolution topography image of the boxed area is shown in figure 20b.
Figure 20c shows a topography image of the sample after drying. Figure 20d shows

a digital zoom image of the boxed area in fig 20c.
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Figure 2.21: In situ AFM images of amylin (20-29) fibrils 125 mM sodium acetate
and 30 mM KCI at pH 5.5. Peptide solutions were aged for 8 hours before imaging.
The final peptide concentration was 150 pg/ml. Figure 21a shows a topography
image of the sample, a higher-resolution topography image of the boxed area is
shown in figure 21b. A 3D representation of the topography image in figure 21b is
shown in figure 21c. Figure 21d is a histogram of the frequency distribution of fibril

half-height widths in the sample. Z range contrast bars are shown.
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The histogram in figure 2.21d shows the half-height width distribution for the
fibrilsin 125 mM sodium acetate and 30 mM potassium chloride, the mean width
was calculated as 8.27 (£2.17) nm and mean height of 1.5 (+0.21) nm.

2.3.5.7  Sodium acetate and magnesium chloride system

The topography image shown in figure 2.22a is typical of the low-resolution
information obtained from samples of 200 pug/ml amylin (20-29) in 125 mM
sodium acetate with 30 mM magnesium chloride at 8 hours. A dense covering of
globular structures can be observed. A high-resolution topography image shown
in figure 2.22b and the 3D topography representation (figure 2.22c) revea that the
structures are densely aggregated together and are several layers thick.
Furthermore, it can be observed that the globular structures are sufficiently stable
in their multilayer packing to remain fully bound to one another even during the
raster scanning of the tip during imaging. The globular structures vary in
dimension with widths ranging from 30 to 100 nm. In control samples of sodium
acetate and magnesium chloride no such structures are observed, and therefore it

is surmised that these globular features comprise aggregated peptide material.

Previous results have not revealed any similar structures in solutions of amylin
(20-29) peptide with either sodium acetate (figure 2.19-21) or magnesium
chloride (figure 2.18). In these samples amylin (20-29) was placed directly at time
= 0 into a solution of sodium acetate and MgCl,. Therefore to determine whether
the MgCl, in combination with sodium acetate was interfering with the
fibrillisation of amylin (20-29), the addition of MgCl; to the fibrillisation mixture
was delayed until 4.5 hours and 6 hours. The rationale behind these timings was
based on the preliminary ex situ imaging study in which the first observation of
small fibrils was recorded at approx 4 hours with a significant increase in the
number of fibrils at 6 hours (figure 2.9). Therefore by addition of MgCl, at these
time points, fibrils should aready be formed. If no fibrils are observed then it may
be assumed that the MgCl,/sodium acetate combination has a unique aggregating
effect on the pre-formed fibrils.
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MgCl, present from t=0 hours MgCl, present from t=4.5 hours

Figure 2.22: In situ AFM images of amylin (20-29) fibrils in 125 mM sodium
acetate and 30 mM MgCl, . The final peptide concentration was 200 pg/ml. Figure
22a shows a topography image of the peptide sample when MgCl, was added at t= 0
hours. A higher resolution topography image of the sample is shown in figure 22b
and a 3D representation of the surface is shown in figure 22c. Figure 22d shows a
topography image of the peptide sample when MgCl, was added at t= 4.5 hours. A
higher resolution topography image of the sample is shown in figure 22e, and figure
22f is a 3D representation of the surface. Z range contrast bars are shown. Continued

on next page.
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Figure 2.22 (continued): In situ AFM images of amylin (20-29) fibrils in 125 mM
sodium acetate and 30 mM MgCl,. The final peptide concentration was 200 pg/ml.
Figure 22g shows a topography (left) and phase (right) image of the peptide sample
when MgCl, was added at t= 6 hours. Z range contrast bars are shown. A 3D
representation of the surface is shown in figure 22h and a cross-sectional profile
shown in figure 22i. Figure 22j shows a topography image of the control sample. Z

range contrast bars are shown.
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The high-resolution topography images shown in Figure 2.22 d and e are of the
globular structures observed when 30 mM MgCl, was added to a solution of
amylin (20-29) in 125 mM sodium acetate after 4.5 hours and then imaged up to 8
hours. These globular structures are dlightly smaller, have a more spherica
appearance but are not as densely packed (figure 2.22f) as previously seen in the
samples with MgCl, present from O hours (figures 2.22 a-c); however no fibrillar
structures were observed.

Conversely when the experiment was repeated using identical conditions but the
MgCl, was added at 6 hours fibrillar structures were observed. Figure 2.22g is a
high-resolution topography image (left) of the sample a 8 hours, further
topographical information can be obtained from the phase image to the right. A
3D representation of the sample surface is shown in figure 2.22h. The fibrils
appear to be adsorbed to monolayer of material covering the mica surface.
Dimensions are greater than previously observed for amylin (20-29) fibrils and
arein the range of 25 to 40 nm in width. The cross-sectional profile (figure 2.22i)
shows that the monolayer is approximately 2.8 to 3.2 nm thick and is in the same
height range as the fibrils adsorbed to its surface. A control topography image in
the absence of peptide is shown in figure 2.22].

2358  Sodium citrate
Sodium citrate was selected for its lower pH buffering capacity and was

investigated at 3 concentrations of 50, 100 and 150 mM at pH 4. Typica high-
resolution topography images of amylin (20-29) at a concentration of 150 pg/mi
imaged in each of the solutions are shown in figure 2.23.

As can be seen in the topography image presented in figure 2.23a, at 50 mM
sodium citrate fibrillar structures were observed adsorbed to the mica surface in
samples aged 8 hours. During imaging in 50 mM sodium citrate, despite using
low scan rates and scan area of 1 um, it was found that topographical features
generally appeared blurred and undefined. Due to this imaging artefact, features

may appear larger than their true dimension.
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On repeating the experiment using a higher concentration of 100 mM sodium
citrate a combination of fibrillar structures and non-descript aggregates were
observed on the mica surface. Figure 2.23b is a typica high-resolution image of
the topographical structures observed at 8 hours. The aggregates are alike in
appearance to those observed in 100 mM sodium acetate (figure 2.19) and the
fibrillar structures appear to originate from the aggregates in a similar manner.
Figure 2.23c is a higher-resolution image of the boxed area in figure 2.23b, al
fibrils appear to be projecting from an aggregate of material. Fibril dimension are
comparable to those observed in the sodium acetate and potassium chloride
images (figure 2.21) in the range of 5 to 10 nm. Given the small dimensions of the
fibrillar structures, it is possible that the aperture of the AFM tip is too large
(mean NPS tapping-mode tip radius is 15 nm (Olympus)) to resolve topographical
features within the aggregates. Therefore it is possible that these aggregates may
not be single structures but instead are an agglomeration of laterally aligned
truncated protofilaments or pre-fibrillar intermediates.

However, when the peptide sample was imaged at a higher concentration of 150
mM buffer, no fibrillar structures were observed, even after 24 hours in solution.
Figure 2.23d is typical of the high-resolution topography images of the sample at
24 hours, adsorbed to the mica surface are aggregates with a range of sizes. It can
be assumed that as the control images of sodium citrate with no peptide present
produced clear images (images not shown) that these aggregates comprise of
peptide material. Following imaging of the liquid sample, the mica was dried and
imaged. Figure 2.23e is the tapping-mode air image of the mica section. Large
quantities of fibrils can be seem which suggests that the 150 mM sodium citrate
solution does not prevent fibrillisation, but that the higher concentration is not
conducive to imaging of the amylin (20-29) fibrils.
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Figure 2.23: In situ AFM images of amylin (20-29) fibrils in 50, 100 and 150 mM
sodium citrate at pH 4.0. The final peptide concentration was 150 ug/ml. Figure 23a
shows a topography image of amylin (20-29) fibrils in 50 mM sodium citrate. Figure
23b shows a topography image of amylin (20-29) fibrils in 200 mM sodium citrate, a
higher-resolution image of the boxed area is shown in figure 23c. Figure 23d shows
a topography image of amylin (20-29) fibrils in 150 mM sodium citrate at 24 hours and
figure 23e shows an ex situ topography image of the same sample after drying. Z

range contrast bars are shown.
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2.35.9  Sodium citrate and potassium chloride system

The topography images presented in figure 2.24 are typica of the fibrillar
structures observed in 125 mM sodium citrate and 30 mM potassium chloride
solution. The fibrils were straight and unbranched with a smooth outer topography
at 18 hours, displaying considerable flexibility, and in some instances with the
ability to bend amost as a hairpin. Figure 2.24b is a zoom topography image
showing an area of high fibrillar aggregation. The 3D representation (figure
2.24c) of the same area shows that the height at what appears to be the epicentre
of the aggregation is not the cumulative height of the surrounding fibrils.
Therefore, indicative that this point may be a nucleation point from which the
fibrils originate rather than severa fibrils overlapping on the surface. Such a

feature was observed previously during ex situ imaging (figure 2.7a).

Fibrillar dimensions had a half-height width distribution (figure 2.24d) with mean
of 18.03 (£2.13) nm. The fibrils displayed a height distribution with mean of 1.5
(x0.23) nm. These dimensions suggest that the fibrils have a flat ribbon-like

appearance.

The blurred edges of the fibrils and noise within the image suggest that the fibrils
were not fully adsorbed to the mica surface, remaining slightly flexible within the
solution whilst the AFM tip was scanning the surface. In fact, prolonged imaging
of the sample was not possible due to aggregation of material to the tip which
resulted in double-tipping and considerable noise distortion during imaging. The
background has a mottled appearance (figure 2.24b) indicating that the aggregated
fibrils are layered on top of a dense layer of material. It can be assumed that this
surface layer contains peptide material as control images in the absence of amylin

(20-29) show only clear mica surfaces (images not shown).

A time-lapse study of fibrils in 130 mM sodium citrate and 30 mM potassium
chloride was performed between 0 and 8 %2 hours; successive topography images
are shown in figure 2.25a to f. There is little change in the fibril dimensions over
the time course; however the topography images highlight the flexibility in the
fibrils.
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Figure 2.24: In situ AFM images of amylin (20-29) fibrils 130 mM sodium citrate
and 30 mM KCI at pH 4. Samples imaged at 18 hours, KCl added at t =0 hours, the
final peptide concentration was 150 pg/ml. Figure 24a shows a topography image of
the peptide sample, a higher-resolution topography image of the boxed area is shown
in figure 24b. Z range contrast bars are shown. A 3D representation of the surface is
shown in figure 24c. Figure 24d is a histogram of the frequency distribution of fibril

half-height widths in the sample.

-85-



Chapter 2 Characterisation of amylin (20-29) fibrils

0.0
100 nm
5.0nm 2.0 nm
2.5 1.0
0.0 0.0

Figure 2.25: AFM images of amylin (20-29) fibrils 125 mM sodium citrate and
30 mM KCI at pH 5.5. KCI added from t = 0 hours, imaging started after 6 hours.
The final peptide concentration was 250 pg/ml. The topography images shown in
figures 25a-f are of the same location on the mica surface collected over the time
course, the time of image capture is shown in minutes. Figure 25g shows a
topography image of the sample at 18 hours. Figure 25h shows a topography

image of the control sample. Z range contrast bars are shown.
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2.3.5.10 Sodium citrate and magnesium chloride system

When amylin (20-29) was imaged in solution of 100 mM sodium citrate and 30
mM MgCl, (pH 4) images show that there was widespread deposition on the
surface of globular structures, no fibrillar structures were observed. Figure 2.26a
is a typica high-resolution topography image of the sample at 8 hours; a 3D
representation of the surface has been generated and is presented in figure 2.26b.
The globular structures, although not as well defined are similar to those observed
in 150 mM sodium acetate and 30 mM MgCl, solutions. The apparent lack of
definition in the globular features may be attributed to slight drift and double-
tipping occurring during imaging. The structures vary in width but display a
similar height measurement as is highlighted in the 3D image and cross-sectional
profile (figure 2.26¢); height of structures was in the range of 1.2 to 1.6 nm. These
globular structures are not aggregates of buffer salts as the solutions were filtered
to 0.2 um prior to imaging. Furthermore a typical control image of the 150 mM
sodium acetate and 30 mM MgCl, solution with no peptide present is shown in

figure 2.26d; both the topography image and phase data show clear mica surfaces.
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Figure 2.26: In situ AFM images of amylin (20-29) fibrils in 100 mM sodium
citrate and 30 mM MgCl, pH 4. MgCl, added at t =0 hours. The final peptide
concentration was 250 pg/ml. Figure 26a shows a topography image captured at 8
hours, a 3D representation of the surface is shown in figure 26b. Figure 26¢ is a
cross-sectional profile of the features highlighted by the line in figure 26a. Figure 26d
shows a topography (left) and phase (right) image of the control sample. Z range

contrast bars are shown.
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2.3.6 Summary of resultsfrom in situ imaging

Listed in table 2.3 below is a summary of the findings and observations made

during in situ AFM imaging of amylin (20-29) under various environmental

conditions.
| onic content pH | Fibrils | Observations

Ultrapure water 5.6 No

10 mM TrisHCI 7.2 No

50 mM TrisHCI 7.2 No

10 mM KClI 4.0 No Fibrils observed in dried
sample

50 mM KCl 4.0 Yes | Loosely immobilised. Long
flexiblefibrils

100 mM KCI 4.0 No

30 mM MqgCl, 4.0 No

50 mM sodium acetate 55 No

100 mM sodium acetate 55 Yes | Fibrils observed eongating
from aggregates of truncated
fibrils

150 mM sodium acetate 55 No Fibrils observed in dried
sample

125 mM sodium acetate and 30 | 5.5 Yes |Long flexible unbranched

mM KCI ribbons

125 mM sodium acetate and 30 | 5.0 | No/Yes | Globular aggregates. Fibrils

mM MgCl, observed when MgCl, added
after 6 hours

50 mM sodium citrate 4.0 Yes | Shortfibrils

100 mM sodium citrate 4.0 Yes | Predominantly truncated
laterally assembled fibrils
with longer fibril projections
observed

150 mM sodium citrate 4.0 No Fibrils observed in dried
sample

125 mM sodium citrate and 30 | 4.0 Yes |Long flexible unbranched

mM KCI ribbons

130 mM sodium citrate and 30 | 4.0 Yes |Long flexible unbranched

mM KCI ribbons

125 mM sodium citrate and 30 | 4.0 No Globular aggregates

mM MgCl,

Table 2.3: Summary of the observations noted during in situ AFM imaging of

amylin (20-29) samples under a range of pH and ionic environments.
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2.4 Discussion

The first section of this chapter deals with the successful synthesis of the 10
amino acid peptide fragment corresponding to residues 20 to 29 of the human
amylin polypeptide using Fmoc solid phase peptide synthesis (figure 2.1).
Preliminary ex situ AFM images presented of amylin (20-29) fibrils formed in
ultrapure water suggest that the fibrils are freely forming and display similar
morphologies irrespective of whether the peptide proceeded through a HPLC
purification step or not. When taken into consideration that the purity of the crude
peptide sample, as estimated by LC-MS, was approximately 80 % with the
remaining 20 % attributed to residual solvents rather than incomplete peptide
chains it was decided not to proceed with this purification step. Particularly in this
regard was the fact that purification was time consuming and produced low yields
of pure peptide with no observable benefits.

Comparison of the AFM images of crude peptide after both 18 hours and 48 hours
in solution with similar images of the purified peptide sample (figure 2.3 and 2.4)
clearly shows that any impurities present in the crude sample have had no
detrimental effect on the formation of fibrillar structures by the peptides. In the
background of the 18 hour image (figure 2.3) non-fibrillar debris that is
physisorbed to the mica surface is observed, and to greater extent in the crude
peptide sample. However, this material does not prevent fibrillisation, and may
simply be amorphous aggregates of peptide which had yet to elongate into fibrillar
formations. Furthermore, the Congo red assay performed on both crude and
purified samples corroborates these AFM data as a green/gold birefringence (a
positive for the presence of amyloid) was observed after staining in both samples
(figure 2.2).

24.1 Preliminary ex situ AFM imaging

The representative AFM images presented in this chapter demonstrate the
polymorphic nature of the fibrils formed by the peptide fragment of amylin (20-
29). The following section discusses the preliminary experiments performed using
tapping-mode ex situ AFM imaging of amylin 20-29 fibrils aged up to 48 hours.

We refer to ex situ as samples which have been removed from a stock sample at
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specific time points and dried in an N, air stream onto freshly cleaved mica.
Therefore these images present information on the morphology of the fibrillar
structures at snapshotsin time.

Electron microscopy studies by Goldsbury’s group [49] show mature (aged more
than 48 hours) amylin (20-29) fibrils to be straight and rod like structures,
however, currently there is no published information on fibrils from solutions
stored for less than 24 hours. Here we have investigated the morphology of fibrils

from solutions stored for shorter time periods.

Our findings suggest that protofilaments form after a lag period of 4 hours in
solution (figure 2.9), and that these early fibrils have a cable-like appearance with
varied periodicity dependent on the fibril (Figures 2.10 and 11). The magjority of
fibrils observed between 18 and 48 hours in solution were straight rod-like
structures (figures 2.6, 2.7-8 & 2.12) which were observed individually or further
associated within higher-order assemblies displaying a range of morphologies.
Fibrils could be seen individualy as well as assembled into bundles that were
irregularly coiled or laterally aligned. Branching of fibrilsinto two new fibrils was
frequently observed (figure 2.7). Branching of fibrils has been reported for other
amyloid and has been suggested that branching is further proof of the structura
hierarchy of amyloid; as two sub-fibrillar species, i.e. protofilaments or
protofilaments, aggregate together to form the mature fibril, branching occurs
when the two constituent sub-fibrillar species are not associated together, with one
forming a branch and the other the main stem [40]. A common feature also noted
was thinning at the end of afibril. Again, an explanation for this could be that the
thicker fibril is comprised of several lower order sub-fibrillar structures and the

thinner end is a single overhanging constituent protofilament.

The observation of higher-ordered association of fibrils either by lateral alignment
or twisting into coils and bundles has previously been noted in formations of full-
length amylin protofilaments [43, 187], in which it was noted that two similar
populations exist; protofilaments that coil with distinct axia periodicity and a
second group in which the protofilaments laterally align [43]. These data are

suggestive that the interactions governing the formation of higher-order structures
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in the full-length protofilaments may be retained within the shorter peptide
fragment of amylin (20-29). Although it is not known whether these higher-order
assemblies are due to an artefact of the sample preparation method, this
phenomenon has been previously observed both by EM and AFM in which
sample preparation in the two techniques is different [34, 43, 44]. Therefore
further study of the aggregation properties of amylin (20-29) would prove
beneficial to clarify this point, particularly investigation of aggregation patternsin

solutions, which is dealt with in the following section of this chapter.

Periodicity along the axis of afibril was only observed in young samples (4 and 6
hours); some fibrils appeared to comprise globular structures with irregular
periodicity. However, this was not observed in any of the solutions of fibrils aged
for longer periods. This is suggestive of the fact that over the time course these
younger protofilaments mature into fibrils which do not display any periodicity.
These findings are not mirrored by fibrils formed from full-length and other
longer fragments of human amylin in which mature fibrils retain the twisted
cable-like appearance with a regular periodicity of the nascent protofilament [43,
44, 49]. However, the straight rod-like appearance of the older amylin (20-29)
fibrilsisin agreement with published EM images of amylin (20-29) fibrils [49, 87,
88, 90] which had been aged in solution for at least 24 hours.

The observation that younger protofilaments display a periodicity, which
disappears when they mature into older fibrils, indicates the morphology of
amylin (20-29) protofilaments may vary during growth. Furthermore, it is possible
that the structures observed in the preparations aged for 4 and 6 hours are nascent
intermediates of the protofilament and a lower-order structure. This suggestion
provides further support for the proposa that all amyloid have a generic highly
ordered structural hierarchy in which the amyloid fibril is formed from the
aggregation of protofilaments that are assemblies of protofilaments comprising of
severa subprotofilaments [33]. Our ex situ observations provide evidence that
amylin (20-29) forms protofilaments that display this hierarchy, and therefore the
ability to form the highly organized and structured amyloid fibril, is intrinsically
retained within the fragment of amylin (20-29).
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Anaysis of the fibril sizes revealed that those incubated for 6 and 18 hours
displayed a population distribution with mean widths of 27.31 (£8.36) nm (figure
2.6). Whereas after 48 hours there was some evidence of higher-order structures,
with an additional population of individua fibrils exhibiting widths of
approximately 50 nm. In EM studies findings have suggested that the amylin (20-
29) peptide forms additiona lower order 3.6 nm wide protofilaments that laterally
assemble into ribbons [49]. Similar protofilaments with dimensions of 5 nm have
also been recorded in full-length and other fragments of amylin samples [43, 49].
It is possible that such structures are present here but not visible in these AFM
images due to the limitations caused by the sharpness of the AFM tip; the apex of
the cantilever tips used for these experiments have aradii of approximately 20 nm
and therefore may not distinguish between protofilaments which are themselves
expected to be only 5 nm in width. Furthermore, when recording dimension
measurements one must take into account the effects of AFM tip convolution in
which features appear broader. As a result width dimensions may be an
overestimate of the true value, however height measurements are accurate.
Nonetheless, these measurements suggest that the protofilaments formed by
amylin (20-29) are flat ribbon-like structures. This provides further evidence that
this fragment of amylin forms fibrillar structures similar in morphology to those
formed by full-length amylin [49].

24.2 In situ AFM

Severa interesting aggregation patterns and fibril morphologies were observed in
the ex situ images, including the aggregation of fibrils into irregular twisted
bundles or as lateral arrays and dense sheets. However, one may question whether
these observations are an intrinsic aggregation motif of amylin (20-29) fibrils or
merely an artefact of drying. The AFM is an ideal tool for the imaging of
biomolecules due its capacity to image in an agueous environment. In the
following discussion the development of a system for the immobilization and
imaging of amylin (20-29) fibrils in solution using the AFM is examined and the
subsequent study on the influence of the agueous ionic environment on fibril
formation and morphology. Additionally, our preliminary study into the kinetics
of fibrillisation of amylin (20-29) by time-lapse AFM imaging will be discussed.
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24.21 Immobilisation strategy

The initial starting point for designing an immobilisation strategy was based on
the system used by Goldsbury et al 1999 [44] for the study of full-length amylin
fibrils. The time-lapse study of amylin fibrils was performed in solutions of 10
mM Tris HCI a pH 7.3 using mica as the substrate. However, when these
conditions were recreated in our own experiments, no amylin (20-29) fibrils were
observed, instead a dense matt of material was immobilised to the mica surface
(figure 2.15a) and the constituent material did not resemble the expected (based
on ex situ imaging) fibrillar structures. Furthermore when the concentration of
Tris HCl was raised to 50 mM only amorphous material was observed (figure
2.15b). These findings are not wholly unexpected given the differences in amino
acid sequence between the full-length 37 amino acid long polypeptide and our 10
amino acid peptide fragment. The full length amylin polypeptide has an estimated
pl of 8.90 by comparison to a pl of 5.24 for amylin (20-29), therefore in solutions
of TrisHCI at a pH 7.3 one would expect the net charge on the peptide fragment,
and thus conferred to the fibrils, to be negative resulting in repulsion from the
negatively charged mica surface [133, 188, 189] and no immobilisation.

Consequently, further investigations were required, with the selection of the
solutions and concentration variations shown in table 2.2. These studies show that
for immobilisation and imaging, only 4 ionic environments proved fruitful. These
systems were based around sodium acetate and sodium citrate buffer alone or in
combination with KCI and MgCl, salts. The sodium acetate solutions were pH 5.5
and the sodium citrate pH 4. Fibrillar structures were observed in solutions solely
comprising sodium acetate (100 mM, pH 5.5) and sodium citrate (50 & 100 mM,
pH 4) (figure 2.19 and 2.23 respectively). In solutions of the monovalent salt, KCl
at a concentration of 50 mM and pH 4, images of the fibrils were captured,
however double-tipping and unstable structures were observed (figure 2.16).
However, by the additional presence of either sodium acetate or sodium citrate,
the imaging quality and resolution was greatly improved (figures 2.21 and 2.24).
In general, the images captured in sodium acetate with KCI were clearer with
higher resolution, and topographical features appeared more stable during
scanning. By contrast, whilst imaging in solutions of the divalent salt MgCl, no
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fibrillar structures and only loosely bound irregular material with no distinct
morphology was observed (figure 2.18). By comparison in EM studies of full-
length amylin, fibril morphologies varied dependent on pH and ionic solution.
Short rapidly forming fibrils were noted in low concentrations of sodium citrate
and long extended fibrils displaying periodicity in low concentrations of sodium
acetate [90].

Overdl, several conclusions can be drawn from this initial study into the surface
binding of the amylin (20-29) fibrils to a mica substrate. In general, the results
demonstrate that the ionic strength of a solution plays an important role in the
immobilisation of the fibrils to the mica. For fibril surface binding the ionic
environment should be such that either the negative charge of the mica surface or
the charge of the peptide fibril (the overall charge of the fibril is conferred by the
ionisable groups of the peptide monomers, namely the terminal -NH3; and -COOH
group) is sufficiently masked by the electrolytes present in the solution so that
stable adhesive van der Waals forces of attraction will dominate the fibril-mica

surface interaction.

Our findings indicate that in solutions with low ionic concentrations of sodium
acetate and sodium citrate buffer alone amylin (20-29) fibrils are observed bound
to the substrate surface. However, when the ionic strength of the buffers was
increased no surface binding of the fibrils was observed. In a similar pattern,
fibrils in solutions of acidified KCI at pH 4.0 require ionic concentrations of 50
mM to bind to the mica surface, but on raising the ionic strength further the fibrils
no longer physisorb to the surface. At the lower ionic concentration the e ectrical
double layer formed by the monovalent K™ ions within the solution bulk was
sufficient to mask the repulsive forces arising from like charges on the fibril and
substrate surfaces. This screening reduces the distance between the charged
surfaces enabling the van der Waals forces of attraction to dominate and thus
surface binding. In solution the K* ions which are exposed on the basal surface of
the mica disassociate giving rise to the negative charge on the mica surface. In
electrolyte solutions these K™ ions can be replaced by the cations from the solution
[188, 189], consequently as the ionic strength of the KCI solution was increased
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further a diffuse layer of cations formed at the mica surface resulting in the

repulsion of the positively charged peptide fibril and no surface binding.

24.2.2 Effects of theionic environment

The fibrillar structures observed in solutions of both the sodium acetate and
sodium citrate with KCl salts displayed similar long, flat ribbon-like
morphologies and had considerable flexibility. Some fibrils branched into arms
with the same dimensions. however the majority were unbranched with no
noticeable surface features. Analysis of the fibril half-height widths revealed a
normal distribution in size, but with varying mean values (figures 2.21 and 2.24).
The fibrils in sodium acetate and KCI ranged in width from 4 to 13 nm with a
mean of 8.27 (x2.17) nm and height mean of 1.5 (x0.21) nm. Conversely, the
fibrils imaged in sodium citrate and KCI were almost double the width with a
mean of 18.03 (+2.13) ranging from 13 to 24 nm, however the height mean was
the same at 1.5 (£0.23) nm.

This apparent difference in fibril widths may be a consequence of tip convolution
where topographical features appear broader than their true dimensions and is a
consequence of the shape of the tip. It is possible that the tip used to image the
sodium citrate and KCl solution had a higher aspect ratio in comparison to that
used for the sodium acetate imaging. Given that the height measurements are
similar for both solution conditions this is the most likely conclusion and therefore
itisunlikely that the pronounced difference in widths is due to solution conditions
alone. However, it is possible that the difference in solution pH and the ions
present in solution may have attributed to some of the difference in dimensions.
Especially when taken into account that the dimension measurements are based on
a sample from a combination of several experiments where different tips have
been used. It is possible that the change in pH, or citrate cation compared to
acetate anion may have influenced the association of sub-hierarchical species into
the observed fibrillar structures. The role of aromatic interactions and hydrophic
bonding has been well documented in the formation of amylin fibrils [92, 107,
176, 190]. These interactions and the side chains of residues are all influenced by

the ionic environment.
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Interestingly, similar aggregation patterns were noted in the in situ (both sodium
acetate and sodium citrate with KCI aged 18 hours) images and the ex situ data,
proof that the lateral aignment and propensity to clump together is an inherent
feature of the fibrils and not an artefact of drying. However, aggregation of fibrils
occurred more prominently by lateral association with twisting and coiling of
fibrils together not as commonly observed in the solution images. This may be a
result of lower order protofilaments associating and interacting laterally to form
the visible fibril rather than by intertwining and coiling. Additionally, no
periodicity was noted in younger fibrils (figure 2.19) imaged in situ, however this
may be a limitation of tip sharpness and image resolution. The apparent
aggregation and clumping of fibrils into pockets on the mica surface gives further
indication of the hydrophobic nature of the fibrils and the electrostatic interactions

governing their behaviour in solution.

In preparations of amylin (20-29) in sodium acetate and MgCl, a unique
observation of globular aggregates were seen densely packed on the mica surface.
The widths of the globular aggregates range from 30 to 110 nm with mean surface
area of 3.57 (+1.8) x10° nm? By comparison, these widths are much larger than
the dimensions measured for the fibrils imaged in situ. On investigation it was
found that these globular structures formed when MgCl, was present in the initial
solution at time 0, but weren’'t observed in peptide solutions of either sodium
acetate aone or MgCl, only. Furthermore that when amylin (20-29) was initially
placed into solutions of sodium acetate and then 30 mM MgCl, was added after
4% hours, globular structures were still observed, but in general had smaller
dimensions and were not as densely packaged on the surface. However, when the
experiment was repeated with MgCl, added to solutions of pre-formed fibrils
(after 6 hours in sodium acetate solution) no globular structures were observed.
Instead fibrils were observed physisorbed on top of a single layer of material on
the mica surface (figure 2.22g). The point at which fibrils form in solutions of
amylin (20-29) had been pinpointed based on our ex situ imaging data (figure 2.9)
to be between 4 hours, where avery small population of fibrils was observed, to a
larger population at 6 hours. Therefore at 6 hours it is highly probable that a
significant number of protofilaments have aready formed and are present in the

solution. Thisis in fact what was observed; on addition of MCl, to the solution
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of sodium acetate and amylin (20-29) at 6 hours fibrillar structures were seen.
Therefore, it can be surmised that sodium acetate with MgCl, has no detrimental
effects on the preformed fibrils and is sufficient to facilitate surface binding of the
fibrils. However, by addition of MgCl, to the sodium acetate and peptide solution
prior to fibril formation (time = 0 to ~4 hours), the combination of ionic speciesis
such that the aggregation of amylin (20-29) results in only globular aggregate
formation. Similarly, although less well defined, globular structures were aso
observed (figure 2.26) in solutions of sodium citrate and amylin (20-29) when
MgCl, was present from time = 0, which were not observed in solutions of sodium

citrate and peptide.

These findings suggest that electrostatic interactions play an important role in
amylin (20-29) fibril formation and aggregation. Furthermore, that the phenomena
noted are a result of ionic environmental effects on the peptide induced by the
presence of the MgCl rather than impaired physisorption of fibrils to the mica
surface. It adso follows that the globular structures are formed as a result of
electrostatic interactions due to the introduction of the divalent cation, Mg*
which are unfavourable to fibril formation. An explanation for this observation
maybe in the formation of non-covalent complexes that are coordinated by the
Mg cations between charged groups on the peptides. Binding of the Mg®*
cations may have a two-fold consequence, firstly the cation complexes with and
masks the charged terminal carboxylate group on the peptide. Consequently
screening any repulsion experienced by like charges on the monomeric peptides
may reduce the intermolecular interactions needed for the promotion of the beta-
sheet conformation necessary for fibril formation. Secondly, the formation of
cross-linking ionic complexes between individual peptides may prevent the
formation of pre-fibrillar species and instead results in the fast aggregation of the
peptides into amorphous aggregates as observed in figure 2.22 and 2.26. Divalent
cations have previously been reported to mediate the formation of low mass
oligomeric species by stabilising through complexation or by aiding the
conformational change associated with severa of the self-assembling proteins
through the formation of similar metal ion complexes. However, unlike the
findings presented here these low oligomeric species proceeded, and in some
instances at accelerated rates, to form fibrillar structures[191, 192].
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Presented in figure 2.27 is a schematic summary of the variety of different
morphologies observed in samples of amylin (20-29) under the different
environmental conditions investigated within this chapter.

The influence of solution environment on fibril formation has been documented
for severa other amyloidogenic proteins. The promotion of different fibril
morphologies has been observed on alterations in pH and electrolyte
concentration; morphologies included globular aggregates, spherulites, toroidal
structures, worm-like and rod-like chains as well as longer fibrils [126-128, 193].
The formation of these polymorphic structures has been suggested to occur due to
the promotion of different assembly pathways by the solution environment.
Suggestive that the self-assembly of the polypeptide into amyloid proceeds via
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Figure 2.27: Summary of the morphologies of amylin (20-29) observed under
various environmental conditions during AFM imaging.
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any of several competitive kinetic pathways [128] and that the observed structures
may be directly-nucleating pre-fibrillar intermediates or off-pathway assemblies

of the various pathways.

24.23 Kinetic study

The preliminary studies investigating the kinetics of formation of amylin (20-29)
fibrils by in situ imaging in 100 mM sodium acetate pH 5.5 solution, revealed that
growth rates varied dependent on the fibril and ranged from 2 to 11 nm min™.
These rates are much faster in comparison to the published rate of 1.1 nm min™ as
determined by time-lapse AFM for full-length amylin [44]. A faster rate of
formation is not unexpected given the shorter chain length of the amylin (20-29)
peptide. The peptide in comparison to the full-length chain would require less
packaging and therefore there is a higher probability that the peptides free in the
surrounding solution will be in the correct steric conformation for interaction with
the growing peptide fibril on the sample surface. Similarly to full-length amylin,
we aso observed longitudinal elongation of fibrils occurring from either end of a
fibril with no apparent polar preference. A two phase model has been proposed for
the growth of fibrils by full-length amylin where lateral growth from a preformed
nucleus of oligomers precedes a second phase of longitudinal growth of mature
fibrils [64]. This hypothesis appears to fit with the observations presented in
figure 2.19, where clear aggregates are observed in pre-formed clumps and from
these fibrils grow longitudinally. Furthermore, during ex situ imaging of samples
formed in water, fibrils were observed growing out from a central nucleating point
(figure 2.7).

2.5 Conclusion

Amylin (20-29) peptide fibrils self-assemble in a range of electrolyte solutions to
form fibrillar structures which display polymorphic assemblies. Using a
combination of ex situ and in situ tapping-mode AFM imaging we have
demonstrated the change in fibril morphology with time and under the influence
of various electrolyte solution environments. Additionally, as a consequence of

solution conditions, a possible off-pathway globular aggregate formation has been
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identified. Suggestive that the ionic environment may be used to influence the
morphology of fibrils by inducing different amyloid folding pathways.
Furthermore, we have been able to image for the first time amylin (20-29) fibrils

in solution and perform kinetic studies on the fibrillisation.
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Chapter

3

Modification of amylin (20-29) peptides

3.1 Introduction

In the previous chapter we have shown that the peptide fragment of amylin
corresponding to residues 20-29 of the human polypeptide readily forms fibrils
under a selection of solution environments. The fibrils that form display arange of
morphologies and display a propensity to aggregate together. The aggregation of
the fibrils was driven by non-covalent interactions and could, to some extent, be
controlled by the surrounding solution conditions. However, the ability to directly
manipulate the fibrils by controlling fibrillisation or surface immobilisation in a
predictable and orientated manner, as well as forming strongly linked assemblies
would enable these fibrils to be used in a broad range of potential applications

from peptide scaffolds to functionalised surfaces or matrices.

A wide range of strategies are available and have been successfully utilised for the
control and exploitation of peptide fibrils and peptide-based assemblies including,
template-directed growth using highly-ordered surfaces [137], nanolithography
[194, 195] and self-assembled monolayers [196-198]. One strategy for the
manipulation of peptide-based systems is the exploitation of specific functional
groups aready present on the biomolecule or by the introduction of a specific
moiety [47, 199, 200].

In this chapter the potential for the directed control of amylin (20-29) fibrils by
the introduction of specific functional moieties to the peptide is explored.
Specificaly by the chemical modification of the amylin (20-29) peptide during
synthesis by the coupling of two functional groups to the N-terminal of the
peptide. The functional groups are an azide and an akyne group. The azide
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\N\ HC=C—R

The azide group The alkyne group

moiety is a linear molecule of three nitrogen atoms with an orthogonal double
bond in which there is a delocalised cloud of four n-electrons over the three
nitrogen atoms. The electrons of the central nitrogen atom are sp hybridised
allowing some bending of the bonds within the linear structure, making the
molecule an ideal nucleophile [201]. The akyne moiety is a hydrocarbon
containing a carbon-carbon triple bond. The carbon atomsin the triple bond are sp
hybridised and overlap of the orbitals forms a delocalised cloud of © electrons

around the carbon-carbon bond [202].

A terminal akyne (dipolarophile) and azide (1,3 dipole) group can undergo fusion
to form a 1,4-disubstituted 1,2,3-triazole, in the presence of a copper (I) catalyst,
by means of the Huisgen 1,3-dipolar cycloaddition reaction mechanism [203,
204]; more popularly known as ‘click chemistry’. The 1,2,3-triazole group is a
thermally and hydrolytically stable five-membered aromatic heterocycle [204]
comprising heteroatoms at position 1,2 and 3, in this instance nitrogen atoms. By
coupling of either an azide or alkyne group to the N-terminal of the amylin (20-
29) peptide, the aim was to generate fibrils assembled from these functionalised
peptides. Furthermore, to investigate the use of the cycloaddition reaction
chemistry to form strong covalent links between the fibrils in the form of the
1,2,3-triazole ring in an attempt to synthesise higher-ordered structures. The
proposed mechanism [204-206,] for the copper (I)-catalysed 1,3-dipolar
cycloaddition reaction of an azide and terminal alkyne is presented in scheme 3.1.
The mechanism favours an indirect ligation through a series of intermediates

rather than the direct formation of the triazole ring.

The stepwise catalytic cycle initiates with the formation of a copper (1) acetylide
species (1) via akyne m complexation which requires ligand dissociation and

deprotonation. The copper (1) acetylide species exists as afamily of interchanging
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Scheme 3.1: Proposed catalytic cycle for the Cu (l) catalysed cycloaddition
reaction of terminal alkynes and azides. Source Bock et al (2006) [205].

species in solution (2). For catalysis to proceed, it is thought that two metal
centres, one or two akyne ligands and other labile ligands for competitive 1,3
dipole binding are required. The pathway proceeds through the activation of the
azide functionality by the second copper atom of the copper (I) acetylide complex
(3). Simultaneoudly, the reactivity of the acetylide towards cyclization is increased
by the further = complexation of terminally bound acetylide to a proximal copper
atom. A copper acetylide-azide species is generated by the displacement of one
ligand by an azide. Cyclization of the complex to produce a metallocycle (4)
occurs by the nucleophilic attack of carbon 4 of the acetylide at nitrogen 3 of the
azide. The bound azide is thus in an optimum position within the metallocycle for
the subsequent ring contraction, which proceeds by the transformation of the

metallocycle into a triazole-copper derivative (5). The reaction cycle ends by
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protonation of the triazole-copper derivative which affords the 1,2,3-triazole

product (6) and regeneration of the copper catalyst species.

The triazole ring, as with many products of 1,3-dipolar cycloaddition reactions
[207, 208] forms as a mixture of two possible regioisomers a 1,4-disubstituted or
1,5-disubstitued 1,2,3 triazole. However, Rostovtsev et al [204] note that in the
copper (1) catalysed reaction, formation of the triazole ring proceeds
regioselectively favouring the formation of the 1,4 isomer. The regiospecificity of
the product is determined by the energy levels of the molecular orbitals of the
dipolarophile and 1,3 dipole. In the cycloaddition reaction bonding occurs by
interaction of the highest occupied molecular orbital (HOMO) of one component,
which may be either the 1,3-dipole or the dipolarophile, and the lowest
unoccupied molecular orbital (LUMO) of the complementary group in the pairing.
The combination with the smallest energy gap will bind and results in either
formation of the 1,4 or 1,5 regioisomer. In the copper (I) catalysed reaction, the
copper initially binds to the akyne and the energy of the LUMO of the
coordinated alkyne is reduced. This has two outcomes, firstly the reaction
proceeds regioselectively whereby the predominant isoform is the 1,4-
disubstituted 1,2,3 triazole and secondly, there is an overall increase in the energy
of the system and thus copper acts as a catalyst to speed up the reaction [203, 204,
207, 209].

Copper (I)-catalysed 1,3 cycloaddition reactions of azides and akynes have
previously been utilised for arange of biological applications, including usein the
bioconjugation of labels and ligands on cell-surfaces [210, 211], as well as for
fluorescent labelling of proteins and peptides [212, 213]. Furthermore, this form
of click chemistry has previously been investigated for utilisation in peptide-based
systems for the generation of peptide scaffolds, in which a range of peptides with
varying sequences and lengths (up to 12-mer) were synthesised with terminal
azide groups [214]. These peptides were site-selectively ligated to a resin-bound
cyclic peptide scaffold using the cycloaddition reaction by formation of the 1,4
disubstituted 1,2,3 triazole between the terminal azide of the peptides and site-
specific alkyne groups on the cyclic peptide scaffold. Although there is no current

literature on the direct use of the 1,3-dipolar cycloaddition of azide and alkynesin
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peptide fibril nanostructures, collectively these few examples suggests that the
chemistry may be compatible with the larger peptide structures. Therefore, it is
proposed that incorporation of the azide and alkyne functionalities into the amylin
(20-29) fibrils would enable a range of possible future applications. For example,
the formation of triazole rings between fibrils could be exploited in the production
of a covalently linked fibrillar matrix, alternatively the functiona groups and
chemistry could be utilised as a means of covalently linking the fibrils to an azide

or akyne functionalised surface for covalent immobilisation of the fibrils.

The experiments presented in this chapter are preliminary investigations on the
use of the 1,3-dipolar cycloaddition reaction of azide and akynes for the
manipulation of amylin (20-29) fibrils. The experimental design aims to answer
two fundamental questions. Firstly, what influence will the introduction of
additional steric bulk (in the form of the azide or akyne functiona group) to the
terminal of the amylin (20-29) peptide have on fibril formation? Secondly, are the
functiona groups sufficiently exposed on the outer surface of the fibrils, and in
close enough proximity for the copper (l) catalysed cycloaddition reaction to
proceed for 1,2,3-triazole ring formation? The AFM will be utilised in the study to
investigate the properties and fibrillisation of these modified peptides.

3.2 Experimental

321 Materials

Amylin (20-29) was synthesised by SPPS, reagents used in the process were:
NovaSyn® TGR resin and standard Fmoc protected amino acids which were
purchased from NovaBiochem; dimethylformamide (DMF) purchased from
Rathburn;  piperidine,  N-methylpyrolidinone,  N,N-diisopropylethylamine
(DIPEA), 2,4,6-trinitrobenzenesulphonic acid (TNBS), trifluoroacetic acid (for
SPPS), triisopropylsilane (TIPS) and dichloromethane (DCM) were purchased
from  Sigma-Aldrich;  N-[(dimethylamino)-1H-1,2,3-triazol o[ 4,5-b] pyridin-1-
ylmethylene]-N-methylmethanaminium hexafluorophosphate N-oxide (HATU)
obtained from Perseptive Biosystems, Germany; ethanol, hexane, diethyl ether,
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acetonitrile (Far UV grade), and trifluoroacetic acid (for HPLC) purchased from
Fischer Scientific Chemicals; sodium chloride and magnesium sulphate were
purchased from Sigma-Aldrich. Bromoacetic acid, Sodium azide and propiolic
acid were purchased from Sigma-Aldrich. For the Congo red assay, Congo red
and sodium chloride were from Sigma Aldrich and ethanol from Fischer Scientific
Chemicals. For the cycloaddition assay Copper (11) Sulphate pentahydrate and L-
Ascorbic Acid were from Sigma-Aldrich and ethanol was purchased from Fischer
Scientific.

322 Method

3221  Solid phase peptide synthesis

The peptide fragment of human amylin corresponding to residues 20 to 29 (for the
sequence see Chapter 2) was synthesised using solid phase peptide synthesis
(SPPS). The same SPPS protocol to that outlined in chapter 2 was followed, with

the exception that Fmoc protecting groups were removed manually (see below).

The column was packed with 0.1 mmol of an amide Rink resin, NovaSyn® TGR.
Resin was solvated initially with N-methylpyrolidinone (NMP). The activation
cocktail containing the coupling reagents, 0.8 mmol DIPEA and 0.4 mmol HATU,
solubilised in NMP, was mixed with 0.4 mmol of the C-terminal amino acid
(serine) and added immediately to the reaction vessel. Amino acids were loaded
with afour-fold excess to ensure maximum yield. Sufficient solvent was added to
the reaction vessel for the resin to be fluid and was left at room temperature on a
magnetic stirrer. The first amino acid coupling was left overnight to ensure

complete attachment to the resin.

Following each new amino acid coupling a tri-nitro benzene sulfonate (TNBS)
test was performed to determine whether complete coupling had occurred. A
small sample of resin was removed from the reaction vessel and washed several
times with ethanol to remove any unbound amino acids. A few drops of DIPEA
and TNBS in equal quantity were added in sufficient volume, and the colour of

the resin beads and solution observed. In the event of incomplete coupling, the
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free amines present will result in the beads appearing red. Conversely, when the
coupling has proceeded fully, the beads and solution are colourless. In the event
of incomplete coupling the reaction was allowed to proceed for afurther 1-2 hours

until no red beads and solution was observed.

Following complete coupling of the amino acid, any excess coupling solvent was
removed from the reaction vessel by vacuum and the resin washed 5 times with an
excess volume of NMP. Fmoc deprotection of the serine amino group in
preparation for the coupling of the next amino acid was performed by washing the
reaction vessel with 100% DMF, to remove excess activated amino acids.
Sufficient deprotection reagent of 20% piperidineeNMP solution was added to
cover the resin and left with N, gas bubbling through to ensure complete mixing

for 15-30 minutes.

Following Fmoc deprotection, the resin was washed with NMP (5 times excess
bed volume) to remove any trace of deprotection reagent and the next amino acid
in the sequence was added with the activation cocktail. The process was then
repeated for each amino acid until the complete sequence was generated.
Following the final Fmoc deprotection, the resin was washed using DMF and

DCM over a Buchner funnel and then shrunk using hexane.

Prior to cleavage of the peptide from the resin an additional step was included to
add either the alkyne moiety or azide moiety to the N-terminal of the peptide
chain. The resin was divided in half, with a small portion set aside for mass

spectrometry analysis of the peptide sequence.

3.22.2  Coupling of azide group to N-terminus
The azide moiety was introduced to the N-terminus of the amylin (20-29) peptide

in the form of azidoacetic acid. The initial step in this process was the synthesis of

the azidoacetic acid.

3.2.2.2.1 2-Azidoacetic acid synthesis

2-Azidoacetic acid (N3CH,CO,H) was synthesised according to the methodol ogy
of Dyke et al [215] from sodium azide (NaNs) and bromoacetic acid
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(BrCH,COH). Great care was taken during the synthesis to minimise the risk of

explosion whilst using the highly explosive azides.

aq HCI
NaNs + BrCH,CO,H —— > N3CH,CO.H

A saturated aqueous solution of sodium azide (780.42 mg) was mixed in a 2:1
ratio with bromoacetic acid (833.7 mg), and stirred continuously for 24 hours in
an ice bath. The reaction mixture was then acidified to pH 5 by the addition of
aqueous hydrogen chloride. Thin layer chromatography was performed as an
indicator for the presence of product (azidoacetic acid) and reagents during and at
the end of the reaction.

The 2-azidoacetic acid product was extracted by salting out with a saturated
guantity of sodium chloride. The agueous layer was extracted using diethyl ether
severa times and the combined organic layers were dried over anhydrous
magnesium sulphate. Final traces of water and diethyl ether were removed under
vacuum. The final product obtained was 60 mg of a yellow oil. Characterisation
of the end product was performed by electron-spray liquid chromatography mass
spectrometry (LC-MS), H'-nuclear magnetic resonance (NMR) and infrared
spectroscopy (IR).

322211 LC-MS

Mass spectra were obtained using a Micromass LCT Mass spectrometer with
autosampler. The sample was prepared by dissolving in acetonitrile/water

solution. Samples were analysed by negative ion electron spray.

322212 'H-NMR
H-NMR spectra were acquired on a Bruker 400 MHz instrument (Bruker, UK).

The samples were prepared in deuterated chloroform (CDCl3). All chemical shifts
arerelative to atetramethylsilane (TMS) internal standard.

3.2.2.21.3 IR spectroscopy

Transmission infrared spectra were acquired on a Nicolet Avatar 360 FT-IR
instrument using NaCl discs. Mid-IR spectra were acquired over the range 400 —
4000 cm™.
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3.2.2.2.2 2-Azidoacetic acid coupling

In preparation for the coupling of the azide moiety to the N-terminus of the
amylin (20-29) peptide chain, 150 mg of peptide bound resin was resolvated and
washed with NMP.

N2 N~
N\ P _ HATU,DIPEAINNMP  \+
\N\JQ + Peptide > \N
OH

peptide

A three-fold excess of 2-azidoacetic acid (30 mg) and the activation cocktail
containing the coupling reagents, 0.8 mmol DIPEA and 0.4 mmol HATU,
solubilised in NMP, was added immediately to the reaction vessel. The reaction
was left bubbling through with N, gas for 3 hours. A TNBS test was performed on
a small sample of resin to ensure full coupling of the azide group to the peptide
chain had occurred. Following successful coupling of the azide moiety to the
amylin (20-29) peptide the side groups were deprotected and the peptide chain

cleaved from the resin as outlined below.

3223 Coupling of alkyne to N-terminus

The alkyne moiety was introduced to the amylin (20-29) in the form of propiolic
acid (C3H20,). Coupling of the peptide chain with the propiolic acid requires the
formation of a peptide bond between the NH, group of the N-terminal serine of
the amylin (20-29) peptide chain and the carboxylic acid group of the propiolic
acid.

O HATU, DIPEA in NMP
}< + Peptide > =
OH

peptide

A portion of the peptide-bound resin (213.1 mg) was resolvated with sufficient
NMP and washed with severa bed volumes. A three-fold excess of propiolic acid
(450 pl) and the activation cocktail containing the coupling reagents, 0.8 mmol
DIPEA and 0.4 mmol HATU, solubilised in NMP, was added immediately to the
reaction vessel. The reaction was left bubbling through with N, gas for 3 hours. A
TNBS test was performed on a small sample of resin to ensure full coupling of the
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propiolic acid to the peptide chain had occurred. Following successful coupling,
the side chain protecting groups were deprotected and the alkyne-peptide chain
was cleaved from the resin as outlined below.

3224 Side chain deprotection and resin cleavage

Cleavage of the peptide chain from the resin and deprotection of side chain groups
was performed by the addition of a mixture of 90% v/v trifluoroacetic acid (TFA),
2% vlv triisopropylsilane (TIPS) and 8% v/v water, for 2 hours. The suspension
was then filtered and the filtrate evaporated under vacuum. The residual material
was titrated with diethyl ether, and the resulting powder consisting of the crude
peptides were stored below 4°C. The successful synthesis of the two target
peptides was confirmed by electro-spray mass spectrometry (Micromass LCT
M ass spectrometer).

3.224.1 Reverse-phase high performanceliquid chromatography

The crude peptides were analysed on a reverse-phase C18 (Hypersil BDS, bore
size 4.6 mm, supplied by Shandon,UK) column. The solvent system employed
comprised: A = 0.06 % trifluoroacetic acid in ultrapure water (pH 6, resistivity
18.2 MQcm), B = 0.06% trifluoroacetic acid in 90% acetonitrile/ 10% ultrapure
water. Presence of the peptide in the eluent was monitored spectrophotometrically
at Ap1anm- The crude peptides were dissolved in 60 % v/v acetonitrile to a

concentration of 2 mg/ml. The gradient of 30 to 100 % B over 30 minutes with

flow rate of 5 ml/min and injection volume of 200 pl.

3.2.25 Preliminary fibrillisation assay

A preliminary study to determine the fibrillisation capabilities of both forms of the
functionalized amylin (20-29) peptides was performed. The lyophilized azide- and
alkyne form of the amylin (20-29) peptide were solubilised in ultrapure water (pH
6, resistivity 18.2 MQcm) at a concentration of 300 pg/ml. Samples were left to
form fibrils at room temperature for 18 hours before aliquots were removed and

dried under N, onto freshly cleaved mica and imaged using the AFM.
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3.2.2.6 Copper (I) catalysed 1,3-dipolar cycloaddition reaction assay

Investigations to establish the viability of the alkyne- and azide- coupled moiety
on the peptide fibrils for the copper (I) catalysed cycloaddition reaction for the
formation of triazole groups was performed. The assay conditions employed for
the cycloaddition reaction were based on the methodologies from the work of
Link & Tirell [210], Rostovtsev et al [204] and Wang et al [211].

The cycloaddition reaction requires the presence of copper as a catalyst which
must be in the +1 oxidation state. Here we use the +2 oxidised form of copper in
the form of CuSO,4.5H,0, which is reduced in situ by the reducing agent ascorbic
acid in a 2:1 water and acohol solution according to the method of Rostovtsev et
al [204].

The lyophilised azide- and alkyne- peptides were solubilised in ultrapure water to
a concentration of 1 mg/ml and left for 18 hours to ensure formation of fibrils.
After this initial incubation, aliquot samples of the peptides were removed and
placed into eppendorfs containing either 1 mM or 5mM copper sulphate with 5
mM or 25 mM (respectively) ascorbic acid in a 2:1 mix of water and ethanol
(referred to hereafter as copper (1) solution) to give a fina peptide concentration
of 300 pg/ml. The eppendorfs contained either azide-peptide or alkyne-peptide or
a 50:50 mix of both forms of peptide. Samples were continuously mixed for a
further 8 hours at room temperature, before aliquot samples were removed and

dropped onto freshly cleaved mica and dried under N, before imaging.

To investigate whether the cycloaddition reaction would prevent fibrillisation of
the amylin (20-29) peptides, the experiment was repeated with the exception that
1 mM or 5 mM copper sulphate with ascorbic acid in a 2:1 mix of water and
ethanol was added to a 50:50 mix of both forms of the peptide (final peptide
concentration 300 pg/ml) at time 0 hours. Samples were continuously mixed for
18 hours at room temperature, aliquot samples were then removed, dropped onto
freshly cleaved mica, and dried under N, before imaging.
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3.2.2.7 AFM imaging

All AFM imaging was performed in ar using the Nanoscope llla (Digital
Instruments, Veeco Metrology Group, Santa Barbara CA) in tapping mode.
Silicon TESP tapping probes (supplied by Veeco Metrology Group) mounted on
cantilevers with nominal spring constants of 42 N/m (range of 34.4-37.2 N/m) and
nomina resonant frequency of 320 kHz (range of 280-360 kHz) were used. All
imaging was performed at a final peptide concentration of 300 pg/ml. Aliquots of
10 ul were dropped onto freshly cleaved mica (1 cm2), dried in a N2 gas stream
and imaged immediately. Control preparations of ultrapure water (pH 6,
resistivity 18.2 MQcm) and solutions of copper sulphate with ascorbic acid in a
2:1 mix of water and ethanol were stored under identical conditions and for the
same time period; here imaging showed no fibrillar structures. AFM image

analysis

Data was processed using two computer packages, the anaytical processing
options from the Nanoscope software version 5.21b48 (Digital Instruments,
Veeco Metrology Group, Santa Barbara CA) and SPIP program (Image
Metrology ApS USA). Images show topography and phase data (where indicated),
contrast scale bars are presented alongside images where appropriate. The upper z
range value is stated above each scale bar with lighter colours indicating higher

topographical features and greater phase contrast respectively.

3228 Congored assay

The formation of amyloid fibrils by the functionalised amylin (20-29) peptides
was investigated using the histopathology stain, Congo red. A saturated solution
of Congo red was prepared using 0.2g of Congo red powder per 100 ml of 80%
v/v ethanol solution saturated with sodium chloride. Both forms of the lyophilised
peptides were suspended in Ultrapure water (pH 6, resistivity 18.2 MQcm) at a
concentration of 1 mg/ml. The suspension was aged for 18 hours at room
temperature to ensure maximum allowance for fibril formation and a 10 ul aliquot
was removed and dropped onto a clean glass dide and air-dried. Samples were
stained for 1 minute by the addition of the saturated Congo red solution. Excess
stain was removed by washing with ethanol and the slide air-dried.
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3.2.2.8.1 Optical microscopy and Birefringence
Birefringence was examined using a Leitz Diaplan light microscope with

polarisers and 10 and 25 times magnification objective lens. The polariser lens
are set at an angle of 45 degrees to each other, one in the incident beam and the
other set above the slide stage between the objective lens and camera. Images of
the sample under normal and polarised light were captured using a Nikon 100

digital camera.

3.3 Results

331 Azide- amylin (20-29) peptide synthesis
An azide group was added to the N-termina of the amylin (20-29) peptide by

formation of a peptide bond by reacting 2-azidoacetic acid with the resin-mounted
peptide in the presence of the coupling activation cocktail. 2-azidoacetic acid was
successfully  synthesised from sodium azide and bromoacetic acid.
Characterisation of the yellow end product is listed below, *H-NMR and IR
(liquid) spectra are presented in figures 3.1 and 3.2 respectively.
Yield: 60 mg (60 %)
MS (ES): 100.06 (M")
vimax(NaCl): 2116.26 (N3), 1731 (C=0), 1420 (C-OH in plane bending),

1284-1221 (C-O stretching), 946 (-OH bending), 877 and 3158-

3459 (-OH stretching) cm™
d1(400MHz, CDCl3): 4.0 ppm (2H, s, CH>)

10.6 ppm (1H, s, COOH)

Collectively the mass spectroscopy, *H-NMR and IR characterisation indicate that
the yellow oil end product is azidoacetic acid. There was no evidence observed in
the characterisation spectra for the presence of any unreacted reactants or

intermediates in the end product.
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Figure 3.1: "H-NMR spectrum of 2-azidoacetic acid. Integrated 400 MHz *H-NMR spectrum of the yellow oil product from the 2-azidoacetic acid
synthesis. Solvent used was CDClI; with TMS standard. The singlet signal at 4.0 ppm is consistent with that expected for the methylene proton of the

2-azidoacetic acid and broad singlet at 10.6 ppm corresponds to the hydroxyl proton. The signal at 7.0 ppm is consistent with that observed for
CHCIs, a protonated form of the solvent.
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Figure 3.2: Infra Red Spectroscopy spectrum of 2-azidoacetic acid. The mid -IR spectrum of the yellow oil product from the synthesis of 2-
azidoacetic acid. Spectrum was generated using the Nicolet Avatar 360 FT-IR using NaCl discs. The characteristic resonance of the N3 group is

observed at of 2116.26 cm™ wavelength.
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Coupling of the azidoacetic acid to the second half of the resin proceeded
successfully and the negative mass spectrum of the azide-form of the amylin (20-
29) peptide is shown in figure 3.3. ES-MS: m/z 1089.52 ((M-3H), 100%),
1090.52 ((M-2H), 58 %) and 1091.2 ((MH), 25 %). The molecular fragments (M-
3H) and (M-2H), can be accounted for by the deprotonation of amino acid side
chain groups (alcohol group of serine) and the carboxylic acid of the peptide

chain.

Presented in figure 3.4 is a RPHPLC chromatogram typical of that obtained
during RPHPLC analysis on the azide-amylin (20-29) peptide. The chromatogram
is dominated by a peak at 10.75 minutes close to the solvent front (5 minutes),
corresponding to the target peptide. Several smaller peaks with less than 15 %

intensity are also observed at later time points.

3.3.2 Alkyne-amylin (20-29) peptide synthesis

Coupling of the alkyne moiety to the amine group of N-terminal serine residue of
the amylin (20-29) peptide fragment was successfully performed by SPPS. A
positive ion mass spectrum of the alkyne-amylin (20-29) sample is presented in
figure 3.5. ES-MS: m/z 1061.19 (46 %, [MH]).

Presented in figure 3.6 is a RP-HPLC chromatogram typical of that obtained
during RP-HPLC analysis on the alkyne-amylin (20-29) peptide. The solvent front
is observed a 5 minutes, followed by a dominant pesk a 14.6 minutes
corresponding to the target peptide and lower intensity (<30 %) peak at 15.5

minutes.

-117 -



Chapter 3 Modification of amylin (20-29) peptides

1089 521 (M-3H) +5%0
1090 5123 (M-2H)
10315190 (M-H)
03, 47861001, 4550
ik .
| 1211. 4558 14016328

| .
bl L | Albpdaildd J.,LQIJ -H.l U P SR T O e Ll

Figure 3.3: LC-MS spectrum for the azide-form of amylin (20-29) peptide. Negative
ionisation spectrum. The parent ion (M-H) is observed at m/z 1091.51 (25%). Two peaks of
higher intensity correspond to deprotonated forms of the ion, at m/z 1090.51 (58%, (M-
2H)) and 1089.52 (base peak, (M-3H))
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Figure 3.4: RP-HPLC chromatogram for azide-amylin (20-29) peptide. The major

peak at 10.75 minutes corresponds to the target peptide. Smaller peaks of later

eluting impurities are also observed.

-118-



Chapter 3 Modification of amylin (20-29) peptides

100 3953181 12282
{
455.4102
o | 474.4503
|
‘ 610.5695 (M-H)
| | 1061.1887
| |
‘ ‘ 536.5070
317.2616
‘ 6846216
) | | 797 3738 | ‘
1432128 | a5 ‘3927 ‘ |
{
I 162.2457 ‘
| | ¢ | ‘ : 874.4194 |
| 276.1866 ‘ ‘ ‘ ‘ ‘ | | 1010.4648]
| | ‘ i ‘ | LL I L‘L L || 1008.4438|
o L kol L bl IL : UL _ M“I LJMIM LLM Ill Al Mi .llJJuHian.L m Imm,h e
100 200 300 400 500 600 700 1000

Figure 3.5 LC-MS spectrum for the alkyne-form of amylin (20-29) peptide.
Positive ionisation spectrum. The parent molecular ion, [M-H], was observed at m/z

1061.19 corresponding to the expected molecular weight of the alkyne-amylin (20-29).
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Figure 3.6: RP-HPLC chromatogram for alkyne-amylin (20-29) peptide. A major
peak is present at 14.6 minutes, with later eluting smaller (< 30%) peak at 15.5
minutes. Method: gradient of 30 to 100 % B over 30 minutes with flow rate of 5 ml/min.
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3.3.3 Preliminary AFM study of fibrillisation

A preliminary study to investigate the influence of the azide and alkyne moieties
on fibrillisation of amylin (20-29) peptide was performed. Peptide samples were
prepared in ultrapure water at afinal peptide concentration of 300 pg/ml and aged
for 24 hours at room temperature before imaging by tapping-mode ex situ AFM.
Samples of either the azide or alkyne forms of the peptide and a 50:50 mix of both
forms of the peptide were investigated.

The AFM images presented in figure 3.7 are typica of the azide-amylin (20-29)
only sample. In the low resolution topography and phase image shown in Figure
3.7ait can clearly be seen that the functionalised peptide has retained the ability to
self-assemble and form fibril structures. Several distinct morphologies of fibrils
can be observed in the azide-amylin (20-29) sample. The high resolution
topography and phase image shown in figure 3.7b is a zoom in of the lower mid
section of figure 3.7a and highlights the variation in the two population

morphologies.

The magjority of the fibrillar structures observed were short, flattened ribbon-like
fibrils with mean half-height widths of 10.2 (£ 2.8) nm and heights of 1.58
(£0.38) nm. The fibrils were predominantly laterally aligned on the mica surface
with a propensity to associate together in single layers. Several truncated fibrils
were observed individualy, enabling a clearer view of the topography of the
fibrils. The surfaces of the fibrils appear globular and less uniform than similarly
aged fibrils of non-functionalised amylin (20-29) observed previously (figures
2.6, 2.7-8).

A second less abundant population of larger fibrils was observed in the sample.
These structures displayed greater half-height widths and heights but which varied
significantly within the sample. In the majority of these larger fibrils a periodicity

along the fibril axis can be observed. The longitudinal cross-section along the
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Figure 3.7: Ex situ AFM images of azide amylin (20-29) sample. Samples were aged
for 24 hours in ultrapure water before aliquots were dried onto freshly cleaved mica. The
final peptide concentration was 200 pg/ml. Figure 7a shows typical topography (left) and
phase (right) images of the sample. Figure 7b shows a higher-resolution topography
(left) and phase (right) images, a line profile along the axis of the boxed fibril is shown in
figure 7c and demonstrates the periodicity of the fibril twist. Z range contrast bars are

shown.
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fibril axis highlighted by the box in figure 3.7b can be seen in figure 3.7c. A
regular periodicity can be observed along the fibril axis and is approximately 55
nm. However, in other fibrils this periodicity was not always as regular and varied

in twist.

The AFM images presented in figure 3.8 are representative of the images
generated of the alkyne-amylin (20-29) sample. In contrast to the azide-amylin
(20-29) sample, no periodicity was observed in the fibrillar structures found in the
akyne-amylin (20-29) only sample. However, in similarity, two distinct

morphol ogies were observed which displayed similar topographies.

One morphologica type is illustrated by the fibrillar structures observed in the
low resolution topography image shown in figure 3.8a. Individua fibrils have
associated into larger fibrillar structures which have a dense network of material.
Figure 3.8b shows a zoomed in section of this network; the phase data provides
further detailed information on the constituent fibrils which comprise these
fibrillar structures. These larger structures comprise differing numbers of fibrils
which are laterally aggregated. Several of which over the lengths of the structure

have a non-uniform twist along the axis.

The second class of fibril morphology is typified by the fibrils shown in the high-
resolution topography image presented in figure 3.8c. The fibrils are observed
individually or loosely laterally associated on the mica surface. Individua fibrils
are flat ribbon-like structures with mean half-height widths of 11.28 (£2.16) nm
and mean height of 1.29 (+£0.30) nm. In similarity to the fibrils formed from azide-
amylin (20-29), the surface morphology of the fibrils is in most instances non-

uniform with a slight globular appearance displaying an irregular periodicity.

The images presented in figure 3.9 are representative of the low (figure 3.9a) and
high-resolution (figure 3.9b) images of the fibrillar structures formed in samples
comprising a 50:50 mix of both azide and alkyne-amylin (20-29) peptides. Two
distinct morphologies of fibrils can be observed. The first are single-layered,
laterally aligned fibrils. The second are aggregated groups of fibrils formed into
larger fibrillar structures, which have entangled forming a network. The first
morphological population comprises of fibrils with half-height widthsin the range

-122 -



Chapter 3 Modification of amylin (20-29) peptides

80.0 nm

40.0

0.0

80.0 nm 80.0°

40.0

0.0

4.0 nm

0.0

Figure 3.8: Ex situ AFM images of alkyne amylin (20-29) sample. Samples were
aged for 24 hours in ultrapure water before aliquot samples were dried onto freshly
cleaved mica. The final peptide concentration was 200 pg/ml. Figure 8a shows a
topography image of the sample. Figures 8b and 8c are typical higher-resolution
topography (left) and phase (right) images demonstrating the variation in fibril

morphologies observed. Z range contrast bars are shown.
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Figure 3.9: Ex situ AFM images of 50:50 mix of azide and alkyne amylin (20-29)
samples. Equal quantities of both peptides were solubilised in ultrapure water and
aged for 24 hours, before aliquot samples were dried onto freshly cleaved mica. The
final peptide concentration was 300 pg/ml. Figure 9a shows a typical topography (left)
and phase (right) image of the sample. Higher-resolution topography (left) and phase

(right) images of the sample are shown in figure 9b. Z range contrast bars are shown.
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7 to 12 nm and heights of approximately 1.4 nm. By comparison, the smallest
resolvable fibrils displaying the second morphological type are wider with

dimensions in the range of 19 to 30 nm.

334 Congo red assay
To establish whether the fibrillar structures formed by the azide and alkyne forms

of amylin (20-29) have retained the common amyloid structure, samples were
assayed using Congo red staining; the histopathology stain for the detection of
amyloid. Under polarized light amyloid stained with Congo red dye will display a
green gold birefringence [27]. Samples of the azide-form and alkyne-form of
amylin (20-29) in ultrapure water were aged for 18 hours to ensure sufficient time
for fibril formation. Aliguot samples were dried and stained with the Congo red
dye and the appearance of birefringence noted under polarized light. The optical
micrographs shown in figures 3.10a and b are of the stained azide form of the
amylin (20-29) under non-polarised and polarized light, respectively. A green
gold birefringence can be observed under the polarized light. The micrographs
presented in figures 3.10c and d are of the alkyne-form of the amylin (20-29)
peptide under non-polarised and polarized light, respectively; a green gold

birefringence is observed.

3.35 Copper (1) Catalysed Cycloaddition

Following the successful fibrillisation of the functionalised amylin (20-29)
peptide, an AFM study of the peptides under the copper (l) catalysed
cycloaddition reaction conditions was performed. The study comprises several
conditions in which the peptides are either initially (t =0 hours) solubilised in 1
mM and 5 mM equivalent of copper (1), or allowed to preform into fibrils prior to
addition at 18 hours (t =18 hours) of the 1 mM and 5 mM equivalent of copper (I)
cycloaddition reaction mixture.

3351 1 mM Copper (1)

3.35.1.1 Fibrillisation in the presence of Cu (I) (t=0 hours)

After incubating the azide-form and alkyne-form of the amylin (20-29) peptide in
isolation in 1 mM copper sulphate with ascorbic acid solution for 18 hours,

fibrillar structures were observed in both samples. These results provide evidence
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Figure 3.10: Congo red assay of azide- and alkyne- amylin (20-29) peptide.
Peptide samples were aged for 18 hours in ultrapure water, before aliquot samples
were removed, dried and stained with Congo red solution. Figures 10 a and b show
samples of the azide-amylin (20-29) samples under normal and polarised light
respectively. Figures 10 ¢ and d show samples of the alkyne-amylin (20-29) samples

under normal and polarised light respectively.
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that neither the copper salts nor any of the components (ascorbic acid, ethanol) of
the cycloaddition reaction mixture inhibit the formation of fibrils by the
functionalized amylin (20-29) peptide. The AFM topography images presented in
figure 3.11 are typical of the azide-amylin (20-29) peptide (figure 3.11a and b)
and alkyne-amylin (20-29) peptide (figure 3.11c and d) samples at 18 hours.

In similarity to the fibrils formed by the peptides in the absence of copper salts,
the fibrils have flattened ribbon-like morphologies. The azide-amylin (20-29)
fibril samples display a mean haf-height width of 10.97 (£1.8) nm and height of
2.69 (£0.31) nm. By comparison, the average half-height width of the fibrils from
the alkyne-amylin (20-29) sample was 18.33 (x2.7) and mean height of 1.84
(x0.51) nm.

Figure 3.11a is a topography image typical of the fibrils formed by the azide-
amylin (20-29) peptide. The fibrils captured in the high-resolution topography
image in figure 3.11b demonstrate the uniform and smooth topography of the
fibrils. In the upper portion of the group of fibrils highlighted by the arrow in
figure 3.11b, two fibrils are observed twisted together. This form of association
was infrequently observed in the samples and the maority of fibrils were
observed individually or with some propensity to associate together laterally. The
mica surface appeared clear of physisorbed non-fibrillar material except for small
pockets of amorphous debris which can be observed in the background of the
images. All solutions were filtered through 0.2 pum gauze prior to use, therefore it
islikely that the debrisis dried salt deposits or non-fibrillised peptide material.

Typical fibrillar material observed in the alkyne-amylin (20-29) peptide samples
Is presented in the topography image shown in figure 3.11c. Fibrils were rarely
observed individually, but instead were predominantly associated together in
aggregates of several fibrils that interconnected to form networks of loosely coiled
or laterally grouped larger structures. Figure 3.11d is a higher-resolution
topography image and demonstrates the uniform and smooth topography of the
individual akyne-amylin (20-29) fibrils.
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Collectively the images presented above in figure 3.11 demonstrate that the
presence of the copper (1) solution is not inhibitive to the formation of fibrils by
either forms of the amylin (20-29) peptide. Therefore the next stage in this set of
experiments, was to perform the cycloaddition reaction assay, combining both
forms of the functionalized amylin (20-29) peptide in the presence of copper (1)
salts. Equal quantities of both forms of the peptide were solubilised together in the
cycloaddition copper solution and mixed continuously for 18 hours. Aliquots of
both samples were removed, dropped onto freshly cleaved micaand imaged in air
using tapping mode AFM. Presented in figures 3.12 are a typical selection of the
Images that were generated.

Two distinct fibril morphologies were observed. Figure 3.12a is a typical
topography image of the first morphology type, where lower-order fibrils are
predominantly observed assembled into larger higher-order fibrillar structures.
These structures showed considerable variation in dimension ranging in half-
height widths from 55 to 130 nm and average height of 9.7 (£3.2) nm. The lower-
order fibrils are resolvable in these structures giving them a non-uniform surface
topography. In some instances a distinct periodicity can be observed where
several lower-order fibrils are entwined together. A typical example of this is
shown in figure 3.12b which is a digital zoom of the central boxed area in figure
3.123a; the fibril has a distinct globular appearance with a dlightly irregular but
distinct periodicity. Figure 3.12c is a digital zoom of the upper boxed area in
figure 3.12a, the lower-order fibrils are resolvable within the higher-order
structures but do not display any periodicity and do not appear to be coiled around

one another.

The second morphology is typified by the fibrils present in the topography image
presented in figure 3.12d. Fibrils are thinner and shorter, and laterally align into
layers one fibril thick. This population of fibrils had a mean half-height width of
16.7 (x3.02) and height of 1.75 (£1.1) nm. Figure 3.12e is a high-resolution zoom
of the boxed area in figure 3.12d highlighting the differences in dimensions and

morphol ogies between the two types of fibril.
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Figure 3.11: Ex situ AFM images of 1 mM Cu” present from 0 hours azide and
alkyne amylin (20-29) samples. Peptide was solubilised in 1 mM Cu" salt solution, at
18 hours aliquot samples were dried onto freshly cleaved mica. The final peptide
concentration was 300 ug/ml. Topography images of the azide peptide sample are
shown in figure 11a and higher-resolution in figure 11b. Topography images of the
alkyne peptide sample are shown in figure 11c and figure 11d. Z range contrast bars

are shown.
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Figure 3.12: Ex situ AFM images of 50:50 mix of both peptides in 1 mM Cu”
present from 0 hours. Peptide was solubilised in 1 mM Cu’ salt solution, at 18 hours
aliquot samples were dried onto freshly cleaved mica. The final peptide concentration
was 300 ug/ml. Figure 12a is a topography image of the peptide sample, higher-
resolution topography images of the boxed areas are shown in figure 12b highlighting
a typical fibril displaying periodicity, and figure 12c highlighting fibrils with no
periodicity. Figure 12d is a topography image, a higher-resolution topography image
of the boxed area is shown in figure 12e, demonstrating the different fibril

morphologies. Z range contrast bars are shown.
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3.3.5.1.2 Addition of Cu (I) to solutions of pre-formed fibrils (t =18 hours)

An additional assay was performed to investigate the influence of the
cycloaddition reaction on pre-formed fibrils of the azide and akyne amylin (20-
29) either in isolation or in combination. Peptide solutions were prepared initially
in ultrapure water and aged for 18 hours at which point the samples were diluted
to afina peptide concentration of 300 pug/ml by the addition of the cycloaddition
1 mM copper sulphate with ascorbic acid in water/ethanol and mixed
continuously for afurther 8 hours.

The images shown in figure 3.13 are of the samples containing azide-amylin (20-
29) only peptide. Figure 3.13ais typica of the low-resolution topography images
of the fibrillar structures formed. Fibrils were long and ribbon-like in appearance
and were observed individually or aggregated as interconnected assemblies. The
half-height widths of individual fibrils were greater than previously observed with
a mean of 30.24 (x2.6) nm, but displayed a similar mean height of 1.15 (+0.27)

nm.

In the magority, aggregation of fibrils was by lateral association into
interconnected networks of irregular bundles. A typical example of this
aggregation pattern can be seen in the high-resol ution topography image presented
in figure 3.13b. Many of the fibrils associated into these bundles were shorter
than the fibrils observed individually.

As with the samples formed in the absence of copper, the twisting of severd
fibrils into one structure was observed. Figure 3.13c is a high-resolution
topography and phase image showing the association of two fibrils (10.8 nm and
13.8 nm) into a single fibril (15.0 nm) by coiling. The phase image enables the
two constituent fibrils to be clearly seen. The profile inset is of the cross-section
along the axis of the coiled portion of the fibril, the regular periodicity of the
twisted fibrilsis approximately 32 nm.

An interesting phenomena which was unigue to this sample, was the presence of
small, dense aggregated balls of fibrils. A typical example of these formations is
presented in the high-resolution topography and phase image shown in figure
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3.13d. The cross-sectiona profile of the fibril ball, shown by the line in the
topography image, is presented in the inset panel. As can be seen from the profile,
the structure is more a mound on the mica surface than aball. Thereis variation in
height across the structure with a maximum height of 9.5 nm. Together with the
additional topographical details offered by the phase image, these ‘balls' appear to
be formed from irregular bundles of overlapping fibrils analogous to a loose and
unevenly wound ball of string. Several ‘ends’ of the constituent fibrils can be seen
projecting outwards from the central mass together with longer individua fibrils.
Some fibril balls appear more densely packed together than others, however the
AFM images do not provide any detailed information on how or why these fibril
balls have formed.

Presented in figure 3.14 are images of the akyne-amylin (20-29) only sample
following addition of the cycloaddition reaction mixture at 18 hours. Figure 3.14a
is a high- resolution topography and phase image of the lateral assembly of the
alkyne-amylin (20-29) fibrils. The phase data provides further topographical detail
of the lateral assemblies and enables individua fibrils which are tightly packed
within the assemblies to be elucidated. Severa fibrils can be seen emerging from
the large aggregates, these individual fibrils display heights with a mean of 1.84
(x0.56) nm. By comparison, the heights of the fibrillar aggregates range from 2.9
to 8.4 nm in height, suggestive that the fibrils are aggregating laterally both side
by side and stacked upwards. In the previous examples of latera assembly of
fibrils from either form or mixes of the peptide, aggregation has only been noted

side-by-side and not by stacking to form layers several fibrils thick.

Figure 3.14b is a low-resolution topography and phase image, the boxed area has
been zoomed in digitally and is shown in figure 3.14c. These images highlight a
different type of aggregation pattern of the alkyne-amylin (20-29) fibrils, in which
fibrils are observed projecting from a dense central area. Unlike the fibril balls
noted in the azide-only samples (figure 3.13d), these dense central points do not
have any resolvable ordered structure or surface topography, are more tightly

packed, and are considerably greater in height (> 20 nm). However, it is possible
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Figure 3.13: Ex situ AFM images of 1 mM Cu” present from 18 hours azide—
amylin (20-29) sample. Peptide was solubilised initially in ultrapure water, at 18
hours Cu” salts were introduced. Samples were aged for 8 hours in copper solution
before drying onto freshly cleaved mica. The final peptide concentration was 300
pa/ml. Figure 13a is an ex situ topography imag of the peptide sample. Z range
contrast bars are shown. Higher-resolution topography images highlighting individual
features are shown in figure 13b (topography), figure 13c (topography and phase)

and figure 13d (topography and phase). Insets are cross-sectional profiles.
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Figure 3.14: Ex situ AFM images of 1 mM Cu” present from 18 hours alkyne—
amylin (20-29) sample. Peptide was solubilised in ultrapure water, at 18 hours Cu”
salts were introduced. Samples were aged for 8 hours in copper solutions before
drying onto freshly cleaved mica. The final peptide concentration was 300 pg/ml.
Figure 14a shows a high-resolution topography (left) and phase (right) image of the
peptide sample. Figure 14b shows a topography (left) and phase (right) image of a
different fibril morphology type, a higher-resolution 1.6 pm x 1.6 um topography image
of the boxed area is shown in fiqure 14c. Z range contrast bars are shown.
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that these structures are similar to the fibril balls but tighter packing results in un-
resolvable structure.

The topography images shown in figure 3.15 are representative of those generated
for samples containing equal quantities of both forms of the peptide, which were
allowed to form fibrils in ultrapure water before the addition of the cycloaddition
copper solution at 18 hours, after which time the solution was mixed continuously
for a further 8 hours. Figure 3.15a is a low-resolution topography image of the
fibrils observed. Despite consistently using the same peptide concentration (300
pg/ml), fibrils were observed infrequently in the samples. Fibrils were present
either individually or as small groups aggregated together in a manner typical of
those shown in figure 3.15a. Individual fibrils are long and flat structures with
smooth surface topographies. Dimensions of the fibrils were larger than that
measured for the same sample but in the absence of copper and had a mean half-
height width was 33.7 (£6.4) nm and mean height of 3.80 (x1.4) nm. Severa
examples of fibrils grouped together by intertwining of severa fibrils to form
larger fibrillar structures can be found in the image in figure 3.15a. The fibrils
highlighted by the boxed area are an example of this, a higher-resolution
topography image in of this areais shown in figure 3.15b. Three individual fibrils
can be seen emerging from a larger structure at the bottom of the image, one of
which branches higher up to produce a fibril with the same dimensions. The
original fibril is then observed coiling together with another of the starting fibrils
to form a single structure again. The digitally zoomed in area shown in figure
3.15c is another example where the coiling of several fibrils to form a larger
structure is evident due to the unraveling or loose coiling of the constituent fibrils.
The fibril marked with an arrow in this group appears to have regions of different
thickness (19.7 nm, 31.3 nm and 20.2 nm), which may be evidence of further
structural hierarchy, given that the smaller thickness dimensions are in keeping

with those seen in figure 3.12.

3.35.2 5mM Copper (1)

In the current literature investigating the applications and mechanisms of this 1,3
dipolar cycloaddition reaction the concentration of copper (I) salts employed
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Figure 3.15: Ex situ AFM images of 50:50 mix of both peptides in 1 mM Cu”
present from 18 hours. Peptide was solubilised in ultrapure water, at 18 hours Cu®
salts were introduced. Samples were aged for 8 hours in copper solution before
drying onto freshly cleaved mica. The final peptide concentration was 300 pg/ml.
Figure 15a shows a topography image, a line profile along the axis of the fibril
between the arrow markers is shown in figure 15b, demonstrating the periodicity of
the twist. A higher-resolution topography image of the boxed area is shown in figure
15c. The arrow in the high-resolution topography image shown in figure 15d

highlights a lower-order fibril. Z range contrast bars are shown.
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range from 0.5 mM to 2 mM [204, 211, 213, 214, 216]. Given that no change in
fibril morphology or assembly has been observed here for copper concentrations
of 1 mM, afollow-up experiment was performed to assay the effects of afive-fold

increase in copper concentration on fibril formation and assembly.

3.3.5.2.1 Fibrillisation in the presence of Cu (I) (t=0 hours)

Presented in figure 3.16 are typical AFM imagesin air of samples of 50:50 mix of
both forms of amylin (20-29) peptide solubilised in solutions of 5 mM copper
sulphate with ascorbic acid in ethanol/water and aged for 18 hours. The low-
resolution topography and phase image shown in figure 3.16a are typica of the
fibrils formed under these conditions. Fibrils were flat ribbon-like structures
which aggregated together in large dense pockets on the mica surface. Similar
densely packed regions were observed in the samples containing no copper and in
the akyne-only peptide samples. Fibril width and length dimensions are
equivalent to those measured in samples in the absence of copper and in 1 mM
copper, with mean half-height width of 17.59 (£2.7) nm. However an increase in

fibril heights with a mean of 5.54 (+1.95) nm was observed.

The high-resolution topography and phase image presented in figure 3.16b is a
zoom in to the perimeter of one of the dense aggregate pockets and reveals more
morphological detail of the individual fibrils. The surface topography of the fibrils
is not as smooth as that observed in any of the previous samples. In the phase
image, the fibril surfaces appear fragmented, which may provide further support
that the fibrils are the assembly of lower-order fibrillar structures that are
resolvable in this image. The lower-order fibrils appear in most instances to be
truncated structures.

3.3.5.2.2 Addition of Cu (I) to solutions of pre-formed fibrils (t =18 hours)

The images presented in figure 3.17 are of samples of a 50:50 mix of both forms
of amylin (20-29) peptide in which the 5 mM copper cycloaddition reaction
mixture was not added until 18 hours, at which point it was left for a further 8

hours before imaging. In the low-resolution topography and phase image
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presented in figure 3.17a, two distinct types of fibril morphology and aggregation
pattern can be seen and are similar to those observed in the samplesin the absence
of copper. The first type are low lying fibrils that lateraly aign as a tightly
packed blanket with few gaps forming a uniform single thickness layer on the
mica surface. Thefibrils display a mean half-height width of 20.8 (+3.52) nm and
height of 2.25 (x0.74) nm. In contrast, fibrils displaying the second type of
morphology aggregate together to form irregular, larger interconnected bundles.
The bundles that are deposited on the top of the lateraly aligned fibril layer, in
general, cause disruption to the underlying layer and clear mica can be observed
(exemplified in the bottom right corner of the phase image in figure 3.17a). The
fibrils are larger and have a mean half-height of 38.10 (x6.60) nm and mean
height of 6.53 (+2.59). The higher-resolution topography image shown in figure
3.17b demonstrates the differences in size and aggregation pattern of the two
types of morphologies and highlights the dense packing of the laterally aligned
fibrils. The smooth and uniform surface topography of the fibrils from both
morphologies can be seen clearly in the high-resolution image shown in figure
3.17c.

To allow for comparisons to be drawn, frequency distributions of the half-height
widths and height measurements of the fibrillar structures formed in samples
containing both forms of the peptidein 0, 1, and 5 mM copper have been plotted
and are presented in figure 3.18. The histograms shown in figures 3.18aand b are
the frequency distributions of the half-height widths of fibrils observed in samples
where the copper catalyst was present from 0 hours and 18 hours respectively.
The histogram presented in figures 3.18c and d are fibril height frequency
distributions of samples where the copper catalyst was present from O hours and

18 hours respectively.
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Figure 3.16: Ex situ AFM images of 50:50 mix of both peptides in 5 mM Cu+
present from 0 hours. Peptide was solubilised in 5 mM Cu+ salt solution, at 18 hours
aliquot samples were dried onto freshly cleaved mica. The final peptide concentration
was 300 ug/ml. Figure 16a shows a topography (left) and phase (right) image of the
peptide sample. A higher-resolution topography (left) and phase (right) image of an

area in the top centre is shown in figure 16b. Z range contrast bars are shown.
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Figure 3.17: Ex situ AFM images of 50:50 mix of both peptides in 5 mM Cu”
present from 18 hours. Peptide was solubilised in ultrapure water, at 18 hours Cu”
salts were introduced. Samples were aged for 8 hours in copper solution before drying
onto freshly cleaved mica. The final peptide concentration was 300 pg/ml. Figure 17a
shows a topography (left) and phase (right) image of the peptide sample. A higher-
resolution topography image is shown in figure 17b demonstrating the different fibril
morphologies, a high-resolution topography image of the boxed area is shown in

figure 17c. Z range contrast bars are shown.
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Figure 3.17: Histograms showing the frequency distribution of amylin (20-29) fibril
widths and heights in copper catalyst concentrations of 0, 1 and 5 mM. Histograms of the
frequency distribution of fibril half-height widths formed in copper solutions present from a) 0
hours and b) 18 hours. Histograms of the frequency distribution of fibril heights formed in
copper solutions present from c¢) 0 hours and d) 18 hours. Fibril widths and heights were
measured from AFM ex situ images of samples containing mixtures of both azide and alkyne

forms of amylin (20-29) with either 0 or 1 or 5 mM copper catalyst solution added either prior to

fibril formation at 0 hours or to pre-formed fibril samples at 18 hours.
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3.4 Discussion
In this chapter the effects on fibrillisation of the introduction of an azide and

terminal alkyne functional group to the amylin (20-29) peptide has been
investigated by AFM and Congo red staining. In addition, the use of the 1,3
dipolar cycloaddition reaction of azide and alkynes to form 1,2,3 triazole rings has
been studied for the formation of covalent links between the fibrils of the

functionalized amylin (20-29) peptide.

Solid phase peptide synthesis was successfully used in the synthesis of amylin
(20-29) peptides with either an azide group or alkyne group coupled to the N-
terminus. Synthesis of the azide-form of the peptide required the initial synthesis
of 2-azidoacetic acid from bromoacetic acid and sodium azide, which comprises
the azide functional group and carboxy group for peptide bond formation. IR
spectroscopy, NMR and MS analysis of the product identified the successful
synthesis of the 2-azidoacetic acid, which was coupled to the N-terminal serine of
the amylin (20-29) peptide. In a one step synthesis the alkyne moiety in the form
of propiolic acid was coupled to the N-terminal serine of the amylin (20-29)
peptides. MS analysis clarified the presence and purity of the azide-form and

alkyne-form of the peptide.

Preliminary ex situ AFM investigations revealed that both azide and alkyne forms
of the amylin (20-29) peptide readily form fibrils in ultrapure water. The fibrils
were flattened ribbon-like structures that had a tendency to aggregate laterally or
into densely tangled clumps or as irregular twisted coils. Following Congo red
staining of samples aged 18 hours, a green gold birefringence was observed under
polarized light for both the azide-form and alkyne-form of the amylin (20-29)
peptide. Indicative therefore, that the fibrils formed by the azide- and akyne-
amylin (20-29) peptides have retained the amyloidogenic structure necessary for
Congo red binding [27, 217].

Furthermore, the introduction of the copper catalyst in the cycloaddition reaction

solution at either concentration of 1 or 5 mM did not have any detrimental effects
on the formation of fibrils (figures 3.11, 3.13, 3.14, 3.16 and 3.17). Under both
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copper concentrations and in the absence of copper, the predominant fibril
morphologies and assemblies mirrored those observed in the preliminary ex situ
AFM study and can be similarly separated into two distinct morphological classes.
The first, displayed a tendency to associate together laterally in single or denser
layers. The second class showed a propensity to assemble into larger fibrillar
structures either by entwined or irregular associations.

Similar fibril morphologies were observed in the samples irrespective of copper
concentration or whether the copper catalyst had been present throughout
fibrillisation, or introduced to samples of pre-formed fibrils at 18 hours.
Furthermore, the range of morphologies observed within the samples containing
only one form of the amylin (20-29) peptide (figures 3.11, 3.13 & 3.14), with the
exception of the small population of fibril ‘balls observed in the azide-only
amylin samples (figure 3.13), can clearly be seen in the samples comprising a mix
of both forms of the peptide in the presence of the copper catalyst (figures 3.12,
3.15-17). Consequently, given that these observed morphologies and aggregation
patterns are also commonly observed in non-functionalised amylin (20-29) fibrils
(see Chapter 2), these findings suggest that the introduction of the copper (1)
catalyst either during fibrillisation, or to pre-formed fibrils results in no change in

morphology or aggregation patterns of the fibrils.

However, although no apparent changes in the morphology of the fibrils or
aggregation patterns were observed directly, variations in fibril dimensions were
noted. By comparison of the dimensions of non-functionalised amylin (20-29)
fibrils (mean width of 27.31 (£8.4) nm and height 1.66 (+1.0) nm), with the
functionalized amylin (20-29) fibrils formed in the absence of copper catalyst, we
see that the latter display significantly smaller widths, but similar heights.
Indicative therefore, that the azide and alkyne moieties are exerting some
influence on the packaging of fibrils. The model for amylin fibril ultrastructure
proposes formation occurs by the association of sub-fibrillar species into a
structural hierarchy, in which the peptides aggregate as a beta-sheet into
protofilaments. Several protofilaments then associate into protofilaments which
group together laterally or by coiling into the fibril [43, 44, 49]. It is therefore
conceivable that the additional bulk of the azide and akyne moieties are
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influencing the aggregation of these sub-fibrillar species by limiting the number
of protofilament or protofilaments which associate into the observed species.

The frequency of fibrils (in all samples irrespective of the presence of copper)
displaying a periodicity aong the axis was considerably greater than expected
based on a comparison with the fibrils formed by non-functionalised amylin (20-
29) presented in Chapter 2, in which periodicity was only observed in younger
fibrils and not the more mature species at 18 hours. Therefore, providing further
support that the functional groups may be influencing the assembly and packing
of the fibrils, either by promoting the coiling of fibrils into higher-order structures
or that the additional bulk of the functional moieties results in the looser packing
of sub-fibrillar structures into the fibrils and thus the periodicity of the packing is
resolvable by the AFM tip.

Furthermore, frequency distributions (see histograms in figure 3.18) of fibril
dimensions in samples containing both forms of the peptide in the presence of the
copper catalyst show a broadening and shift in population distribution, which was
dependent on the copper concentration. Two trends were noted, firstly when the
copper catalyst was present during fibrillisation (ie present from O hours, figures
3.18a and c) at both the 1 and 5 mM concentration a shift and increase in fibril
height was observed. Furthermore an additional population of fibrillar structures
with greater half-height widths and heights were observed in the samplesin which
1 mM copper was present. Secondly, when the fibrils were allowed to pre-form
prior to the addition of the copper catalyst (ie copper added at 18 hours, figure
3.18b and d), when in the presence of both concentrations of the copper catalyst
there was a more pronounced increase and broadening in the distribution of the
fibrillar dimensions. However, the additiona population noted in the 1mM sample

was no longer observed.

When considering these findings, it is apparent that the presence of the copper
catalyst both during fibrillisation and when added to the pre-formed fibril samples
is inducing a change in the fibril dimensions within the samples. However, the
increased fibrillar dimensions were not matched with the observation of any novel

morphologies or aggregation patterns within the samples. It is therefore probable
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that the observed increases in fibrillar dimensions are a consequence of the
formation of a few triazole linkers between fibrils but a a low efficiency of

formation.

Any future investigation into the success of this cross-linking reaction should be
verified by exploration of the sample using IR spectroscopy or by NMR
characterisation. Formation of the triazole cross-linker could be identifiable in an
IR spectrum by a loss of the azide (-N3) and carbon triple bond bands
characteristic of the two reactants and the appearance of bands corresponding to
the triazole ring vibration and C-N and N=N bonds of the triazole. The presence
of al,2,3 triazole ring would induce a chemical shift to ~8.5 p.p.m (corresponding
to the C-H of the ring structure) in an *H-NMR spectrum [218].

A factor which may prove limiting to the success of the cycloaddition reaction to
link the azide and alkyne moieties on individua fibrils would be the presentation
of the functional groups in a sterically favourable manner for the reaction to
proceed and triazole ring formation. Unfavourable steric presentation of the
reacting moieties may provide a possible explanation for the apparent lack of any
novel aggregation patterns or wide-spread network formation in the samples of
functionalized amylin (20-29) fibrils. Several factors may influence whether the
triazole ring forms: the azide and alkyne moieties must be present on the outside
of the fibril, be in a sterically favourable orientation, and the azide and akyne
pairing must be in close enough spacial proximity for the reaction to proceed.
Additionally, the 1,2,3 triazole ring is a planar 5-membered heterocycle which is
constrained by the bonds and electron densities between its constituent atoms
[219]. Thus the formation of triazole linkers between fibrils may be restricted
conformationally and sterically by the alowable bond angles within the ring and
in addition by the 1,4 bonds linking the peptide chain to the ring. Given that
similar morphologies were observed even in the samples where an excess of
copper catalyst was present (5 mM concentration), it seems unlikely that the
availability of the catalyst played any limiting factor in the progression of the
reaction. In the published literature the range of copper (1) catalyst concentrations

used for the cycloaddition reaction have employed concentrations 2.5 to 10 times
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less than this excess value and achieved successful catalysis [204, 211, 213, 214,
216].

Previous studies incorporating copper catalysed 1,3-dipolar cycloadditions of
azides and alkynes have fallen short of our ambition to link large biomolecular
structures; focusing on bioconjugation of proteins [211] and cells [210, 216]
expressing the azide or alkyne on specific amino acids with dyes or ligands
functionalized with the complementary group. In these instances only one triazole
ring was formed per linkage of a small ligand to the larger supramolecule and thus
no restraint was placed on the probability of other azide and alkynes being in
close enough proximity for further ligations to occur, as might be expected in our
experiment. Given the hydrophobic, aromatic and H-bonding interactions that
govern fibril assembly [61, 62, 95, 176, 190], any change in fibril aggregation
might be expected to require the formation of severa triazole linkers to enforce

any noticeable change in aggregation pattern or morphology.

Consequently, one may surmise that the 1,3-dipolar cycloaddition click chemistry
may not be the effective choice for the synthesis of covaently linked fibrillar
networks of amylin (20-29) without better understanding and the ability to control
the presentation of the azide and alkyne functionalities on the fibrils. However,
more success may be found in the decoration of the functionalized fibrils with
function specific ligands, as previously demonstrated in the decoration of viral
coat proteins [211] and bacterial and yeast cells [210, 216]. Or aternatively, for
use in the immobilization of fibrils to an azide or alkyne functionalized support or
scaffold [214]. In each example the frequency of complementary functional
groups available on the surface would be greater and the probability of more
favourable positioning for the formation of the 1,2,3 triazole ring increased.

3.5 Conclusion

Amylin (20-29) peptides were successfully synthesized with an akyne or azide
moiety coupled to the N-terminal amino acid residue. AFM images of samples of
the azide and alkyne forms of the amylin (20-29) revea that both readily self-

assemble to form fibrillar structures, thus indicating that the introduction of an
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alkyne and azide moiety does not interfere with the fibrillisation of the peptide.
Furthermore, the fibrils formed by the azide and alkyne amylin (20-29) peptide
resembled the morphologies of non-functionalised amylin (20-29) peptides. Our
aim to form 1,2,3 triazole ring cross-linkers between these functionalised fibrils
by the 1,3 cycloaddition reaction of the azide and alkyne moieties proved to be of
some success but with an apparent low efficiency of formation. Despite the lack
of any observable novel fibril morphologies, networks or aggregation patterns, an
increase and shift in population distribution of the fibril dimensions was noted,
suggestive that some triazole linkers may have formed between fibrils producing
larger fibrillar structures. The findings presented in this chapter provide a good
foundation on which future studies can build for the possible application of the
1,3-dipolar cycloaddition of azide and alkyne for the functionalisation of amyloid-

forming peptides and synthesis of organized nanostructures.
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A

AFM Study of Diphenylalanine Nanotubes

The studies in this chapter focus on the characterisation by AFM of the structures
formed by the second of the two peptide systems, the diphenylal anine peptide.

4.1 Introduction

In the quest to fully understand the formation of amyloid and the development of
potential therapeutics to combat the range of associated diseases, studies of short
peptide fragments have been investigated to identify the minimal amyloidogenic
fragment within the amyloid forming proteins [87, 174]. One such strand of
research led to the discovery that the core recognition motif of the p-amyloid
polypeptide, a ssmple dipeptide of phenylaanine [86], is the smallest known unit
to self-assemble into discrete tubular structures. Furthermore, these nanotubes
retain many of the characteristics of the biofibrils formed from the full-length -
amyloid polypeptide; birefringence under polarised light upon Congo red staining
and B-sheet like conformation as determined by FT-IR [86].

Figure 4.1: The structure of diphenylalanine. The
structure of the dipeptide comprising the L-isomer of

phenylalanine.
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The diphenylalanine nanotubes are discrete, hollow water-filled structures with
uniform morphologies [86, 220], ranging in dimensions from 100 to 1500 nm in
diameter. The nanotubes are water soluble and have walls which display a degree
of porosity [221]. The nanotubes require only mild conditions to efficiently
assemble and thus are ideal materials for large scale, low cost manufacture. In
addition, the nanotubes have many inherent physical properties which make them
ideal building blocks for a range of bionanomaterias displaying high persistence
lengths, a high degree of strength with an average point stiffness of 160 N/m and
considerable rigidity by comparison to other bionanomaterials with Young's
modulus of 19 GPa [220]. By comparison the Y oung’'s modulus of microtubules,
hollow tube proteins which form part of the cytoskeleton of eukaryotic cells is
approximately 1 GPa[222].

The diphenylalanine nanotubes have proven successful as novel materials in a
wide range of applications from microelectronics to biosensors. For example, the
diphenylaanine nanotubes have been used as enzymatically digestible scaffolds
for the synthesis of silver nanowires for microelectronics [86], in the formation of
peptide nanotube platinum-nanoparticle composites [221] and as part of
electrochemical biosensor platforms [223, 224]. Furthermore, the potential ease
with which the peptide nanotubes can be biologically and chemicaly modified
will further broaden their application as novel specifically functionalised
materials. The generation of peptides of diphenylalanine with an N-terminally
attached Fmoc group have been shown to readily self-assemble into tubular
structures displaying a higher degree of flexibility, and which form as a rigid
hydrogel [225]. Hydrogels are of particular interest for use as tissue engineering
scaffolds due to the capacity to support cell growth and the ease of decoration
with growth promoting ligands [163, 226-228].

The exact structural organisation of the diphenylalanine molecules within the
nanotubes still remains to be elucidated. A model for the formation of the
diphenylalanine nanotubes is outlined in figure 4.2 [86, 229] and proposes that the
nanotubes form in a similar manner to fullerenes and carbon nanotubes by the
formation of atwo-dimensional sheet stabilized by aromatic ring interactions. The

energetic contribution and ordered assembly of the diphenylalanine molecules

- 149-



Chapter 4 Diphenylalanine nanotubes
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NHp-Phe-Phe-COOH
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Figure 4.2: Model for the formation of the diphenylalanine nanotubes. (Source
Reches and Gazit 2004 [229]) Ordered stacking of diphenylalanine into a two
dimensional sheet is driven by -1 stacking interactions, closure of the sheet into the

tubular structure is further stabilised by aromatic interactions and H-bonding.

into an extended B-sheet is driven by the n-r interaction of the aromatic ring side
chains. The tubular structure is formed by the closure of the extended -sheet and
Is further stabilised by aromatic interactions and H-bonding [229].

The importance of the aromatic ring in peptide nanotube formation may also
confer many ideal properties to the nanotubes. Aromatic clusters on the surface
and active sites of arange of thermophilic enzymes are key in conferring thermal
stability to the protein and comparisons with the mesophile homologues reveal
these aromatic clusters are preferentially mutated to non-aromatic residues [230].

The experiments within this chapter focus on the investigation of the physical and
chemical properties of the diphenylaanine nanotubes. The extent to which the
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diphenylalanine nanotubes can retain structural stability under harsh chemical and
thermal conditions may prove important in the scope of possible applications for
these novel materias, the ability to withstand extremes of heat, for example
during sterilisation would be a prerequisite for any material in consideration for
use as tissue engineering scaffolds or biosensors. To this end, the thermal stability
of the diphenylaanine nanotubes under wet and dry heating conditions was
studied by AFM. Further analysis of the resultant artefacts of heating was
investigated by time-of-flight secondary-ion mass spectrometry (TOF-SIMS).

As our understanding of the physical and chemical properties of the nanotubes
increases the focus turns to their potential uses and the means of how to
manipul ate these structures to broaden the scope of possible applications. The use
of magnets has previously been demonstrated for the orientation and improved
growth of protein crystals for X-ray diffraction studies in the elucidation of
protein structures [231-234]. This method of orientation has also been used as a
tool to aign biofibrils (collagen, tubulin and amyloid) in preparation for X-ray
fibre diffraction analysis [41, 235-241].

The behaviour of a substance within an externally applied magnetic field is
determined by the magnetic nature of the material. Diamagnetism is an intrinsic
form of magnetism; in diamagnetic materials, atoms have no permanent magnetic
moments in the absence of an applied magnetic field. However, in an externally
applied magnetic field a small magnetic moment is induced in the opposite
direction to the applied field. The magnetization of a diamagnetic material is
proportional to the applied magnetic field strength and the magnetic susceptibility
of the material (a constant). The diamagnetic susceptibility of a material is closely
related to its structure. The magnetic alignment of proteins occurs primarily dueto
the intrinsic diamagnetic nature of the peptide bond due to the ordered
arrangement within the secondary structure conformations of the polypeptide
chain (a-helix and B-sheet) [242, 243]. However, in highly aromatic structures
where there are many conjugated rings, the net anisotropy of the structure is
derived predominantly by the aromatic ring. The aromatic ring has 10 fold greater
intrinsic diamagnetic anisotropy than the peptide bond due to the ordered and

close n-n stacking interactions [244]. Consequently, given the high aromatic
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content of the diphenylalanine nanotubes, the closing experiments within this
chapter have investigated the use of magnetic fields for the alignment of the
diphenyla anine nanoubes by AFM.

The work presented in this chapter was initiated in collaboration with Ehud
Gazit’'s group from The University of Tel Aviv in Isragl. The therma stability
experiments have been published in the journals Langmuir [245] and Journa of
the American Chemical Society [246].

4.2 Experimental

4.2.1 Materials
Diphenylalanine peptide was purchased from Bachem, Switzerland. 1,1,1,3,3,3-

hexafluoro-2-propanol was purchased from Sigma Aldrich, UK. For solution
imaging isopropanol and acetone were purchased from Fischer. Amylin (20-29)
with azide or akyne group coupled to the N-terminus were synthesised as
outlined in Chapter 3.

4.2.2 Method

4.2.2.1  Preparation of peptide samples

Stock solutions were prepared by diluting the lyophilised diphenylaanine
peptides in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) to a concentration of 100
mg/ml. The peptide stock solutions were diluted in ultrapure water (pH 6,
resistivity 18.2 MQcm) to a final concentration of 2 mg/ml and vortex mixed for

20 seconds.

4.2.2.2  Atomic force microscopy

All AFM images were generated using a Multimode Nanoscope Illa AFM
(Digita Instruments, Veeco Metrology Group, Santa Barbara, USA). Imaging was
performed using the J-type scanner using silicon TESP probes (supplied by Veeco
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Metrology Group) mounted on cantilevers with nominal spring constants of 42

N/m and resonant frequency of 320 kHz. Scan rates employed were 0.5-0.8 Hz.

Data analysis was performed using the Nanoscope analysis software package
v5.30r3.sr3 (Digital Instruments, Veeco Metrology Group, Santa Barbara, USA)
and SPIP program (Image Metrology A/S, Denmark). Images show topography
and phase data (where indicated), contrast scale bars are presented aongside
images where appropriate. The upper z range value is stated above each scale bar
with lighter colours indicating higher topographical features and greater phase
contrast respectively.

4.22.3 Air AFM imaging

A sample of the diluted (2 mg/ml) diphenylalanine peptide stock solution was
further diluted to 0.2 mg/ml in ultrapure water (pH 6, resistivity 18.2 MQcm), to
prevent molecular overcrowding of the scan area, immediately prior to imaging. A
10 pl aiquot sample was dropped onto freshly cleaved mica and dried under N,
and imaged in air using the AFM.

4224  Solution AFM imaging

Imaging of biomolecules in solution by AFM requires the stable immobilisation
of the biomolecule to the substrate. For the imaging of the diphenylaanine
nanotubes in solution two strategies were investigated; altering the substrate and

changing the solution environment.

Mica, highly ordered pyrolytic graphite (HOPG), gold and silicon substrates were
al investigated for imaging the nanotubes in water. All substrates were cleaned
prior to use; mica and HOPG substrates were freshly cleaved, gold and silicon
substrates were UV cleaned (for 10 minutes). Aliquot (10 pl) samples of freshly
diluted (final concentration of 0.2 mg/ml) diphenylalanine nanotube solution were
dropped onto each substrate and immediately imaged by AFM using the liquid
cell.
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Using freshly cleaved mica as the substrate, different agueous solvents were
investigated for nanotube solution imaging. The solvents investigated were 50 and
75 % vlv isopropanol or acetone in water. 100 mg/ml stock solutions of
diphenylalanine in HFIP were diluted to give a final peptide concentration of 2
mg/ml in 50 or 75 % v/v isopropanol or acetone and vortex mixed. Aliquot
samples were dropped onto freshly cleaved mica and imaged immediately using
the liquid cell. Solvent volume was maintained during imaging using a closed
ligquid cell and syringe system.

4225 AFM imaging of autoclaved samples

The autoclaved samples were prepared by our collaborators at the University of
Tel Aviv. A sample of the diluted (to 2 mg/ml) of diphenylaanine peptide stock
solution was autoclaved at 121 °C, 1.2 atmospheres. An aiquot sample of the
autoclaved nanotube solution was deposited onto freshly cleaved mica and air
dried at room temperature. Samples were imaged in air at room temperature by

tapping mode AFM in Nottingham.

4226  Insitu heat imaging

The thermal stability of the nanotube samples was investigated by heating of the
samples using the internal heater stage of the AFM J-scanner. The heat stage has
a built-in thermostat which monitors the temperature of the system, allowing the
sample to be heated bottom-up to a desired temperature, which is maintained by a

feedback coolant system.

Aliquot samples of the diluted (2 mg/ml) diphenylaanine nanotube solution were
dropped onto freshly cleaved mica and dried in an N, stream. Samples were
mounted within the AFM and then heated successively to the desired
temperatures; 25, 50, 100, 150 and 200 °C. At each temperature, the system was
allowed to equilibrate for 5 minutes before imaging commenced, throughout
which the temperature was maintained. Immediately after each image was
captured, the temperature was increased to the next desired temperature. To allow
for comparisons to be drawn, the same nanotubes were imaged and the imaging

parameters were kept as constant as possible throughout the experiment.
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4227 Exsitu heat imaging

The same AFM experimental set up was used as for the in situ imaging, with
exception that the samples were heated to the desired temperature and the system
was equilibrated for 5 minutes. Following this, the system was allowed to cool to
room temperature and equilibrated for a further 5 minutes prior to imaging.
Immediately after imaging the sample was heated to the next desired temperature.
The temperature increments were 25, 100, 125 and 150 °C. Severa different
nanotube samples were studied, and in each sample the same nanotubes were

imaged with the imaging parameters kept as constant as possible.

4.2.2.8  Optical microscopy imaging of AFM cantilever following high-

temperature AFM imaging

Optical images of the AFM cantilevers used in the high-temperature in situ
imaging of the diphenylaanine nanotubes were generated using the Leica TCS
confocal microscope (Leica Microsystems (UK) Ltd) a x 25 and x 10
magnification.

4229  Timeof-flight secondary-ion mass spectrometry analysis

The composition of the crystalline deposits observed on the AFM cantilevers
following high-temperature imaging of the peptide nanotubes was investigated
using time-of-flight secondary-ion mass spectrometry analysis (TOF SIMS) [247].
TOF SIMS spectra were obtained using a lon-TOF SIMS IV instrument (GmbH,
Germany). The primary ion was a gallium beam with kinetic energy of 15 kV (20
HA), which delivers Ga' cluster ions over a raster scan area of 300 x 300 cm?.

High-resolution mass spectra were generated of the AFM cantilever.

4.2.2.10 Magnetic anisotropy

4.2.2.10.1 Diphenylalanine nanotubes
An adiquot (10 pl) sample of the diluted stock solution (2 mg/ml) of

diphenylalanine nanotubes was dropped onto freshly cleaved mica and allowed to

evaporate completely for 1 to 2 hours inside a closed container at room
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temperature. The experiment was performed in four magnetic fields; 0.5, 3, 7 and
12 Tedla. A control experiment was also performed at O Tesa. In the 0.5 Teda
experiment, the sample was placed horizontaly in the gap of a C-shaped bench
magnet. For the 3 and 7 Tesla experiments, the samples were placed in the
homogenous field of a horizontal bore solenoid magnet of the magnetic resonance
imaging suite. In the 12 Teda experiment, the aliquot sample was ‘hung’
vertically on the mica surface within the 5 cm-diameter vertical bore of a solenoid
magnet. In each case the mica surface was positioned paralléel to the direction of
the magnetic field.

4.2.2.10.2 Amylin (20-29) fibrils

For comparative purposes to determine the effects of a high magnetic field on
fibrils formed by a peptide with low aromatic content, samples of functionalised
amylin (20-29) were investigated as a control. The sample comprised a 50:50 mix
of the modified amylin (20-29) with either an azide or akyne group attached to
the N-terminus. A 50:50 mix of both forms of the lyophilised peptide were
dissolved in ultrapure water (pH 6, resistivity 18.2 MQcm) to a final peptide
concentration of 150 pg/ml and left to form fibrils in a sealed eppendorf tube
overnight at room temperature. A section of freshly cleaved mica was immersed
in the peptide solution and placed within the 5-cm vertical bore of the 12 Teda
solenoid magnet. The solution was left to evaporate overnight at room

temperature.

4.2.2.10.3 AFM imaging and data analysis

Following exposure to the magnetic fields, the dried sample residues were imaged
using the AFM. Anaysis of the AFM images was performed using the SPIP
program. Nanotube orientations relative to the direction of the magnetic field were
measured using the angle function within the SPIP program. Thus enabling the
nanotube anisotropy relative to the applied magnetic field to be determined by
calculating the average projected length of the nanotubes on the direction of the
magnetic field. This was then graphed as a polar plot using the statistical program
Origin (OriginLab Corp. USA).
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4.3 Results

4.3.1 AFM imaging of diphenylalanine nanotubes

Samples of the nanotubes formed by diphenylalanine peptide were imaged by
AFM using both tapping mode air and liquid imaging.

The AFM images presented in figure 4.3 are typica of the dried diphenylaanine
nanotube samplesimaged in air. Figure 4.3ais alow resolution topography image
of a selection of nanotubes. The nanotubes are discrete, long and unbranched
structures displaying a range of diameters in agreement with the published values
measured from electron microscopy images [86, 220]. The nanotubes in the image
all display the typical uniformity in diameter along their axis and have half-height
widths of 256.2, 296.1 and 353.4 nm and respective heights of 105.74, 166.21,
and 133.65 nm.

Figure 4.3b is a topography image of a nanotube; the higher-resolution image
highlights the uniform and smooth surface topography of the tubular structures,
which do not have any discernable surface feature. A 3D representation of the
nanotube is presented in figure 4.3c demonstrating the tubular nature of the
structure. A profile of the nanotube cross-section (location is highlighted by the
line in figure 4.3b) is presented in figure 4.3d. The nanotube has a half-height
width of 247.02 (£4.14) nm and respective height of 117.35 (£2.71) nm.

Solution imaging by AFM allows biomolecules to be studied in their hydrated
state generating a better understanding of the native structure in a liquid
environment. However, obtaining a stable image of the nanotubes will require
sufficient immobilisation of the structures to the substrate during imaging. To this
end, several substrates including mica, gold, silicon wafer and HOPG were
investigated. However, none of the substrates assayed resulted in sufficient
immobilisation of the nanotubes in ultrapure water for stable imaging.
Investigations using organic solvents reveaed that v/v agqueous concentrations of

isopropanol also proved ineffective but 50% and higher concentrations of acetone
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were sufficient and proved effective for the stable imaging of the nanotubes using

amicasubstrate.

The AFM images presented in figure 4.4 are of a typical diphenylaanine
nanotube imaged in solutions of 50% v/v acetone. The low-resolution topography
image presented in figure 4.4a has been zoomed in to give the higher-resolution
image shown in figure 4.4b. The nanotube has a uniform surface topography with
no branching or surface features. Pockets of material can be observed on the
substrate surface and at the edges of the nanotubes. A further high-resolution
zoom in of a section of the nanotube where the surrounding material can be
observed is shown in figure 4.4c no further topographical information can be
discerned. A 3D representation of this image surface is presented in figure 4.4d
and a profile of the cross-section highlighted by the line is presented in figure
4.4e. The nanotube has a half-height width of 282.4 (£6.3) nm and height of 111.2
(£3.6) nm along its axis. Collectively, the images and profile illustrate the uniform
nature of the nanotube surface topography and demonstrate that the nanostructure
has a dlightly flattened tubular morphology. These observations are in agreement

with our findings from the air images of the dried nanotube samples.

4.3.2 AFM imaging of autoclaved diphenylalanine nanotubes.

Samples of diphenylaanine nanotubes were autoclaved and imaged in air by
AFM to assess the thermal stability of the nanotubes following wet heat treatment.
The images presented in figure 4.5 are typical of the autoclaved nanotube

samples.

Figure 4.5a is a low-resolution topography image of a group of nanotubes
displaying a range of widths between 235 to 432 nm and heights of 46 to 231 nm.
The higher-resolution topography image presented in figure 4.5b, together with
the profile presented in figure 4.5c of the nanotube cross-section (highlighted by
line in figure 4.5b) demonstrate the uniform and smooth surface topography of the
nanotube. Collectively, these images show that the nanotubes do not lose any

observable structural integrity following autoclave treatment.
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200 400
on [nim]

Figure 4.3: Ex situ AFM images of diphenylalanine nanotubes. Figure 3a is a
topography image of diphenylalanine nanotubes dried onto freshly cleaved mica and
imaged by tapping mode AFM in air. Figure 3b is a higher-resolution topography image;
the line denotes the position of the cross-sectional profile presented in figure 3d. A 3D

representation of the nanotube is presented in figure 3c.
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400

Figure 4.4: AFM in situ images of diphenylalanine nanotubes in 50% v/v acetone.
Figure 4a is a topography image of the nanotubes imaged in situ 50% v/v acetone on mica.
Figure 4b and 4c are higher-resolution topography images, a 3D representation of the
nanotube surface topography is shown in figure 4d. Figure 4e is a profile of the nanotube
cross-section highlighted by the line in figure 4c.
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Figure 4.5: AFM images of diphenylalanine nanotubes after autoclave treatment.
Autoclave conditions were 121 °C at 1.2 atmospheres. Figure 5a is a topography image
of diphenylalanine nanotubes after autoclave treatment. Z range contrast bar is shown.
Figure 5b is a higher-resolution topography image of diphenylalanine nanotubes after
autoclave treatment; the line indicates the positioning of the cross-sectional profile,

which is shown in figure 5c.
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433 AFM in situ heat imaging

Samples of diphenylaanine nanotubes were dried onto freshly cleaved mica and
heated from the bottom-up using the heating stage of the AFM J-scanner to asses
the thermal stability of the nanotubes during dry heating. Samples were imaged at
room temperature and then heated to the desired temperature, following an
equilibrium period an AFM image was captured before the sample was heated to
the next temperature. The images presented in figure 4.6 are the series of typical
high-resolution AFM topography images captured (left), with cross-sectional
profiles (middle) and 3-D representations of the surface (right) of an exemplar

nanotube at each of the temperature increments of 24, 50, 100 and 150°C.

Figure 4.6a shows the nanotube at room temperature (24°C) it has a typically
smooth surface topography and uniform half-height width along it's axis of 469
nm and height of 62.3 nm. When the nanotube was heated to 50°C no observable
change in the nanotube morphology (figure 4.6b) or dimensions was noted. The
topography image and 3D representation of the surface shown in figure 4.6¢ are of
the nanotube at 100°C. Loss of structural integrity can clearly be seen, with an
apparent breakdown in the nanotube wall and deformation of the tubular structure
with a prominent trough visible in the cross-sectional profile. Loss of outer wall
integrity also results in considerable variation in morphology aong the nanotube
axis. The nanotube has a half-height width of 487 nm and height of 59 nm. Figure
4.6d is a topography image, profile and 3D representation of the nanotube at
150°C. The increased temperature results in loss of spatial volume, due to an
apparent collapse of the nanotube; with a narrower half-height width of 167 nm
and height of 12.3 nm. Occasionally along the nanotube axis pockets of higher
topography and width can be observed, however there is still a considerable
reduction in dimension sizes by comparison with the nanotube at lower
temperatures. Furthermore, in the 150°C (figure 4.6d) image granular material can
be observed on the mica surface which is not seen at lower temperatures.
Attempts to image the nanotubes at temperatures above 150°C were unsuccessful.

4.3.4 AFM ex situ heat imaging

Ex situ heat imaging of the nanotube samples was performed to investigate

whether the mechanical forces imposed by the AFM tip during high temperature
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imaging were responsible for the observed loss in nanotube structural integrity.
For the ex situ heat imaging experiment, the nanotube samples were heated and
then cooled before imaging at room temperature. The images presented in figure
4.7 are a series of typica high-resolution AFM topography images (left), with
cross-sectional profiles (middle) and 3-D representations of the surface (right) of
the same pair of nanotubes imaged at room temperature after heating to 24, 100,
125 and 150°C. The cross-sectional profiling positions are indicated by thelinein
each topography image.

The images presented in figure 4.7a are of the nanotubes at 24°C. The nanotubes
are typical tubular structures with smooth surface topography and uniform half-
height width of 164 nm and height 96 nm. Figure 4.7b shows the nanotubes after
heat treatment to 100°C. The morphology of the nanotubes remains similar with a
dlight loss in dimensions; half-height width 159 nm and height 81 nm. The jagged
appearance of the 3D representation and in the topography image along an edge of
the nanotube is most likely attributable to noise artefact during imaging rather
than a feature of the nanotubes. The images presented in figure 4.7c show the
nanotubes after heat treatment to 125°C. There is a dlight change in surface
topography with aloss of the smooth outer wall appearance and depressions along
the surfaces of the nanotubes. However, a marginal increase in nanotube width to
168 nm and height to 88.2 nm is observed. A further increase in temperature to
150°C results in a considerable loss in the structural integrity of the nanotubes.
The images presented in figure 4.7d of the nanotubes after heat treatment to
150°C show this dramatic change in structure and topography. Pockets of narrow
and wide segments can be observed along the entire axis of the nanotubes. The
cross-sectional profiles highlight the difference in dimensions between the wider
(top) and narrower (bottom) sections. The wider sections have greater widths (256
nm) than those measured at lower temperatures but have considerably lower
heights around 24 nm, suggesting that in these regions the nanotubes have
collapsed and flattened. Whereas in the narrower segments, there is almost
complete loss of structure with the cross-sectional width measuring 203 nm and
height of 8 nm. In similarity to the in situ heat imaging background debris can be
observed deposited on the mica surface only in the 150 °C images. Furthermore,

attempts to image the nanotubes after heating to 200 °C were a so unsuccessful.
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Figure 4.6: In situ heating of diphenylalanine nanotubes. AFM topography images (left) of
the same nanotube sample heated to a) 24 °C, b) 50 °C, c¢) 100 °C and d) 150 °C. Nanotube
samples were heated successively to each temperature. Cross-sectional line profiles (middle)
and 3D representation of the surface (right) are shown. Samples were heated to each
temperature and allowed to equilibrate for 5 minutes and then the temperature was
maintained throughout imaging. Immediately after each image was captured, the temperature

was increased. Scale bars represent 500 nm.
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Figure 4.7: Ex situ heating of diphenylalanine nanotubes. AFM topography images of
the same nanotube sample after heating to a) 24 °C, b) 100 °C, c) 125 °C and d) 150 °C.
Samples were heated to the desired temperature, allowed to equilibrate for 5 minutes,
then cooled to room temperature and equilibrated for a further 5 minutes before imaging.
Following imaging the samples were immediately heated to the next temperature. Cross-
sectional line profiles (middle) and 3D representation of the surface (right) are shown.

Scale bars represent 1 um.
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For comparative purposes the average dimensions of the nanotube cross-sections
at each temperature for both the in situ and ex situ heat imaging experiments are
presented in graphical form in figure 4.8. Figure 4.8c shows the change in half-
height width and figure 4.8d the change in peak height with temperature for the in
situ imaging. The width of the nanotube remains reasonably constant up to 100°C,
after which there is a 66% loss in width. Similarly, the height measurements
follow the same trend, with a dramatic loss in height of 82 % occurring when the
temperature was raised to 150°C. The changing nanotube half-height width for the
ex Situ imaging are presented in figure 4.8a and peak height in figure 4.8b. The
width of the nanotube remains moderately constant up to temperatures of 125°C
however, a further increase in temperature results in an increase in width. The
large error bars in these points are due to the variation in morphology of the
nanotubes with pockets of narrow and wide segments along the nanotube axis.
The height of the nanotube decreases marginally up to 125°C; however at 150°C
thereisadramatic loss of 81% in height.
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Figure 4.8: Graphical comparison of the change in widths and heights of the
diphenylalanine nanotubes with increasing temperature. Ex situ heating: the change
in nanotube 8a) half-height width and 8b) height with temperature. In situ heating: the
change in nanotube 8c) half-height width and 8d) height with temperature.

- 166 -



Chapter 4 Diphenylalanine nanotubes

4.3.5 Optical microscopy images of AFM cantilever following high-

temperature AFM imaging

Further investigation using optical microscopy of the AFM cantilevers used for
the ex situ and in situ temperature imaging revealed the presence of crystaline
deposits on the cantilevers and chips. The optical microscopy images of the AFM
cantilevers and chip used for the high-temperature in situ imaging are presented in
Figure 4.9. The image shown in figure 4.9ais of a cantilever at a magnification of
2.5 and a higher-resolution image at x 10 magnification is shown in figure 4.9b.
Extensive deposition of crystalline material along the edges of both the chip and
cantilever is observed with coverage particularly concentrated as larger crystals
around the tip region of the cantilever. The presence of this crystaline materia
particularly around the tip region is most likely the cause of the unstable imaging
experienced in both the in situ and ex situ imaging experiments at 200 °C. The
presence of the deposited material would not only interfere with the reflection of
the laser but may also act as faux tips. Crystalline material was also observed on
the cantilevers used for ex situ imaging but to a lesser extent, which may be
attributable to the cantilever being a greater distance away from the sample
surface during heating.

4.3.6 TOF-SIMSanalysis

TOF SIMS analysis was performed to determine the composition and origins of
the crystalline deposits which formed on the AFM cantilevers during high

temperature imaging.

Presented in figure 4.10 is the positive spectrum for the TOF SIMS analysis of the
silicon cantilevers. The spectrum reveals that despite extensive cleaning by a
process of plasma etching (20 Pa O, at 100 W for 60 seconds) and UV cleaning
(10 minutes) prior to imaging, aresidual contamination of poly(dimethylsiloxane)
(PDMS) was found to be present on the cantilevers. The presence of PDMS is
most likely attributed to the packaging conditions used for the storage of new
AFM cantilevers. However, by subtracting the peaks corresponding to the PDMS
contaminant (the spectrum reference for PDMS rubber from The Static SIMS
Library (SurfaceSpectra Ltd) can be found in appendix B) three peaks of interest
are observed at m/u 77, 91 and 120 (highlighted by arrows in figure 4.10). The
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Figure 4.9: AFM cantilever tips with crystalline deposits formed during high
temperature (200 °C) imaging of diphenylalanine nanotubes. Optical microscopy

images of the AFM cantilevers at a) x 2.5, and b) x 10 magnifications.
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Figure 4.10: TOF SIMS spectrum of AFM cantilevers with crystalline deposits

following heat treatment of the diphenylalanine nanotubes.

The positive TOF

SIMS spectrum, with peaks of interest highlighted by the arrows at m/u of 77, 91 and

120. The suggested chemical structures of the molecules for these peaks and the

structure of phenylalanine (far right) are presented below.
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proposed chemical structures for these molecular weights are shown below the
spectrum in figure 4.10 and correspond to hydrocarbon compounds of CgHe (M/u
77), C/H7 (m/u 91) and CgHip (m/u 120). All three structures are fragments
comprising an aromatic ring, suggesting that the compounds can be attributed to
the varying degrees of fragmentation of phenylalanine, specifically containing the
aromatic side chain. The spectrum anaysis therefore demonstrates that the
crystalline deposits observed on the AFM cantilever comprise aromatic fragments
of phenylalanine.

4.3.7 Magnetic Anisotropy

In the following experiments the influence of varying magnetic field strengths on
the orientation and alignment of the diphenylalanine nanotubes has been
investigated. Solutions of diphenylalanine nanotubes were evaporated under

different magnetic field strengths and the residues were imaged by AFM.

Presented in figure 4.11 are the AFM topography images and respective polar
plots of nanotube samples that have been evaporated in different magnetic fields
of 0, 0.5, 3, 7 and 12 Teda. The polar plots show the distribution of nanotube
orientation relative to the magnetic field direction for each image and therefore
give an indication of nanotube anisotropy with the magnetic field. In the simplest
interpretation of the polar plot, the elipticity of the plot is an indication of the
materials anisotropy: a circular plot would denote no alignment of the nanotubes,
whereas a figure of eight shape indicates perfect alignment; intermediate of these
extremes would give a plot with an hour glass shape with the smaller the neck

indicating more alignment.

The morphology and range of half-height widths (0.5 to 2.0 um) displayed by the
nanotubes in all the samples exposed to the magnetic fields are in agreement with
that observed in the control samples not exposed to an applied magnetic field
(figure 4.11a). Furthermore, the dimensions and morphology displayed are
concurrent with published data from early EM studies of diphenylaanine
nanotubes [86, 220].
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The topography image and polar plot shown in figure 4.11a are of the control
sample at 0 Tesla magnetic field. Both the circular polar plot and the lack of
visible orientation of the nanotubes in the topography image indicate there is no
alignment in the sample. Similarly in the 0.5 Tesla sample (figure 4.11b), there is
no evidence in the topography image that there is alignment of the nanotubes by
the magnetic field. However, the shape of the polar plot suggests there is dlight
alignment of the nanotubes within the sample but very weakly associated with the
direction of the magnetic field. In the topography image presented in figure 4.11c
of the 3 Tesla sample some of the nanotubes appear orientated with the direction
of the magnetic field. The polar plot for the sample provides further support for
this indicating a slight preference for alignment in a direction close to that of the
magnetic field. The topography images presented in figures 4.11d and e of the 7
and 12 Tesla samples, respectively, clearly display alignment of the nanotubes
with their long axis parallel to the direction of the magnetic field. The polar plots
provide further support for this, with the 12 Tesla sample displaying a stronger
anisotropy with the direction of the field strength.

An observation worth noting is the small, yet significant, number of nanotubes
that remain misaligned in the highest field strengths (12 Tesla, see figure 4.11€).
Although the majority are aligned, it may be supposed that the nanotubes which
are not, have been restrained either due to substrate interactions or have been
pinned in place by neighbouring under and over lying nanotubes and are thus
unable to orientate in the field.

A quantitative comparison of the alignment of the nanotubes with increasing
magnetic field strength may be drawn by plotting the ratio of the maximum to
minimum average projection values of the nanotubes in each image versus the
relative magnetic field strength. The plotted graph is presented in figure 4.12 and
alinear relationship between the ratio of projected value to magnetic field strength
can be seen. Concluding therefore that as the magnetic field strength increases, the

degree of diphenylaanine nanotube anisotropy to the magnetic field increases.
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Figure 4.11: AFM images of diphenylalanine nanotubes with the relative anisotropy polar plots under differing field strengths. Topography
images of the diphenylalanine nanotubes after exposure to magnetic field strengths of a) 0 Tesla, b) 0.5 Tesla, ¢) 3 Tesla, d) 7 Tesla and €) 12 Tesla, the
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Figure 4.12: Ratio of maximum to minimum alignment versus applied
magnetic field. The line graph is the change in the ratio of the maximum
alignment value to the minimum value versus the increase in magnetic field
strength. The maximum and minimum alignment values are obtained from the
maximum and minimum average projection values for the sample.

To establish whether the observed alignment of the diphenylalanine nanotubes is
an inherent characteristic of peptide-based fibrillar structures, a control
experiment was performed using samples of amylin (20-29) fibrils. Samples of
azide and akyne functionalised amylin (20-29) peptides were allowed to pre-form
before placing in a 12 Tesla magnetic field to evaporate overnight. The AFM
topography image and relative polar plot of the sample are presented in figure
4.13. The morphology and dimensions of the amylin fibrils concur with those
previously observed in Chapter 3. The samples of amylin (20-29) biofibrils do not
display any preferred orientation in the AFM topography image and together with
the circular appearance of the corresponding polar plot indicate no aignment
under the 12 Teslamagnetic field.
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Figure 4.13: Ex situ AFM image of amylin (20-29) following exposure to 12 T
magnetic field. Figure 13a is a topography image of amylin (20-29) fibrils after
overnight exposure to a 12 T magnetic field. The direction of the applied magnetic
field (B) relative to the sample is shown. Figure 13b is the polar plot calculated to

determine the anisotropy of the peptide fibrils relative to the magnetic field.
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4.4 Discussion

The focus of the experiments presented in this chapter are the nanotubes which
self-assemble from the core recognition motif of the B-amyloid polypeptide; a
simple dipeptide of phenylalanine. The dipeptide readily self-assembles under
mild conditions to form discrete tubular structures. The mechanical properties of
the diphenylalanine nanotubes reveal these structures to have a high degree of
rigidity and stiffness by comparison with other bionanomaterials [220]. Here we
have investigated the physical properties of the nanotubes by AFM, building on
and corroborating current knowledge of the thermal and chemical stability from
EM, CD spectroscopy and thermo gravimetric experiments [245]. One advantage
AFM possesses over EM which is of particular relevance to the study of the
thermal and chemical stability, is the ability to directly visualise specimens
without drying and coating; a preparative process which could directly influence

or ater the properties of the nanotubes.

In this chapter diphenylal anine nanotubes have been successfully imaged by AFM
in both dry conditions and in solution. AFM imaging of the nanotubes in solution
required an aqueous organic solvent environment with stable images generated in
solutions of 50% acetone using mica as the substrate. The diphenylaanine
nanotubes observed display the same characteristics irrespective of imaging in a
dried or hydrated form: the nanotubes were discrete, long tubular structures with
uniform morphologies displaying diameters in the range of 0.1 to 2 um (figures
4.3 and 4.4) and were in agreement with published EM data [86, 220, 221, 229].
In addition, imaging of the nanotubes in aqueous acetone further demonstrates the

chemical stability of these structuresin an organic solvent.

The thermal stability of the diphenylalanine nanotubes was investigated under wet
heating and dry heating conditions using the AFM. AFM images of samples
following autoclaving (121°C, 1.2 atmospheres) demonstrate that the nanotubes
retain structural integrity following wet heating conditions. The ability to
withstand autoclave treatment is a highly desirable property when considering the
potential applications for these nanostructures. The ability to undergo autoclaving

as a sterilisation technique may be a prerequisite for use of the nanotubes in any
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application that required aseptic conditions, for example as tissue engineering
scaffolds or biosensors.

The AFM in situ and ex situ dry heat imaging of the diphenylaanine nanotubes
demonstrates the therma stability up to 100°C with no deterioration in
morphology or structure (figures 4.6a & b and 4.7a & b). However, as the
temperature is progressively increased above this, structural changes begin to
occur in the nanotubes (figures 4.6¢ & d and 4.7c & d); there isloss in structural
integrity and the nanotubes appear to collapse. Furthermore, significant deposition
of granular material on the mica substrate can be seen at temperatures of 150°C
(figures 4.6d and 4.7d), and crystalline deposits (figure 4.10) form on the AFM
cantilever at temperatures of 200°C (figure 4.9), preventing the generation of

stable images.

The AFM images clearly demonstrate the changes in diphenylalanine nanotube
structure as the samples are heated above 100°C. However, to establish whether
the deterioration in nanotube structure observed in the in situ heating experiment
was due solely to the temperature or was a result of the mechanical deformation
caused by the oscillating AFM probe during high-temperature imaging, the
samples were heated and then imaged at room temperature (ex situ heating).
Ideally for a direct comparison of the in situ and ex situ AFM heating, the same
sample of nanotubes would be heated. However the nature of the experiment
prevents this as the same nanotube cannot be reheated, and as such the example
nanotubes were chosen on the basis of their similarity in dimension. Imaging
parameters were kept as constant as possible and the AFM tapping tips that were
used have anominal spring constant of 42 N/m and were raster scanned across the
sample surface at a rate of 0.5-0.8 Hz with an oscillating downward tapping
frequency of 320 kHz. The results clearly indicate the collapse of the nanotubes as
they are progressively heated by both in situ and ex situ AFM heating.
Furthermore, a dramatic loss of ~80% in height upon heating the nanotubes to
150°C was observed in both in situ and ex situ heating conditions (figure 4.8). The
data strongly suggests that at higher temperatures the nanotubes lose structural
integrity and that the degradation and deformation is not solely attributable to the
mechanical forces of the oscillating AFM tapping tip; temperature alone is the
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controlling factor. However, once the nanotubes are heated to 150°C, the samples
will be deformed no matter at what temperature the sasmple isimaged.

In a recent study, thermo-gravimetric analysis (TGA) was used to assay the
thermal degradation of diphenylaanine nanotubes. In TGA studies the change in
weight of a sample as a function of increasing temperature is measured [245]. The
thermogram (figure 4.14) from this experiment shows a 15% loss in nanotube
mass at around 50°C followed by a steady decrease in weight as the temperature
increases, which is attributed to loss of water from the nanotubes. At around
150°C there is an acute 10 % drop in mass, followed by a plateau at 175°C until a
dramatic loss in weight at temperatures above 300°C. Considering this data
together with our AFM and TOF SIMS findings we can suggest that at
temperatures up to 100°C, the limited changes observed in nanotube integrity are
due to loss of water from the diphenylalanine nanotubes. As the temperature was
raised to 150°C, in both the in situ and ex situ AFM heating images there was
considerable degradation of the nanotubes and loss of structural integrity together
with the appearance of granular deposits on the mica substrate. This is concurrent
with a dramatic loss of 10 % mass noted in the TGA data between 150 and 175°C.
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Figure 4.14: TGA data of diphenylalanine nanotubes and alanine dipeptides
(Source Adler-Abramovich et al 2006 [245]) The black line indicates the
diphenylalanine nanotube experiment. A sample of alanine dipeptides, which do not self-
assemble to form nanotubes, was also studied as the control (red line). The colour of the
dotted line in figure 14a corresponds to the feature highlighted by the same colour arrow

in figure 14b.

-177 -



Chapter 4 Diphenylalanine nanotubes

Consideration of these findings together with our TOF SIMS analysis of the
phenylalanine crystal deposits on the cantilevers, suggests that the observed
deterioration and loss in mass at temperatures at and above 150°C is due to the
loss of free phenylalanine from the nanotubes. Phenylalanine will at temperatures
of 130°C, sublime under vacuum and decomposes a 283°C, whereas
diphenylalanine does not [248]. Therefore we suggest that as the temperature is
raised, sublimation of phenylalanine molecules and their fragments from the

nanotubes occurs, collecting as crystal deposits on the cantilever within the AFM.

The evidence suggests therefore that heat-induced degradation of the nanotube's
structural integrity occurs initialy by the loss of water from the hollow water-
filled nanotubes; as the temperature is increased, the nanotubes appear to deform
suggesting that the walls are collapsing with loss of nanotube structura integrity.
Therma degradation of the diphenylalanine building blocks occurs as the
temperature is further increased with loss of free phenylalanine from the tubes due

to sublimation, resulting in the observed flat ribbon-like structure.

The therma stability study of diphenylalanine nanotubes suggests that the
nanotubes will withstand autoclaving as a potential sterilisation technique.
Furthermore, the dry heating experiments demonstrate that it may be possible to
use heat and localised mechanical forces to selectively deform the diphenylalanine
nanotube. One key factor in developing novel applications for these nanotubes is

the ability to control and manipulate their use as innovative materials.

In the final section of this chapter the application of magnetic fields to directly
manipulate the orientation of diphenylalanine nanotubes has been investigated.
The AFM images of diphenylaanine nanotube samples evaporated in different
magnetic field strengths (figure 4.11) provide direct evidence for the alignment of
the nanotubes in high magnetic fields (12 Tedla). Furthermore, alinear correlation
is observed when the degree of sample anisotropy under each magnetic field is
plotted against field strength (figure 4.12). By comparison when the control
sample of amylin (20-29) fibrils was positioned within the highest strength (12
Tesla) magnetic field, no anisotropy was observed (figure 4.13).
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The alignment of the nanotubes within a magnetic field arises due to the net
diamagnetic susceptibility of the structure. When a substance is placed in a
magnetic field it will experience a force tending to turn it into the position of
minimum potential energy, thus leading to the alignment of like-substances in a
sample. The diamagnetic anisotropy of most proteins is attributed to the
anisotropy of the peptide bond, resulting from the resonance of its planar partia
double-bond [244]. The cumulative contribution of the individual peptide bond
anisotropies to the net anisotropy of the protein arises due to the regular structural
organisation of the polypeptide chain in secondary structures (o helix and B-
sheets).

However, the aromatic ring has anisotropy 10 times greater than that of the
peptide bond [242]. In most proteins the aromatic content is very low, but within
the diphenylalanine nanotubes there is 1 aromatic ring per peptide bond.
Therefore the dominant contributor to the net diamagnetic anisotropy of the
nanotubes is most likely the aromatic rings. The large diamagnetic anisotropy of
the aromatic rings arises due to n-n interactions that govern the regular packing of
the phenylalanine side chains within the nanotubes.

In diamagnetic material, the orbital motion of electrons creates atomic current
loops (magnetic moments), which produce magnetic fields. When placed inside an
applied magnetic field the moving charges will generate fields opposing the
applied field. In terms of the aromatic side chains of the phenylalanine, the
delocalised ring of n-electrons of each aromatic ring act as a magnetic dipole and
will align opposing the applied magnetic field. The resultant torque imposed as
the aromatic rings try to align in the magnetic field causes the rotation of the
nanotubes and alignment in the sample. From the AFM images we can observe
that the nanotubes are aligning with their long axis parallel to the magnetic field.
Consequently, our experimental observations may provide empirical evidence to
support or rule out future models for the arrangement of the diphenylalanine
residues within the nanotubes. Currently, within the collaborative group, work is
underway to generate a model of the nanotube structure based around a constraint
on the average ring orientation of the dipeptides within the nanotubes. The

constraint was derived from the magnetic aignment direction of the nanotubes

-179-



Chapter 4 Diphenylalanine nanotubes

within the AFM images and may provide an insight into the possible ultrastructure

of the nanotubes.

45 Conclusion

Diphenylalanine peptide nanotubes were for the first time successfully imaged in
solution using the AFM. The thermal stability of the nanotubes under wet and dry
heating was probed using the AFM, revealing their structura stability following
autoclave treatment and under dry heating up to 100°C. As the temperature is
progressively increased the nanotubes |oose structural integrity due to the thermal
degradation of the diphenylalanine building blocks, as free phenylaanine
sublimes from the nanotube resulting in loss of mass and spatial volume.
Furthermore, we show that high magnetic fields can be used to directly align the
diphenylalanine nanotubes. The findings presented in this chapter display the
ability to directly manipulate the diphenylalanine nanotubes demonstrating their
potential to produce well-ordered functional and exploitable nanomaterials with
considerable thermal stability.
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General Conclusions

The work presented in this thesis has focussed on the investigation of self-
assembling peptides utilising both in situ and ex situ AFM. Short peptide
sequences are well established as model systems for the study of amyloid. Thisis
due to the comparative ease with which the shorter fragments can be synthesised
and prepared. However, pivotal to this work is the identification that key
fragments within the full-length amyloidogenic polypeptides are crucial to the
self-assembly mechanism and readily assemble in isolation to form amyloid-like

nanostructures.

The ability of short peptide fragments to self-assemble into fibrillar structures
demonstrates that the capacity for well-ordered fibril formation is retained within
these shortened sequences. However, the structures which assemble from these
fragments are often morphologically distinct. Consequently, amyloid formation by
the full-length polypeptide chain is more complex than might be revealed from
fibrillisation studies of these key fragments and the influence of the remaining
polypeptide chain must be considered if a true representation of the mechanismis
to be determined. However, the ability of the self-assembling peptide to form a
variety of distinct amyloid and amyloid-like structures with unique properties and
exploitable characteristics makes their use as potential nanomaterials highly

versatile.

Within this thesis two peptide systems have been studied; the peptide fragment
corresponding to amino acid residues 20 to 29 of the human amylin polypeptide
and an aromatic dipeptide corresponding to residues 19 and 20 of the p-amyloid
polypeptide. The former peptide contains the minima core amyloidogenic
fragment (NFGAIL) of the amylin polypeptide, and the latter is the smallest
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fragment of the B-amyloid polypeptide known to self-assemble. Both peptides
readily self-assembleinto fibrillar structures under simple conditions.

In the introductory chapter of this work, an overview of the current understanding
of amyloid assembly, characterisation and properties has been presented,
highlighting the important role the AFM has contributed to the many
advancements made in understanding this complex world of peptide self-
assembly. Within this final chapter, the findings and general conclusions of the
experimental studies presented in this thesis will be discussed in light of the
current understanding of amyloid formation and the implications for the
development of strategies for the generation of novel controllable and specialised
fibrillar materials. Nanofibrillar material have already been utilised in applications
ranging from microelectronics to tissue engineering scaffolds for regenerative
growth.

The first experimental study presented within this thesis addressed the self-
assembly of the amylin (20-29) peptide fragment. This fragment has long been
recognised to play a key role in the interactions governing amylin assembly into
amyloid fibrils and has been studied by several research groups as a model for
amyloid formation. However, these studies have predominantly concentrated on
the mature fibrils, with no direct visua observation of the early stages in
fibrillisation. To this end, a preliminary AFM study which focussed on younger
solutions of amylin (20-29) was undertaken. The formation of fibrils was
observed by ex situ imaging after an initial lag period of only 4 hours, with visible
fibril polymorphisms noted in samples aged 18 hours. In samples of fibrils aged
up to 6 hours, periodicity was noted in the fibrils, reminiscent of the pre-fibrillar
globular protofilaments noted in other amyloid samples [56]. However, over the
time-course studied these younger fibril morphologies were replaced by mature
fibrils (aged >18 hours) which were straight flat ribbon-like structures displaying
arange of morphologies, in agreement with those previously observed by EM and
AFM [43, 44, 49)].

One of the major contributions that the AFM has facilitated in the study of
amyloid formation is the capacity to directly visualise dynamic events in an
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aqueous environment, providing vital insights into the fibril assembly
mechanisms. Within Chapter 2, the influence of a range of solution conditions on
amylin (20-29) fibril formation was directly visualised by in situ AFM. AFM
images revealed that a range of morphologies including truncated ribbons, long
unbranched fibrils, shorter fibrils and globular aggregates were formed dependent
on the pH, electrolyte composition and ionic strength of the solution. Fibril
dimensions were also influenced by electrolyte composition. Successful in situ
imaging of the amylin (20-29) fibrils facilitated kinetic studies to be made for the
first time on the growth of fibrils. Growth rates varied between individual fibrils,
ranging from 2 to 11 nm min™ on the mica surface. By comparison the published

rate of full-length amylin fibrillisation is much slower at 1.1 nm min™ [44].

The findings within Chapter 2 demonstrate that different amyloid assembly
pathways may be triggered by variations in environmental conditions. Similar
findings have been reported for other amyloid fibrils [128] and provide further
support that these well-ordered supramolecular structures may assemble via
various pathways which may aso include off-pathway events. Understanding the
mechanisms that underpin amyloid fibril assembly are vital to the devel opment of
a full knowledge of amyloid, not only from a medica perspective for the
development of therapeutics, but also for the recognition that these highly-ordered
structures may be exploited as novel peptide-based nanofibrillar material.

The studies presented in Chapter 3 address the potential use of the amylin (20-29)
peptide fibrils as specifically functionalised structures. This work investigates
whether fibrils can be assembled from naturally occurring peptides which have
been chemicaly modified to produce nanofibrillar structures that display a
specific function. Azide and akyne functional moieties were successfully coupled
to the N-terminal of the amylin (20-29) peptide sequence. AFM investigations
revealed the modified peptides readily self-assemble to form fibrillar structures
displaying similar morphologies to non-functionalised amylin (20-29) fibrils.
Furthermore, Congo red binding indicated that the modified fibrils have retained
the core B-sheet ultrastructure and thus are amyloidogenic in nature. However, the
fibrils that formed displayed smaller widths and heights suggesting that the
moieties may influence the packing and assembly of the fibrils. These findings
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demonstrate that the additional steric bulk of the functional moieties do not
impose any detrimental affects on the fibril forming potential of the peptide

fragments, but may influence the higher-order fibrillar packaging.

These observations have two implications, in the first instance, they provide
further information regarding the interactions and packaging of the peptide fibrils
within the amyloid core. This suggests that fibril formation will proceed providing
the ordered B-sheet core can till form; any additional steric bulk outside of the
core amyloidogenic region may influence the structural hierarchy but not the
capacity to form amyloid. Secondly, this result demonstrates that fibrillar
structures displaying all the intrinsic characteristics of amyloid may be self-
assembled from chemically tailored individual building blocks, generating
functionalised supramolecular structures. During attempts to form covalently
linked fibrillar networks of the azide and akyne functionalised fibrils using the
1,3-dipolar cycloaddition reaction of alkyne and azides an increase in the fibril
population dimensions was observed that was dependent on the catalyst
concentration present and the stage during fibril formation that the ions were
added. Despite no significant change in morphology or aggregation into novel
fibrillar network, this increase in dimensions suggests that the reaction may have
been successful but with low efficieny. This can most likely be attributed to
unfavourable conformational and steric presentation of the functional moieties for
the formation of triazole ring linkers between fibrils. However, this does not rule
out the potential of this chemistry for other applications including the generation
of decorated fibrils with function specific ligands or the immobilisation of fibrils

to afunctionalised support or scaffold.

The focus of Chapter 4 is the second of the two peptide systems, the
diphenylalanine peptide. The structures that readily self-assemble under mild
conditions from the dipeptide are large, water-filled nanotubes which display a
range of dimensions from 100s of nanometres in diameter and microns in length.
The scope of possible applications for these diphenylalanine nanotubes is already
being explored with proven success in microelectronics and biosensors. As with

all material engineering, understanding the fundamental properties and principles
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of the building blocks will enable their full potential to be realised and novel
applications for the materials to be devel oped.

In the opening experiments of Chapter 4, the AFM is used to study the physical
properties of the diphenylaanine nanotubes. In situ imaging of the nanotubes in
an organic solvent demonstrates their chemical stability even with prolonged
exposure and repeated imaging. Furthermore, the nanotubes exhibited
considerable thermal stability under both dry and wet heating conditions;
indicating that the nanotubes retain structural integrity at high temperatures. The
ability to withstand wet heating conditions suggests that the nanotubes may be
used in applications requiring sterilisation, such as biosensors and tissue
engineering. During in situ and ex situ dry heating of the nanotubes a loss of wall
integrity was observed at 125°C with loss of structural integrity at temperatures
above 150°C. TOF SIMS analysis identified the decomposition of structure to be
the result of sublimation of free phenylalanine from the nanotubes. Suggestive
that the nanotubes may be degraded at higher temperatures, indicative of their
potential use as thermally degradable devices.

In the final experiment of this thesis the potential to directly control and orientate
the diphenylalanine nanotubes using magnetic fields is examined. X-ray
crystallographers have previously probed the use of magnetic fields to produce
highly-orientated crystals for the elucidation of biomolecular structures, including
some amyloid fibrils. Following evaporation of phenylalanine nanotubes samples
within different magnetic fields, AFM imaging revealed the nanotubes became
increasingly orientated with the direction of the magnetic field with intensifying
field strengths. Under magnetic field strength of 12 T there was almost complete
alignment of the nanotubes. Consequently, strong magnetic fields may be a useful
tool for future manipulation of the diphenylalanine nanotubes, demonstrating the
potential to produce well-ordered functional and exploitable nanomaterials with
considerable thermal stability.

Throughout this thesis the results generated are testament to the effectiveness and
versatility of the AFM in the study of peptides which self-assemble into amyloid
and amyloid-like structures. The high-resolution images generated provide
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detailed information on both static and dynamic events during fibrillisation, as
well as providing insights into the physical properties of these fibrillar structures.
The application of AFM in the study of amyloid and their resultant fibrillar
nanostructures can only strengthen with the continuing developments in the
technology. From achieving higher-resolution images by improved tip geometries
through the utilization of carbon nanotubes, to the development of high-speed

scanning to enable real-time images of amyloid fibrillisation events.

In conclusion, the results presented throughout this thesis have reveded the
potential of self-assembling peptides for the production of fibrillar nanostructures.
By direct modification and manipulation, the ideal intrinsic or engineered
properties of the fibrillar structures can be utilized to generate novel architectures

and functionalised well-ordered nanomaterials.
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Appendix A

Animations

The animations on the enclosed CD contain time-lapse sequence of images of amylin
(20-29) fibrillisation in 100 mM sodium acetate (pH5.5). The images presented are
also displayed in figure 2.19.

To view animation in full, copy and paste file to Desktop and open.
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Appendix B

TOF SIMS spectra for poly(dimethylsiloxane)

The positive spectra for poly(dimethylsiloxane) (PDMS) rubber. Spectra from The
Static SIMS Library (SurfaceSpectra Ltd).
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