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Abstract
Amyloid structureshave been identified as a key pathological marker in a range of

O2yRAGAZ2Yya &adzOK a !fT KSAYSNRa |yR tIFINylAyaz
relevance and potential nanomateriapplications has made understanding amyloid

formation and the source of its toxicity of great interest. The fragmentatiomrofloid

fibrils into smaller particles is important for the kinetics of their formation and how they

elicit toxicity. This thesis shedight on how fibrils formed from different proteins

fragment, and compagtheir resistance to mechanical stress, in order to decipher if fibril
fragmentation mechanism is fibril dependent or a property shared by amyloid fibrils in

general. To accomplish thegeals, this thesis @ividedinto three sections

The first part of this thesis develepnethodsfor recombinant production and purification
2F {dzllopba/ T {yricleipdicteing: In/vRro polymerisation conditions for
these proteins and the com&INO A | £ LINE { Saktefibbulin @rdl 27nSubn\BSBain |
has enabled, via AFM imaging methods and MatLab tracing, the c@outdtpersistence

length fromfar larger populatiosthan has previously been observed.

The second part investigates the ked G YOS (2 VYSOKAYWMADLHESAYENS:
lactoglobulin and lysozyme fibrils using a fragmentation assay, which enables the
RSOSNNAYLFGA2Y YR O2YLINRaz2Yy 2F GKS FAONARCL a&C
demonstrated that polymer rigidityly) is inherently linked to the resistance of the tested

amyloid fibrils to mechanical stress.

The third part of the thesis successfully implenseatchemical labelling strategy using
WOt A O1 Qto @lkvaymodificadidn of fibril functionality. His has beerapplied to
fluorescence labelling strategies ant~labelling fornovel methods of determining the

population size of amyloid fibrils BjF DOSY NMR.
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Chapter 1: General Introduction

1.1 History and Origins of Amyloid
In 1854 the pioneer pathologisRudolph Virchowshowed evidence of starch like

accumulatiors in abnormal brain tissu@ising iodine/sulphuric acid staining,and termed
them amyloid through this associationwith starch and its Latin/Greek root
Amylum/Amylon(Sipe and Cohen, 2000 dz6 & S1j dzZSy G NB&aSIF NODK ARSy (A
as proteinaceous imature and, in fact,the product of the aggregation of nfidded
proteins. In the majority of caseprotein misfolding andaggregation leads to unstruated,
amorphous deposits buhe formation ofamyloidis far more ordered developing intdong
needlss or fibrils, with dimensions ranging from-Z0nm in width and a heterogeneous
mixture of lengths frormanometresto many micrometres(Fitzpatrick et al., 2013)The
core, structuredregion of amyloid fibres containsa crossbeta sheet architecturethe
presenceof whichis nowthe structural definition ofamyloid. Theconfirmation of the
crossheta sheetis usually byiophysical method$ike Xray diffraction(Bonar et al., 1969)
and the binding of crossbeta sheet specific dyes such as Thioflavi(Biancalana and

Koide, 2010; Khurana et al., 2005; Krebs et al., 2808)ongo Red

Table 1.1 Observed Amyloidgenic Proteinst

Protein Type Disease/Role

Amyloidi  LJS LJi Disease 'fT KSAYSNRa RAAaSIH &

h_Synuclein Disease tFNJAyazyQa RAaSIH a

Huntingtin Disease | dzy GAy3i2y Q& RA&SH

I Hmicroglobulin Disease Haemodialysiselated amyloidosis

Lysozyme Disease Lysozyme amyloidosis

Insulin Disease Injection localized amyloidosis

Curli Functional Role in colonisation of inert surfaces and
aids in Biofilm formation

Sup35 Functional Acts as an epigenetic switch generating
new phenotypes

Chaplins Functional Lowers water tension allowing formation

of aerial hyphae
*Examples of the peptides/proteins associated with Amyloid formation and their biological
significance whethea relationship toa disease or biological function of the material.
Adapted from(Chiti and Dobson, 2006; Knowles et al., 2014)
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The phenmnenon of amyloid formation is not limited to a single protein/peptsEguence
but a trait of manydifferent and unrelated proteirsequences.Examplesinclude amyloid
associated with diseasend functional biologicaamyloidmaterials(Table1.1). Whilstthe
identified human proteomecurrently consists of 17294 protein&im et al., 2014}he
number of proteins shown to form amyloid fibrils, across all speciesjriently only 40
(Chiti and Dobson, 2006Whilstthis list of proteins to date,is relatively smalit has been
postulated, due to the presence of smaller amyloiogenic sequences in far more proteins,

that if subjected tothe appropriate conditionsll proteins could form amyloidtructures

(Dobson, 1999)

The physical propertiesuch as strengtthat make amylai a useful material for organisms
alsomakes them potentially usefulas a nanomaterigMaji, 2011) When considéng their
potential as a nanomterial, their involvementin numerous debilitating illnesseand the
difficulty in obtaining information about even the earliest points in the assembly, it is of no
surprise that thee is avast amount of research carried out in the aref amyloid.
Understanding the underlying processe$ amyloid formationis therefore imperative to

curing amyloid associated disease and developing the next generation of aterisis

1.2 The Mechanism of Fibril Formation
Proteins are the workhorses in all cells and organisms Many processes in the cell are

underthe strict control/regulationof numerous pathwayswhich arebuilt up of numerous
highly selectiveprotein-protein interactions (PPlincludingthe formation of multimeric
complexesand catalysingyost-translational modificatios (PTM) such aphosphorylation

andacetylation.

The process of Translatiothe ribosomemediatedsynthesis of polypeptides from MR,
is a corebiologicalprocessin which genetic information is converted infwoteins The

folding of the synthesisedbolypeptide (primary structurg into the secondary and tertiary
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structuresare whatgives the proteirthe appropriate thre dimensional shape to function

(Dobson, 2003jHg. 1.1).

Amyloid

¢T. Chaperone

: < N Folded
(\'.

’@ T)' ' %;ﬁ Protein

Chaperone
Nascent

Polypeptide
. Chaperone

Ribosomal
Protein Synthesis
Amorphous
Aggregate

Figure 1.1 Abberrant Protein Ftding Can Lead to Aggregation.

The ribosomb synthesis of proteins generates a nascent peptide chain which is folde

molecular chaperonegsee blue cylinders) into nativislded proteins. The misfolding o

proteins can give rise to amorphous aggregates as well as the generation of amyloid

With Lysozyme as a folded protein example.
The shape and agfition state of a protein can also be altered by the modification of
amino acid sidechains in a process called Hoabslational Modification e.qg.
phosphorylation and eetylation(Seo and Lee, 20Q4A single three dimensional image of
a protein only represents oneonformation, usually the lowest energy, but this is not an
accurate representatioof a proteinmolecule in solution A proteinmoleculeis dynamic in
its shape,constantly changig due to its bondsstretching and bendingand moving
between multiple low energy conformation&rauenfelder et al., 199. By considering

each different species arttieir energy it is possible to create an energy landscape showing

folding intermediates and aggregatésg. 1.2).
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The WLINR G SAY YA&AT2f RAYtHe fdndatidd fkKadhglcdidavibereByStlieO NA 6 S
aberrant folding of a normally soluble protein to give an unfolded or partially folded species
interacts with another similarly misshapen protein, the addition of further misfolded
monomers to this dimer and subsequespiecies forms the fibr{{Soto, 2001)see the right

hand side of figure 1.2.

AS \%@g@ ~ — Unfolded ¢ %7@2

Tl

Folding &A)
> intermediates -
2 Partially
E folded Oligomers
Native States
state
Amorphous Amyloid
aggregates fibrils
al . A -
o o s
Intramolecular contacts Intermolecular contacts

Hgure 1.2 Energy Bndscape of Amyloid Formation.
An energy level diagram showing the energy of species per monomer involved in the p

folding of a protein monomer (left) leading to the aggregation of monomeric proteins i
fibrillar aggregates (right Taken fronfHartl andHayerHartl, 2009)
When the appropriate conditions are encountered the misfolding aftgins can occur
spontaneously buthe propensity of this process can be modified by two main factors:
primary sequence alteration and peganslationd modifications.
1.2.1 Primary Sequence Alterations
A single change to the nucleotide sequence which codea ffootein can result in a change
in the amino ad sequence of the proteinThese mutationgouldhave a negligibleffect
on the protein butconverselycould also seriously affect the function of the protein by
removing catalytic residues or changitite overall shape ofhe protein. A singlehangeto
the amino acid sequencéhas the potentialto alter the energy barriers for the
interconverson between protein conformations and therefore inhibiting or promoting

amyloid formation. This is seen for example with mutatiotssh -synuclein aggregates of
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which have been shown to form the major component of Lewy bodies, gahogenic

markerl 842 OAl GSR 6AGK (KS ®audrani Pr2etiborski, 2003} Y 42 Y Q&

TFT fluorescence

0 20 40 60 80 100

Time (hours)

Figure 1.3 Protein Sequence Affects Fibril Fortan/Kinetics.
Amyloid growth curve monitored by Thioflavin T fluorescence showing the kinetics of

F2NXEFGA2Y F2N) GKS FT2NXI{iaZ¢gz0RFA  YE&ByRI&A
0 &lj dzZ NB a 0 -Synytlein (Inyeed tridngles). &pted from Li et al. (2001)Li et al.,
2001)

N

CKSNBE IINBE G2 YIAYy (GelLlSa 2F tIFINJAYyazyQa RAA
LI GASYyGa FyR Ay@2f @Samucléik 8nd ine@ddBvAdreisindoms2 ¥ 2 ¢
GeLIAOrtfte 200dzNJ G | YdzOK @& 2 dagaiibid gro@is | Yy R A
such as A30P and A53T. K Ssyruclein mutant A53T has been shownvitro to have

much faster fibril formation kinetics than the witgpe monomer, which potentially

explains the early onset of disease observed with this mutation (Fig. tdighgles.

Although the A30P mutant is also associated with the early onset inherited form of the
disease, in vitro assessment of the fibril formation kineshsws that itis actually slower

than the wildtype monomer (Fig. 1,3A30P- squares, W circleg. The earlier onset of
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disease associated with this slower polymerising mutant can be rationalised as it is

proposed to stabilise toxic prefibrillar oligomefGonway et al., 1998; Li et al., 2001)

(CAG)n

>~10 - juvenile onset HD

40 240 CAG repeats - “inevitable” HD

36 36-39 CAG repeats - “reduced penetrance”
21 21-35 CAG repeats - “intermediate”
<26 CAG repeats - “normal allele”

Figure 1.4 Genetic Expansion Can Increase Amyloidogenicity.
Graph showing a comparison of thember of repeating units in neh dzy G A y 3G 2y
patients Progression from the bottom of the graph, healthy individuals to the highest pal
GKS 3INI LK gAGK 2dz@SyAtS 2yaSad |dzydAay3iz2
CAG repeats. KIS ydzYoSNJ 2F NBLISI Ga NBIljdzaANBR .d
Adapted fromhttp://medicaliaorg.ning.com/group/neuroscience®ifum/topics/parkinsons-
diseaseand-other-movementdisordersand (Fahn and Cohen, 2007)

The propensity to form amyloid aggregates can also be influencethéyexpansion of

regions of repeating amino acids ia protein sequencevia the incorpration of

trinucleotide repeats into the gene encoding the protein of intereshe expansion of

trinucleotide repeat regioahas beemassociated with several disease states, trinucleotide

repeat disorders, althougthe diseasephenotype is not necessaridue tothe translation

of the expanded gene into a proteia.g. fragile X syndrom@agni and Tassone, 2012

l dzy Ay 3G2yQa RAASEAS (dnSodiNGSregdhwihereNaBepdagng T I  f 2
CAG is translated into a polyglutamine sequence (polyi@g expansion of the Huntingtin

protein with a polyQ sequence is thought to be a causative process in progression of the

neurological disorderl dzy G A y 3 (iaBey(Scherzingdr 36 al.1997) The disease

QX
O

LKSy2G8LIS 33a20AF3SR 6AGK I dzyiAy3izyQa A


http://medicaliaorg.ning.com/group/neurosciences/forum/topics/parkinson-s-disease-and-other-movement-disorders
http://medicaliaorg.ning.com/group/neurosciences/forum/topics/parkinson-s-disease-and-other-movement-disorders
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with thirty sevenrepeatsbeing thelower limit to disease onset and the aggregation of
monomers into amyloid fibriléDuyao et al., 1993Fig 1.4).

1.2.2 Post Translational Modification

The process of translation and folding givestive protein conformations but their ability

to undertakecellular processsis modulatedoby posttranslational modifications Common
post-translational modificationautilised in the cell are phosphoryation, acetylation and
glycosylation It is the addition or removal of these groups which can activate or deactivate

proteins allowing the catrol of cellular pocesses

Intermembrane
APP Domain
D Cytosol
Lumen NI c  Lytoso
1 700
Gamma Beta

Secretase Secretase

671
Figure 1.5 APP Processing Generates Amyloidogenic Peptides.

Topc¢ A diagram showing full length amyloid precursor protein (APP) and the intermemb
domain where secretase activity is observed. BottgrA zoom in on the intermembrane
R2YFIAY 6KAOK O2yidlAya GKS aSldzsSyOS orffafi]
Secretasen residue 671 of the protein sequence and the non selective proteolydietay

secretasavhich gives a range of peptidé®m 4042 residues long.

The addition of these gups to the protein also has the potential to alter the energy
barriers to conformational change and therefor@otentially, amyloid formation as

20aSNIUSR gAlGK (KS LiaulkikPabdbdol ¢t 4.220102 F {y T

Posttranslational modificatios do not only involve the addition of groups to protejimit
alsothe hydrolysis of the peptidehaininto smaller fragments by hydrolases. The specific
enzyme mediatedcleavage of a peptide has the potential to liberate a smaller fragment

with higher propensityto adopt an amyloidogenic conformation.One of the key

27
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OA2YFN]JSNBR 2F 'f1T KSAYSNRa RAaSIFaS Aa GKS L
peptides originating from the protein Amyloid Precursor Protein (APP). The processing of

ltt o0& | I ydwvesrisedopephdbsirangdiry rom-4Q residues in legth. It is

these small peptides which aggregate to form amylofibrils and are associated with

lf T KSAYSNIMAdIRAASH FR ®RISEYY2NE HAMAD

1.3 Structure of Amyloid Fibrils
Throughout history the need to cure or relieve the symptontd human diseass has

driven many studies of biological systems. The modern era ofmajor advances in
biologymolecular biologyhas been catalysed by thaccurate characterisation othe
structure and functionof biomolecules. The development ofray difraction, where a
crystdline material is placed in anray beam and the scatter pattern of the beam is
collected and converted int@n atomic resolution 3D structurehas been key to this
advance This is exemplified by woikf Dorothy Hodgkinfrom 1945 onwardsexamining

the structure ofsmall biomolecules such as cholesterol and insulin to the work of Rosalind
Franklin from 1950 onwardspn the macromolecular structure of DNBaskolski et al.,

2014)

The field of xay crystallography relies on the deconvolution of the diffraction pattern

obtained when a large crystal of the molecule is placed in anyXbeam(Smyth and

Martin, 2000) Amyloid fibrils are large ordered but heterogeneous polymetsch limits

their analysis by high resolutionray diffraction methods. By placing nerystalline

materials into the xay beam and analysing the scattering spectrum obtained, it is still

possible to gain structural insight into the material analysedfact, crosseta structures

give a specific-ray fibre diffraction pattern. This cross LJ- G G SN} JA-8Sa N & ¢
diffraction on the meridian due to the distance between of the strands of the dvets

sheet and 1@L2A diffraction on the equar which is due to the distance between the
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sheets. Due to this consisterdray diffractionit is an important method foranfirming the

presence of the crosBeta sheetcoreof amyloid fibrilgMorris and Serpell, 2012Fg. 1.6)

Meridian
~4.7 A

{ ﬁm A Equator

N

Figure 1.6 Cressi -sheet Architecture of Amyloid Fibrils.

A model of the crossbeta KS S i | NI K A-42%g@ptideslfm abbve (a) ahdithroug
it KS T A 0 NXAsfrands aré gacked pé&gndicular to the fibre axis separated bpA.7
¢ K Ssheets run paradll to the fibre axis with a distance of 10A separating them. Th
values can be accessed from the Meridian and EquatahefXray diffraction pattern (c).
Adapted from(Morris and Serpell, 2012)

Nuclear Magnetic Resonand®MR) spectroscopyhas been a key technique for the
identificationand investigation of small molecules for many yealts versatility and ability

to differentiate between atomslue to their different electronic environments as well as
their connectivity and spatial orientation means it is highly suited to many biological
applications includinghe structural characterisation of biomolecul@glarion, 2013) NMR

is typicallya solution based techniquéhat can detectmolecules upto 30Ra insize. The
slower tumbling of larger materialmieans that in the time frame of the NMR experiment
the visualisation of average peaks for edaehspecies is impossibl&MRrequiresthe use

of NMR active isotopes, having a spin quantum number of +%, of WHj¢fC, *°N and*'P
are examplesof isotopes commonlyfound in biomolecules. When these nuclei are aligned
with a magneticfield their chemicalenvironment is probed by irradiation with radio

frequency electromagnetic radiatiocausing the nuclei spin state alhange The different

10
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wavelengths ofradiowaves absorbed gives information on the electronic environment of
the nuclei. As amyloid fibrils are very large polymematerialsthe use ofsolutionNMR to
understand their structureind dynamicss limited. Recent advances in the application of
magic angle spinning (MAS) solid state NMR (ssN&tRhiques has however opened up
(Bai et al., 2010) In these instruments the sample, in the form of a dry powder containing
an internal reference, 4;dimethyl4-silapentanel-sulforic acid (DSS), is placed into a
rotor and spun allowing for average NMR spectra of the solid to be cap{Gaulietz et al.,
2010; Shi and Ladizhansky, 201w ssNMRapproactes allowfor structural information

to be gleamed from solid materials such as amy{bidise, 2008{Fig. 1.7).
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Figure 1.7 Amyloid Structural Modelling by Combined ssNMR and cryoEM.

This high resolution model was generated by combining data acquired througfelagtoon
microscopy (a) and sokistate NMR (bjhe fibril surfaces assigned by solid state NMJof an
11 amino acigeptide fom the protein Transthyretin Adapted from(Fitzpatrick et al., 2013)

11
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Figurel.8 Circular Dichroism Shows Conformational Changes on Conver:

from Monomer to Polymer.
Circular Dichroism spectra showing the conversion of Myostatin Precursor Proteil

conversion of monomer (green) to functional dimer (blue) to prefibrillar aggesy&irmed
overnight (red) to a mixture of fibrils and prefibrillar species after a week of incuba
(black). Adapted fronfStarck and Sutherlar@mith, 2010)

Proteins are polypeptide chainisat consist of multife amide bonds, aromatic species and
disulphide bonds, all of which absorb in the UV region, 18@d6nm, of the
electromagnetic spectrum. Circular Dichroi¢@D)uses left and rightircularlypolarised
light to probe thisspectral region giking information on different types ofsecondary
structure in a sample. CiB therefore particularly useful fomproteins (Greenfield, 2006)
andis effectivefor monitoring amyloidormation, due to its ability to follow the structural
changes associated with cross beta sheet formation when monomers convert to(fils

18).

Infrared spectroscopy is a vibrational spectroscopy which uses infrared light to excite bonds
in molecules, causing them to stretch and bend. Functional grdogsroteins give rise to
different absorbances and can be used to monitor changesohformationalstates For
example, he stretch of the carbon oxygen double bond in an amide, typically -1630

1680en™, is commonly use(Barth, 2007)

12
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1.4 Imaging of Amyloid Fibrils
The elongation ofilbrils occurs by addition ahonomers to the endsf fibrils (Pinotsi et al.,

2014; Scheibel et al., 200yt lateral growth of a fibril is achieveay bundling of these
individual strands into thicker fibres. These fibrils start to display a further level of
structural organisation as tlyeentwine themselves together to gitevisted structures. For
each fibril formedit is possible for them to latrally associate in different ways giving rise
to different morphologies of fibril, which is of potential interest when considering the

biological interactions of amyloid fibrils.

Amyloid fibrilsare typically2-10nm in width andhavea heterogeneous mixture of lengths
typically rangingfrom nanometresto many micrometres. Their sizehas traditionally
limited their viswalisation by optical microscoplyut recent advances in super resolution
microscopy is making this more feasilfRinotsi et al., 2014) It is, however, possible to
visualise these structures using microscopy techniques such as transmission electron
microscopy (TEM) and atomic force microscopy (AFM). These techniques allow for
discrimination of particles in terms of thdateral assemblyand provide informaion about

the different fibril morphologypopulations contained in a samplelmaging using TEM
requires negative staining of the fibrils with a heavetat ion, typically uranium from
uranyl acetate. The stain coatbe outside of the fibril and stapthe electron beam from
passing throughthe sample whichgives rise to the observed contrast, enabling the
measurement ofength andinvestigation ofmorphologicalstructure of the fibreqFig.1.9,

Left). TM-AFM is a scanning probe microscopy technigbet tdiffers from other
microscopy techniques in that is does not use the absorption or emission of energy from
the electromagnetic spectrum to visualise materials, instead images are constructed
through the physical interaction of a probe with a sampldie Thechanism by which this
microscope works allows not just imaging of a sample but investigation of the

VIEY2YSOKFYAOFt LINRPLISNIASA |3d3a20A1F0§SR 46A0K

13
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well as the forces which hold material togeth@damcik and Mezzenga, 2012; Sweers et

al., 2011)

10.0 nm

-10.0 nm

Figure 1.9 Fibrillar Structure of Amylal Imaged using Microscopy.
Y@t 2AR  TA 0N fegynuckRif. NIFiBrs RmagedNBsiig Transmission Elect
Microscopy with Uranyl Acetate staining (left, 200nm scale bar) and Atomic Force Micro:
(right) with 20x20um imaged at a resolution of48x 2048 pixels (1000nm scale bar) anc
height scale bar on the far righfThe AFM height colour scale is set betweehand 10nm.

Photodiode

Figure 1.10  The workings of Atomic Force Microscopy.

A ¢ A scanning electron micrograph of the tip of a Bruker scan asyst probe with a heighi
8um and nominal tip radiug 2nm. http://www.brukerafmprobes.com/p3726-scanasyst
airaspx B ¢ An SEM of a bruker scanasyst cantilever made of silicon nit
http://www.brukerafmprobes.com/p3726scanasystir.aspx C ¢ The determination of
amyloid particles height and length using Atomic Force Microséddgmcik and Mezzenga
2012)

14
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When a probe (Fig. 1.10, A) attached to a cantilever (Fig. 1.10, B) is oscillated by a piezo
electric current and then lowered onto a dace a tapping motion is generated. For
imaging purposes, the probe is moved over the surface of interest and any change in height
is identified by the deflection of a laser aligned onto a sensor via reflection off of the
cantilever (Fig. 1.10, C). Thmbe generates a height measurement per pixel, which when
placed together produces a topographic map (Fig. 1.09, Right) that allows for the

assessment of the lengths, heights and morphology of individual particles.

1.5 Intermolecular Interactions
The conversion of monomers to orderathyloidaggregatsvia crossheta sheet formation

results inlarge polymes which are held together by intrmolecular forces such as Van der
Waals interactions and hydrogen bonding. One of the major properties atesbaidth
amyloidis thdr resistance to disaggregation by sodium dodecyl sulfonate (SDS), conditions
which would normally interrupt most nenovalent inermolecular interations. This effect

is potentially due to the cuniative effect of numerous intrmolecular interactionsand the

inability of SDSo penetrate the cros$beta sheetandinterrupt the interaction

There isalso potential for covalent bnds to form between two strands For example
copper has been shown to catalyse formation of dityrosine crosslbétsveen ! |
monomers suggestg that the stability could be aided by covalent interactiofg-Hilaly et

al., 2013; Atwood et al., 2004; Kok et al., 203y 1.11).
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Figure 1.11  Reaction Mechanism for Radical Mediated Formation of Dityrosin

Crosslinks.
The formation of a dityrosine moiety (right) from tyrosine monomers (left) followadacal

mechanism in which two carbon centred radicals (middle) combine in a termination react

The SDS resistance of amyldibrils has led to the development of electrophoresis based
methods for characterising aggregate size. SBamaturing Detergent Agarose Gel
Eled¢rophoresis (SDIAGE) has been used to show and compare the different sizes of

amyloid aggregates fromm vitroandin vivosamplegFig. 1.12)

Agpregate

Monomer

fosi’]
jesity

Figure 1.12  Anexample of an Immunoblotted SDD AGE

An SDD AG#gel showing the different sizes of Sup®Fotein in [PS1] and [psi] cells larger
aggregates do not move travel through the gel as far as the monomeric pratgirforma
diffuse band due to the rangef szes contained with a population of amyloid specié®age
supplied by Ricardo Marchante.
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1.6 Dye Binding Properties
In 1854,Rudolph Virchow used non specific staintngshow the presence of deposits in

tissue samplesusing iodine and sulphuric acid. Thase of the first and defining
characteristic properties of amyloid iké ability of the crosketa sheet structure to bind

certaindye molecules
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Figure 1.13  Chemical Structures of Amyloid Binding Dyes.
The chemical structures of the dyes commonly used in the analysis and identification of ar

fibrils. Left) Thioflavin T (ThT) Right) Congo Red

¢KS YIAYy ReéS Y2t SOdzA Sa dza Sddjughtgd dje& Thdflah2ry G S E
(ThT) and Congo Red (Fig. 1.13), which both give a change in the absorbance/emission
profile when in the presence of amyldiithrils. Although the binding mode of these dyes to

the amyloid is not resolved it is assumed that the dyes bind in the grooves of the cross beta
sheet structure locking of the molecules into one conformation giving rise to the change in

their absorptiolemission characteristicBiancalana and Koide, 2010; Khurana et al., 2005;

Krebs et al., 2005)

Theseamyloid bindingdyes havebeen useful in the identification of amyldiplagues in
histological samples. The changenavelength of thespectroscopigrofile of these dyes
in particular ThTwhich exhibits a stokes shift from 450nm to 480(Naiki et al., 1989pn
bindingto amyloid fibrils also offers great advantagér measuring thekinetics offibril

formationin vitro, whereanincrease in fluorescence is observed wiibnils are formed

17



Chapter 1: General Introduction

1.7 Resistance to Proteolysis
Thecontrol of proteinlevels in the celis regulated by their synthesis artkgradationinto

their constitutive amino acidby proteases which recognise spécifegions of proteins and
hydrolyseappropriate amide bondsWhen digand is bound to arotein (holo form), it has
been shown to have increased btlity to denaturation andproteolysis than its po-form

(Lomenick et al., 2011; Pace and McGrath, 1980)

1 Susceptible to

j proteolysis

Protected from ‘J

proteolysis l AMYLOID CORE

Susceptible to
proteolysis

Figure 1.14  Amyloid Core is Protected From Proteolysis.
The amyloid core (repeating rectangles) is protected from proteolysis but the expc

polypeptide chainsire still susceptible to proteolysis.

Similarly, when a protein adopts the amyloid stéte crossbeta sheet of the structure is
protected from proteolysis but regions that are exposed calhlst accessed by proteases
and therefore digested (Fig. 1.14). Thus limited proteolysis, followed by mass
spectrometric analysis is able to determine which regions are protected and thenedote
of the amyloid cordFrare et al., 2006; Kheterpal et al., 2001)

1.8 The Kinetics of Fibril Formation

The process of amyloilbril formation follows a nucleated growth mechanisamd is
described simplistically by the cartoon iRg. 1.15. The process initiates with a
conformational change in thprotein that exposessurfaces that are normally buriedhich
then interact with oher similarly misfolded protein molecules to give a dinmiera
reversible proceséKnowles et al., 2014)The requirement for conformational change prior

to amyloid formation isK 2 g y ,merddlobulin where ashift in pHfrom pH7 to below
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pH5 initiaties the conversion of 2 y 2 Y SMdic@globulinto its amyloid form, as

determined by arnincrease in Thioflavin T fluorescenaed the generation of long needle

like structures. The cause of this pH induced fibril formation was shown, by ANS binding,

baw YR /5% (2 06S O2yTFT2NXI GA2Y I fmicofdbyidSa NI 3
which is then susceptible to polymerisatighicParland et al., 2000)Further reversible

and unfavourablénteractions of the transient dimeric species with migfed monomers

give rise to small oligomeric species. The reversibilitthe proess continues until a

nucleus is formed wdre subsequenfavourableaddition of monomers to the ends of the

species results in fibril elongaticand generation of thdibrillar species observeth vivo

>
>

andin vitro (Fig. 1.15)

Critical Nucleus  Nucleation

b — P — & — /
Fragmentation
> = Natively folded monomer \ 5

P = Misfolded/Partially misfolded monomer
Figure 1.15 Reaction Scheme Showing Amyloid Fibre Formation.

This depiction represents the conversion of properly folded monomers (red pyramic
misfolded monomer (blue cube) and then thelubsequent oligomerisation to a critice

nucleus and elongation to fibrils. This process is then followed by secondary effects st
fraomentation and surface nucleation.

The key step of aucleated growth mechanism ie generationof a nucleusonto which
subsequentmonomer addition follows to give fibrillar speciesThe rate ofnucleus
formation can be affected bynany different factors such as monomer concentration and

temperature.
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[l
Nucleus

Gibbs Free Energy

1

No. of Monomers

Figure 1.16  Energetic Considerations of Critical Nucleus Formation.

Energy level diagram showing the increase in Gibbs free energy associated with the rev
generation of the critical nucleus followed by the decrease in Gibbs free energy as tlespi
essentially becomes irreversible.

Thechange iNnDA 00 Q& T IB°Fof & sySexibtdkes into accoumnthalpic and
entropic considerationgivinga predictionof how likely a process is to occur. pAsitive

NG’ is equivalent to an unfavourable process where asegativen Dis evidence of a

favourable process.
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Figure 1.17  The Kinetics of Fibril Formation
This is a depiction of the standard sigmoidal Thioflavin T fluorescence curve associate
the formation of amyloid fibrils. A lag phasiminated by the formation othe critical
nucleus is followed by exponential growth where fibrils growth is maibkerved.
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The process of nucleation in terms of Gibbs free energy change shows the initial reversible
processes of dimerisation and oligomerisation gives iis2 | y Ay ONRlpdng Ay
% K S NXB 8 then sté@ts to decrease again, towards lower energy species. The higher
energy species formed in this process are transient and short lived when compared to the
lower energy species and therefore of lower concentration. thisfree energy maximum

that describes the nucleus of the fibril formation under the conditions used (Fig. 1.16)

(Knowles et al., 2014; Xue et al., 2008)

The characterisation ofibril formation kinetics has been aided by theeusf the
profluorescent dye Thioflavin T. Bindio§ThTto the cross beta sheet architecture of the
amyloid fibrils gives a change in the absorption/emission profile of the matdhiateby
allowing fibril formation processes to be followégiancalana and Koide, 2010; Khurana et
al., 2005; Krebs et al., 2005Bymonitoring fluorescence periodically over the course of

fibril formation, in the presence of Th&,sigmoidaturve is observeds fibrils are formed

It is possible to assign tlkominantreaction processes shown in Flgl5 to eachregion of
the sigmoidal curveRig 1.17). At the start of fibril formation theinitial lag phases
associatedmainly with monomer conformationalnterconversion and interaction up until
the generation othe critical nuclei(Xue et al., 2008)The subsequent exponential growth
phaseis dominated byfibril growth and an increase in the proportion of betsheetin the
sample The lag phase is a stochastic process which is dependent on the probability of a
first critical nucleus forming A side effect otthe stochastcity of nucleationis that two fibril
formations carried out usingdentical conditions may not have equallag phaselengths.
The exponential growth of the systeffollowing the lag phasés not only dueto the
elongation of nuclei into fibrildboy monomer addition,but also a series of secondary
procesgs which may occur once fibril elongation hastarted (Lorenzen et al., 2012)It

must be noted that nucleatiorstill occurs but is no longer the primamechanism of

21
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increasing the proportion of cross beta shaetthe sample Currently here are two main
secondary effectshat are observedto occur fibril fragmentation andaggregatesurface
nudeation. Fibril fragmentation is the process wheaefibril breaks into two smaller
particles andaffects fbril formation by increasing the number of ends available for fibril
extension(Fig 1.15) (Xue and Radford, 2013)Surface nucleation is the process whare
fibril interacts laterally witha monomer,causing aonformational changé the monomer
and essentially catalygy the generation ofnew nuclei Fig 115) (Fodera et al., 2008;
Kashchiev et al., 2013Yhe exponential phase of fibril growth occurs until thenomeris
consumedto a level where nofurther increase inamyloid content of a sample and

plateauingof the growth

1.9 Amyloid Toxicity

Since its discovery in 1854 amyloid has been associated with the progression of numerous
diseass, most notably neurodegenerativand age related diseasesich as Alzheim&a =
t FNJAYyaz2yQa | yR . Thizganmhgh3tiugyaDcompBrierhs drassbeta
sheetisindependent of amino acid sequenead leads to an assumption that the toxicity
associated with diseas@gcursvia a common mechanismConsequently developing an
inhibitor of fibril formation apanacea for amyloid associated disease could be realised.
Despitethis assumption and gast amount of research oine biological effect of amyloid
and theirdiseaseassociationthere are still questions relating to how and why toxicity is
observed. Identifying the toxic speciethat are associated with amyloid related disease
currently one of the most important questions with respect to desigining therapeutic
interventions ofthese diseass. The current contenders for the toxic species are fibrils,

prefibrillar oligomers and fibril fragments.

There are severaiurrent hypotheses on the mechanism of amylaidicity includingcell

membrane pore formationthrough interaction with fibrillar materiajsor loss of function
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of the aggregating speciesThe debate surrounding thedentity of the toxic amyloid
speciedss highlighted by thelisease synonymous with neurodegeneration due to amyloid
formation, ! f T KS A Y S NIThe géharatinl of fbds from amyloid beta had been
thought to be thecausativereason for cytotoxicity2 6 8 SNIBSR Ay | f F& SA YSND
some timethe disagreementbetween observedfibril load and toxicity(Ferreira et al.,
2007) has led to the postulation that large fibrilre relatively innocuous In fact, the
generation of smalfoligomeri& species on pathway to fibrilsand their internalisation or
interaction with cell surface recepto@re thought to causecell death and the onset of
neurodegeneratior{fKayed and LasagiReeves, 2013; Kayed et al., 2003)

A : B a C i i D i
Figure 1.18 Oligomer Particles on the Pathway to Amyloid rtaCause

Membrane Pore Formation.
Atomic Force Microscope images of different amyloidogenic proteins forming pores on

bilayers of DOPC. Aggregating proteins; A1 @), B¢ "-synuclein, Cg amylin and D¢
serumamyloid A (SAA). Adapted frof@uist et al., 2005)

Small prefibrillar oligomers have also shown a propensity to form circular pore like
structures on cell membrane$hesestructures like ion channelanay allow the diffusion
of small molecules and ions into and outcals or cell compartments and thanggatively
affecting cellular homeostasi§ig 1.18) (Quistet al., 2005) However his still does not
explain why the onset of toxicity is delayed as these prefibrillar structures would have been

expected to exist all through &f

Anti-l £ T KSAYSNRA RNHz2 RA & OtBrai§hNdhibitisnt i seceisds, |+ G (G S
inhibition of fibril formation and removal of plagues/plague intermediates with antibodies

6! 3dZd T A | YR .Mkde eskaich NE yettolead to aviabletreatment, adding
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weight to the assumption that fibrils are not the sole cawugdoxicity. Thus the identity

and mechanisms of amyloemksociatedoxicity in diseasds still an open question

Another potential mechanism of cytotoxicitgvolves aroundhe sequetering of necessary
proteinsto amyloid aggregateswhich means thathey are subsequentlyunable to take
part in their usual cellular processesatling to a disease phenotyp&he cellular response
to misfolded/aggregated proteins is tesolubilise or degrade themAs well as their role in
the foldingof proteinsinto their native state, chaperones also hasissaggregation function
(Duennwald et al.2012; Shorter and Lindquist, 2004yhich allows proteinsthat have
been sequestered into amyloid fibrite be extracted andeither refolded correctlyor
degraded(Dobson, 2003; Hartl and Hay#eartl, 2002) This process forms part dhe
Unfolded Protein Response pathway (UPR)e major component of the UPR is to degrade
misfolded or damaged proteins into their constituent amino acidieasing them into the
cytosol were they can be reusgithereby maintaining homeostasisThe UPRvorks via the
attachment of ubiquitin to proteins which targets them for degradation byhe
proteosome(Lecker et al., 2006)If the UPR cannot rectify the protein misfolding issues of
the cell thenits final response is to signal for apoptosis of the {alhlter and Ron, 2011)
The ability of a cell or organism to cope with protein misfolding is inextricably linked to age
which also fits with the pathology of amyloidisease progression and itssociated

WAYOdzoF A2y GAYSQO®

Although the formation of amyloid deposits is a specific process involving the
polymerisation of monomers into fibrilg is possible for other proteins to be incorporated
into the aggregate Once these interactors have been removed from the €atisessible
proteome, the cells mechanism for dealing with protein misfolding mayolkerwhelmed

(Olzscha et al., 2011)
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1.10 Prions
In the 1800sthe work of Gregor Mendel, the father of modern genetics, described the

guidelines for the inheritance of traits from one organism todaftspring. Thetheory of
Mendelian inheritance isH @SN SR o0& o fs|]aadiexplaasbeytidrSferom € | &
dominant and recessive characteristics from parents to offsprigincethen, DNA has

been shown tdoe the molecule whickarriesthe information of inheritance.

Many infectius agents such as viruses, work by hijacking a cells own
transcriptional/translational machinery to propagate and therefore require the
transmission of DNA from one cell to anothein 198, Stanley Prusinesuggested
controversially that the source of toxicity/neurodegeneration observedtie spongiform
encephalopathyScrapiewas due to a protein only mechanisnThis mechanism requires
the transmission of a proteinaceous particle from one cell to ano{Reusiner, 1982) The
term prion was coied by Prusiner and is a portmaatu of the word€roteinaceous and
Infectious. Subsequent workby Prusiner has since showrthat the causativeprion

proteinaceous materiatonsistof amyloid aggregate@rusiner et al., 1983)

After the discovery that gorotein only mechanisnis responsible for theransmissionof
scrapie,it was soon confirmed that other spongiform encephalopathies, such as bovine
spongiform encphalopahy (BSE)CreutzfeldJackob Disease (CHMNA Kury followed this
process.

1.10.1 Yeast Prions

In 1994 Reed Wickner noted that the yeast protein Ure2p exhibited the characteristics of a
prion. In fact its conversion to a prion statelREJR offered an advantage to the organism
when placed in an environment with poor nitrogen sourg@¢ickner, 1994) Ure2p is a
protein of the yeastSacclaromyces erevisiaethat regulates the catabolism of nitrogen
sources via binding of the transcription factor GIn3p GATA. In the presence of good

nitrogen sources such as ammonia and glutamine, U@2pents the utilisation opoor
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nitrogen sourcesuch as ureidosuccinai@SA)y preventing their uptake into the cell by
repressing the transcription of permeasgsan et al., 2006; Xu et al., 1993)re2p binds to
GIn3p GATA and stefis movement to the nucleutherefore repressing transcriptionThe
conversion from [ure3] to JREP was shown to follow the conversion of Ure2p from
soluble monomer to amyloigWickner et al., 2004) Wten Ure2p is monomeric it blocks
GInp3 GATA from entierg the nucleus but in its amyloid state the interaction is inhibited
and the GIn3p GATA is free to move to the nuckens allovs permeasdranscription The
net result of this epigenetic regulationtise ability for the organism to utilise poor nitrogen

sources such as ureidosuccinate (USA) under diminished nutrient conditions

v 4

Transfer of Propagon unit

Fibril ' &

Fragmentation

8 o

Hsp104

— =
Fibril
Elongation

Figure 1.19  Prion Transmission Through Amyloid Fragmentation.

In Sacclaromyces Cerevisabe chaperone (Hsp104) mediatdragmentation of Sup35 fibrils
generates propagon particles. The transfer of these particles from mother to daughter is
required for transfer of thgPSi] phenotype.

The work showing the prion like properties ¢JRE3B also drew parallels with th¢PS]]
phenotype inSacclromyces erevisa and postulatedhat it also was a prion of the yeast

protein Sup33Wickner, 1994)

The PSI] phenotype inSacclromycescerevisa was reported by Brian Cox in 1965 as

evidence of a noiMendelian trait (Cox, 1965) The observation of prions, in particular
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[PST], in yeast, a highly tractable model organism, has allowed for great advances in
understanding the processes involved in prion initiation and transmission. Using the yeast
model systemit has been shown that transmission of tifeq] phenotype from mother to

LINPISye Aa SLISYRSyld 2y GKS F2N¥YIGA2Y 27

chaperone proteins such as Hsp104 (Fig. (Bghe et al., 2009; Cox et al., 2003)

The link ofprion phenotypes with the aggregation of proteins into amyloid deposits also
offers an explanatiorior the existence of strains observed in prion systems due to their
propensity to form different morphlogies of fibrils. The morphological variation observed
in this instancecould bedue to differences in assembly and lateral association ofitirés.
Sup35 is a 76kDa protein with 3 different domains: theldwain is required for the
formation of theamyloid state, the Mdomain contains polar solubilising residues and the
Cdomain is responsible for the translation termination activity of the protein. One of the
potential mechanisms of amyloid associated disease is theofasdivity of the aggregad
proteins so a loss of translation termination would be expected on formation of Sup35
fibrils. The C domain of Sup35 is outsidettad fibril core and exposed to solve(Baxa et

al., 2011)and can therefore potentially interact with other translation termination factors.
Recent work has demonstrated thdibrils can indeed still take part in translation
termination but the size of the aggregate has a significesie in the ability of the €

domain to carry out this procegPezza et al., 2014)

The work in yeast has shown that contrary to the aggressivethligatening phenomenon
observed in human prion diseasdbe yeast equivalents are useful epigemeswitcles

enabling theconversiorbetween phenotypeg¢True and Lindquist, 2000; True et al., 2004)
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1.11 Functional Amyloids
The conversion of native protein to amyloid state is not necessarily detrimental to éalls.

highlighted in table 1 there are several proteins that enable @ail$ whole organismto

perform functions which allow therno surviveand spread.

Spidersilk § a multifunctional material used by spiders to suspend themselves in webs,
catch prey angrotect their offspring and requires an incredibly strong materpidroin

one of the components of dragline silkindergaes a pH sensitive conversion from
monomer to fibrillar form (Askarieh et al., 2010) The silk formed is incredibly strong,
thought to be in the region of Kevlar, atglvery flexible (Xu and Lewis, 199Q)roperties

which allow it to fulfil its function.

1.12 Nanomaterial s
Materials science is a field which develops and analyses novel materials with properties

that are potentially useful and has underpinned many of the technological advances in the
past 100 yearse.g.polymers The origin ofnanomaterials can be traced back toet work
of Sumio lijima, in 1991on the identification and characterisation ofrban nanotubes

(Fig 1.20) (ljjima, 1991)

The ability togenerate materials with different properties on the nanoscale (<100nm) has
the potential for impactingon many areas of research such as glrdelivery and
diagnostics, and is an area of greatrrent interest. The size and relative surface area of
nanomaterials make them different to traditional materials and also allows them to be
used in conjunction with other materials, as a coating, thace or add properties such as

conductance and water resistance.

In the macroscalethe determination of the strength of a material, its ability to withstand
an applied load without failure, is an important characteristidche substance There are

manydifferent types of strength, i.eyield strength and tensile strengtihichis indicative
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of the force in Newtons per metre (N at which a material fails to return to its

unstressed state when the force is removed. The ability of a material to retuits

original stateafter deformation is known asfel A G A OAG&X YR Aa RSaONJ
a2Rdzf dzda 69fl aGA0O a2Rdzfdza 2F | YFGSNARFIESE 9009
on the nanoscale requires a different set of techniques to thosquired on the

macroscale. Electron iktoscopyand Atomic Force Microscopy haleen utilised to great

effect for analysing the structure of nanomateriabnd AFM also offers the ability to

directly measure physical propertiesf hanomaterials throughhe application of force

(Adamcik and Mezzenga, 2012)

Figure 1.20  First Generation Nanomaterials.
Electron micrographs of graphitic carbon microtubulestubbe of 5 graphitic sheets,-tiube
of 2 graphitic sheets and tube of seven graphitic sheets. Adapted fréliima, 1991)

Nanomaterials derived from biological materials have the potential to offer many
advantages over other materials including cost, readily available starting materials and the
potential of using host organisms to generate the materials but it is their stine(fgg.

1.21) and relative ease of assembly that make amyloid an interesting starting point for

bespoke nanomaterialdKnowles and Buehler, 2011)
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The ability to make changes to the structures and properties of the products with relative
ease by genetic modificationf the organisms means that this field has a large overlap with
the emerging fields of Chemical Biology and Synthetic Biology and has led to the formation
of modified fibrils with different functionalit{kKnowles and Buehler, 2011)}or example
amyloid designs havallowed for the capture of carbon dioxidgi et al., 2014)the
addition of electrical conducting grougScheibel et al., 20023)nd retroviral transduction

(Li et al., 2014)
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Figure 1.21  Amyloid has Exceptional Physical Properties
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materials varying from biological polymers to plastics and modern manufacturing mate
amyloid fibrils are one of the strongest nanomaterials. Adapted f(kmowles and Buehie

2011)
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1.13 Aims of thesis
The overall goals of the project were to find generic structural and mechanical properties of

fibrils and how this affects their stability towarflmgmentation. Thisstudy has important
implications for understandinthe response to breakagef different fibril typesand how

this then impacts on disease, infectivity and fr@pertiesas a nanomaterial.

To achieve thse goalshe projectwasseparaded into three mainaims

The aim of thefirst part wasto develop quantitative and reproduciblenethods for the
preparation of amyloid fibrilsn vitro either from commercial protein sources or via the
bacterial expressiomnd purificationof protein monomers and to develop AFM imaging

methods for quantitative imaging of these amyloid systems

The second part aiad to investigate the resistancef fibrilsto mechanicaktressin vitro
by monitoring the sizedistributions of amyloid fibrils subjected to digmentation by
stirring, and AFM imaging and subsequent MATLAB analigiguantify particle size

distributions and generata model of fibril fragmentation.

The third part of theproject wasto develop novel methods of determining the population

size of anyloid fibrils utilising chemical labelling strategies and DOSY NMR.
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2.1 Materials
All media was sterilised in a Prestilfedical Desktop autoclave at 1%, 15Ib/irf for 11

mins. AllE.coliliquid cultures were incubated at 32 and shaken at 180rpm and solid

cultures were incubated overnight at 37 overnight or for 48 hours at room temperature.

Table 2.1 Lysogeny oth composition
Substance g/100ml
Tryptone 1
Yeast extract 0.5
NaCl 1
Agar (for solid media) 2

For media requiring antibiotic seliéon an appropriate antibiotic waadded to the media
post sterilisation.For this thesis only ampicillin resistant strains were used therefore media

was supplemented with 1200mg/ml ggitillin to give a 0.1% w/v concentration.

Table 2.2 E.coliStrains Utilised

Role Name Competence type Genotype
Expression BL21[DE3] Chemical F ompT hsdSB (kBB gal
pLysS dcm (DE3)
pLysS (CamR)
Plasmid Topl0 Chemical F mcrAnp anrr-hsdRMS
propagation mcr. / 0 las4nna mp

N lacX74recAl araD139
n a@raley7697galu galK rpsL

(StrR)endA1 nupG
Table 2.3 Plasmids Used
Insert Vector Restriction sites for Source
insert
Sup35NMC pET15b Ndd/BanHi R. Melki(Krzewska and Melki,
2006)
Sup35NM pET15b Ndd/BanmHi This Study
Sup35NMCys  pET15b Ndd/BanHi This Study
Sup35NMLCys pET15b Ndd/BanHi This Study
Sup35NM pPET15b Ndd/BanHi This Study
LLCys
h-Synuclein pRSETE Ndd /Hindlll D. Smith(Cappai etil., 2005a)
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Chapter 2:

Primers Used for Sequencing and PCR

Table 2.4

CLICELLE R S e ks : 990972139 11¥119¥ LD wHBLLL
Bupuznbas [ePJ3WWO) : 20109 19v3 1¥3¥0 1930 ¥a0 dil
Bupuznbag  omsiyL g 23199 1YY 1Y 1933 W97 95T 4 s£dnsg
Bupuanbag  HOMSIGL : WY LELYI09Y LY WIYID 9zeT aedng
NI IVD DD LIDVYRNY LID01WIDD 1059205
H4id L= THuweg Asdsha-NSsEdng
B 1 N e e 1 o e O X B Bl B R S T 0 L T o
dod Aoyl THWEZ B o K N o e e O s e R Fdanad |\ Nsedng
dad Adannsiy L T=PM IEOYYIOYYYILLYDOD 1D VIO 11YYOD paerIDigEdng
oy a14nog awhzul uol3alysay suanbag BLER

Antibodies used for Western Blotting

Table 2.5

Dilution

Source

Organism

Epitope

Name

Raised

Rabbit

Sup35 University of 1 in

MC

MTS50

5000
1lin

Kent

Sigma,

Goat

Rabbit
19G

Anti-rabbit antibody FITC

conjugated

2000

F9887
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Table 2.6 Chemicals
Chemical Cat.no. Supplier Relative  Density
Molecular
Mass
Propargylamine P50900 Sigma 55.08 0.86
Aldrich
Fluorescein Isothiocyanate Isomer . F4247  Sigma 389.382
Aldrich
3,3,3 Trifluoropropionyl Chloride JI6800 Manchester 146.5 1.00
Organics
11-Azido-3,6,9trioxaundecanl- 17758 Sigma 218.25 1.10
amine Aldrich
N-Succinimidyl iodoacetate (SIA) 22349 Thermofisher 283.02
4,4, 4 Trifluorobutylamine C19847 Manchester 127 0.93
Organics
N-[(1R,8S,9SBicyclo[6.1.0]nor4- 745073 Sigma 324.42
yn-9-yImethyloxycarbonyl}1,8- Aldrich
diamino-3,6-dioxaoactane
Dichloromethane Fluka 84.93 1.33
DMF Sigma 73.09 0.944
Diethyl ether Fluka 74.12 0.713
Diisopropylethylamine Sigma 129.24 0.742
Pyridine Fluka 79.1 0.982
Sodium Ascorbate A7631 Sigma 198.11
Tris(3 762342 Sigma 434.5
hydroxypropyltriazolylmethyl)amine
4,4,4Trifluorobut-2-en-1ol 007510 Fluorochem 126.08
1-Ethyny}t3,5- 630241 Sigma 238.13 1.346
bis(trifluoromethyl)benzene
NHSPEG,-Azide 26131 Thermo 740.79
Scientific
Copper (Il) Sulphate pentahydrate 209198 Sigma 249.69

2.2 DNA Agarose Gel

Table 2.7 Composition of 50 x TAE Buffer
Compound Amount
Tris base 2429
0.5M EDTA 100ml
Glacial acetic acid 57.1ml
mQ Water Upto 1L
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Tris base was dissolved in 600ml of mgD Knd treated with glacial acetic acid (57.1ml)
and 0.5M EDTA (100ml). The resulting solution was then diluted to 1L by the addition of

mQ water.

Table 2.8 Composition of a Typical 1% Agarose gel

Material Amount

1 x TAE buffer 50ml
Agarose 0.5¢g
Ethidium bromide  1pl

2.2.1 Electrophoresis Conditions
The agarose(Melford, MB120Q was dissolved in 1 x TAE buffer by microwaving on full

power for a total of 80 seconds punctuated by careful swirling to mix the solution. The gel
was allowed to cool slightligefore addition of 1ul of 20mg/ml ethidium bromide in KO

(Sigma Aldrich, E151@er 50ml of solution. Ethidium bromide was replaced with 5ul of
10000 x DMSO concentrate 8¥BR® Safe (Invitrogen, S33102) for gel imaging only. A lane
comb was then added and the gel was allowed to cool and set solid. The gel was aligned so

that the lane comb is at the anode of the gel tank and then covered with 1 x TAE buffer.

DNA samples were treated with 5 x sample loading buffer (BidBh@37045 and loaded
Ayild2 GKS 3IStx Ff2y3a GgAGK oxf BI@3B053 befdrée A y S

running at 80V until loading dye passes the 1paint of the gel.

SYBR® Safe stained gels were imaged using a FujifisiGlAcanner and Image Reader
FLAS5000 with FITC absorption and emission characteristics whilst ethidium bromide

stained gels were vislised on a UVP transilluminator for band excision.

2.3 Agarose Gel Extraction
The appropriate bands were excised from the gel using a clean, sharp scalpel and placed in

eppendorf tubesof known mass The amount of gel in the tubes was calculated arel th
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A N 7 z A A z A
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2.4 DNA Quantification
The concentration of DNA samples was measured usirigpaendorf Biophotometer or a

BMG Labtech LVis plate in conjunction with a BMG labtech Spectrostar Nano or FluorStar
Omega platereader, by monitoring the absorbance of the sample at 260nm and correcting
against a blank sample. The extinction coefficienlaible stranded DNA is 0.02(ug/ml)

MG KSNBEF2NB | O0O2NRAYy3 (2 GKS . SSNI[FYOSNI [

equal to 50ug/ml.

2.5 Preparation of Competent E.colicells
AnE.colistrain (Top10 or BL21 [DE3] pLysS) (50ul) was inoculatetdBn(Topl10 without

antibiotic and pLysS with chloramphenicol) (4ml) and incubated & 8vernight.

This overnight culture was then diluted 1 in 50 into 100ml of LB (antibiotic as above) and
incubated at 37C until the OD600 was between 0.4 and 0.Fhe culture was then placed

on ice for 10 mins, all subsequent manipulations were carried out on ice, in a cold room
and using a prechilled centrifuge The culture was harvested by centrifugation at 3000rpm
for 8 minutes at 4C and the supernatant discied. The cell pellet was resuspended (by
swirling andnot pipetting) in 100mMsterile calcium chloride (25ml) and incubated on ice
for 10 mins. The resulting suspension was clarified by centrifugation at 3000rpm for 8
minutes at 4C and the supernatardiscarded. The cell pellet was resuspendedtarile
100mM calcium chloride, 30% (v/v) glycerol (2ml) and then divided into 100l aliquots in

prechilled 1.5ml eppendorf tubes and then stored-&@°C.
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2.6

E.coli Transformation
A 100pl aliguot of compeint cells (Top10 or BL21[DE3] pLysS) were removed -861@

storage and placed on ice to thaw. 1pl of circular plasmid DNA (~100ng/ul) was added to

the sample and the cells were incubated on ice for 30 minutes before subjecting to heat

shock at 42C, ina water bath, for 60 seconds. The heat shocked cells were immediately

placed back on ice and then diluted with 1ml of LB (without antibiotic) and incubated at

37°C for 1 hour. 100l of this transformation mixture was then spread onto an antibiotic

selectve LB plate, antibiotic choice is dependent on plasmid transformed, and incubated at

37°C overnight or room temperature over the weekend.

2.7
method

Polymerase Chain Reaction (PCR) general

PCR reactions were carried out using a Roche High Fidelty PQRodiie Cat. no.

11732641001) according 2 (G K S

YI ydzF I O dzNB NR a

Ay aiNHzOG A 2y

reverse primers (Table 2.5) and a parent DNA sample (Table 2.3) with the following

compositions (Table 2.9).

Table 2.9

Table 2.10

Typical PCR Reaction Composition

Material

Concentration Volume

Parent DNA (plasmid)
Primer 1

Primer 2

dNTP mixture

PCR buffer

Tag Polymerase
H.O

>50ng/ul 2l
100pmol/ul 1l
100pmol/ul 1l
See Table 2.10 5pl

10 x S5ul

concentrate

1U/pl 1l
35ul

DeoxynucleotideTriphosphate (ANTP) mixture

Material

Volume

Deoxyadenosine Triphosphate (dATP) 100mM 2ul
Deoxythymidine Triphosphate (dTTP) 100mM 2l
Deoxyguanosine Triphosphate (dGTP) 100mM 2ul
Deoxycytidine Triphosphate (dCTP) 100mM

Double distilled water

2ul
98yl

38



Chapter 2: Materials and Method

The above reagents were combined, with the enzyme added to the mixture last. The
samples were then heated using a Techne3UQ0 thermocycler with these basic
parameters (Table 2.11), but the melting temperature of the primer guidingctizace of

annealing temperatureised.

Table 2.11 Typical Thermocycler Parameters

Program method Temperature {C) Time

Lid temperature 105

Initial 94 3 minutes
denaturation

Annealing 55 45 seconds
Extension 72 3 minutes
Cycle (30 times)

Final extension 72 5 minutes

The samples were then purified following the PCR purification protocol.

2.8 PCR Purification
t dNAFAOI GAZ2Y 2F t/w NBFIOGA2ya s61+a&a | OKASOS

pul;

C
1TAG 2N ¢KSN¥Y2FAAKSNRa DBISWOAAyYE/ wi KISIAZNK IF Wi d27

instructions.

2.9 DNA Digestion using Restriction Enzymes
5b! RAISadrAz2ya 6SNBE OFNNASR 2dzi dzaAy3a t NBYSSZ

guidelines, befly the DNA was diluted with MO and a buffer appropriate fothe
enzymes to be used. According to the Promega Restriction Enzyme Tool the appropriate
buffer for the combination of restrictioenzymesNdd/BamH is the Promega buffer D

(Table 2.12).
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Table 2.12 Table Showing the Promega Buffer Compatibility of BanaHd Ndd*

Enzyme | Buffer Supplied A B C D Multi-Core| E H Incubation Temp
BamHIl |E 75-100%:* | 75-100% |75-100% |50-75% |75-100% |100% |50-75% |37°C
Mdel D <10% =10% 25-50% | 100% 25-50% 3r°c

*This table shows the appropriate choice of Promega buffer for the digestion of DNA with the
Promega Bamkand Ndé restriction enzymes. Adapted from the Promega Restriction Enzyme tool.

The composition of the reaction mixtures were the samas described by the
manufactNB N & A y & (i NHzO (iHe 2n#@meso stoked 6nSce atdlitonéspwere ¢
then added to a solution of the DNA and buffer, mixed and centrifuged. The resulting

solutions were then incubated at 32 for 2 hours.

Table 2.8 Typical Restriction Enzyme Reaction Composition

Component Concentration Volume
DNA sample >50ng/ul 15ul
Restriction Enzyme 1 10U/ul 1l
Restriction Enzyme 2 10U/l 1l
Buffer 10 x concentrate 4l
mQH,O 20yl
Total volume 41l

The digestiorsamples were then purified either by preparative agarose gel and extraction

of the DNA from the gel or by PCR purification (depending on the size of the DNA sample).

2.10 DNA ligation
[ AL dAz2y 2F RAISEAGSR 5b! FNI IYSyRagd DNR 3SGKS!I

Ligation kit (Roche]1635379001) OO2 NRAyYy 3 G2 GKS YI ydzF I O dzNB N

insert and vector were combined in a 10:1 ratio following equation 1.

Equation 1 Equation for calculating the amount of insert required for ligation
reactions.

(Amount of vector (ng) x Size of insert (kb))/ Size of vector (kb) x Ratio of insert/Vector = ng

of insert
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This was then diluted with water and DNA dilution buffedded mixed and then
centrifuged. Ligation buffer was addéal this solutionfollowed by T4 DNAgase and the

reaction mixed, centrifuged and incubated at room temperatime2 hours.

The standard reaction composition, where X comes from equation 1 and the DNA
concentration and Y is the amount required to make the total volume 20.5Hds/n in

Table 2.14.

Table 2.14 Typical Restriction Enzyme Reaction composition

Material Concentration Volume
Vector As above 2ul
Insert As above Xl

T4Ligation Buffer 2 x concentrate  10pl
DNA dilution buffer 5 x concentrate 2l

T4 DNA Ligase 5U/pl 0.5ul
mQH,O Yl
Total volume 20.5pl

10ul of this solution was then transformed into Topl0 competent cells accorttinthe
transformation protocol(2.6) 10Qul of the transformationculture wasspread onto
antibiotic LB plates and the residual 900ul of the transformation mixtuas pelleted at
3000rpm for 5 mins, 800ul ahe supernatant removed and the cell pellet wasntly
resuspended in the remaining solution and spread onto a separate paimake sure

transformants were observed.

2.11 Plasmid isolation and purification (miniprep)
Isolation and purification of plasmid DNA frdmcolicultures was achieved using either

VAF3ISyQa vL!LINBLY {LAY aAyAtNBLI (Al 2N ¢KSI

T2t626Ay3 GKS YIydZl OGd2NBENDRA AyalNHOGA2yad
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2.12 DNA sequencing

DNA sequencing was carried out with primers described in the Tablesth the service
provided by Beckmann Coulter Genomics and the sequence analysis was carried out using

the ApEg A Plasmid Editor software.

2.13 Sodium Dodecylsulphate Polyacrylamide Gel
Electrophoresis - SDS PAGE

2.13.1 General SDS PAGE Reagents
Table2.15 4x Sample Loading Buffer Composition

Material Amount

0.5M TrisHCI, pH 6.8 Iml

10% wi/v Sodium Dodecylsulphate (SDS) 1.6ml

50% v/v Glycerol 5ml
Bromophenol blue A few grains

2-Mercaptoethanol (added just before use 5% v/v volume

Table 2.16 Coomassie Stain Composition

Material Amount

Coomassie Brilliant Blue (R or ¢ 0.4g

Methanol 100ml
Glacial Acetic Acid 20ml
HO 280ml

Table 2.17 Commassie Destain Composition

Material Amount
Methanol 500ml
Glacial Acetic Acic 200ml
H,O 500ml
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Table 2.18 General SDS PAGE materials

Material

40% w/v Ammonium persulphate (stock solution divided into 100ul aliquots and
stored at-20°C)

30% Acrylamide solution (29:1 acrylamide:bisacrylamiddjom Biorad, 1620156
40% Acrylamide solutioii37.5:1 acrylamide:bisacrylamide)from Biorad, 1630148
70% v/v Ethanol solution

Tetramethylethylenediamine (TEMER)from Sigma Aldrich, T8133
2-Mercaptoethanol¢ Sigma Aldrich, M6250

Bromophenol bluec Fisher Chemicals, B/4630/46

Coomassie Brilliat blue R250Q; BioRad, 1630400

70% v/v Glycerol

2.13.2 Tris -Glycine gel
Table 2.19 Stacking Gel Buffer Composition

Material

1M Tris
0.4% wi/v sodium dodecylsulphate (SDS, from 10% w/v stock)
pH 6.8

Table 2.20  Resolving Gel Buffer Composition

Material

1.5M Tris

0.4% w/v sodium dodecylsulphate (SDS, from 1(
wi/v stock)

pH 8.8

Table 2.21 Composition of 10 x Tri&ly Running buffer

Material

0.25M Trisbase
1.92M glycine
1.5% w/v SDS
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Table 2.22 Resolving gel composition*

Material 75% 10% 12.5% 15%

30 % Acrylamide  2.7ml 3.6ml 4.5ml 5.4ml

H,O 54ml 45ml 3.6ml 2.7ml
Resolving gebuffer 2.7ml 2.7ml 2.7ml 2.7ml
40%w/v APS 40ul  40upl 40l 40ul  ADDED LAS
TEMED S5ul 5l 5yl 5ul  ADDED LAS

*The choice of % gel is dependentraplecular weight of protein analysedPS and TEMED added
simultaneously.

Table 2.23 Stacking Gel composition

Material

30 % Acrylamide 1ml

H.O 4.2ml

Stacking gebuffer 1.75ml

40%w/v APS 40pl ADDED LAS

TEMED 5ul ADDED LAS
2.13.2.1 Tris -Glycine Electrophoresis conditions

The gels were prepared and run using either a Biorad Protean 3 system or Invitrogen Novex
Mini Cell system (with empty Novex cartridges). The resolving gel was placed in to the
cassette first, leaving enough space the lane comb, and 70% w/v ethanol placed on top

of the gel solution. When the gel had set the ethanol solution was disposed of and any

residue was removed using filter paper. The stacking gel was then placed on top of the

resolving gel and the lan@mb was inserted into the solution and the gel was left to set.

The samples were treated with 4 x sample loading dye, treated with 5% wv/v 2
mercaptoethanol added just prior to use, to give an overall 1 x concentration. The samples

were heated to 98C for5 mins and then centrifuged at 2000rpm for 30 seconds.

The gel was placed into the gel tank and the internal chamber filled with 1 sGlris
Running buffer and the external chamber was filled with 1 xGlysRunning buffer so that
the electrode was coved. The gel was loaded with 3pl of PageRuler Prestain Ladder

(Thermofisher,26616) and treated samples prior to connecting to a power pack and
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running at 180V until the Bromophenol blue from the sample loading buffer was about to

exit the gel.

The gel wa removed from the cartridge and either scanned for fluorescent bands (FITC)
using a Fujifilm FLBL100 scanner and Image Reader 5080 with the appropriate filters
selected or stained with Coomassie stain for 1 hour and then destainedcadtimassie
destain until the background blue colour was sufficiently removed itee ggood sample
band definition The gelwas then scanned using a flat bed scanner, either an Epson

Perfection V33 or Epson Perfection 3200 photo in conjunction with Epson Scan software.

2.13.3 Tris -Tricine gel
Method from http://wolfson.huiji.ac.il/purification/Protocols/Tricine.html

Table 2.24 Gel Buffer Composition

Material

3M TrisHCI

0.3% w/v SDS (added aftsolution pH
changed)

pH8.45

Table 2.25  Composition of TrisTricine Running Buffers

10 x Cathode Buffer 10 x Anode Buffer
1M Trisbase 2.1M Tris base
1M tricine pH8.9

pH 8.25

1% w/v SD%added after solution pH

changed)
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Table 2.26  TrisTricine Gel Composition

Solutions Resolving gel Stacking gel

40% Acrylamide solutior 5ml 1.05ml

Gel Buffer 5ml 2.5ml

70% viv Glycerol 2ml oml

H.O 3.1ml 6.7ml

40% wiv APS 16.5ul 20pl ADDED LA%
TEMED 6.6ul 8l ADDED LA%

®APSand TEMED added simultaneously.

2.13.3.1 Electrophoresis conditions
The gels were prepared using an Invitrogen Novex Mini Cell system with empty novex

cartridges. The gel was prepared and run according to the same method as thg\tcime
gel (2.13.21) except that the inner gel compartment was filled with Cathode buffer, the

outer compartment was filled to above the electrode with 1 x Anode bufferthadel was

run at 4°C.
2.14 Western Blot
2.14.1 Buffers

Table 2.27 Composition of TransfeBuffer

Material Amount

Glycine  2.9g
Tris base 5.8g
SDS 0.37¢g

Methanol 200ml  Added just before use
mQ HO  800ml

Table 2.28 Composition of Western Blotting Buffers

10 x Tris Buffered TBST TBSM
Saline (TBS)
500mM Tris 1xTBS 1 xTBS
1.5M NaCl 0.05% wiv 5% w/v Marvel
Tween20 skimmed milk
powder
pH 7.8
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2.14.2 Transfer Conditions
An unstained acrylamide gel was acquired actwydo the SDS PAGE protocdl2and the

gel removed from the cassette.

Hybond ECL (Enhanced Chemiluminesemseinbrane (GE Healthcare, RPN303D) and
blotting paper (2 pieces) were cut to the same size as the acrylamide gel (8.25cm x 5¢cm).
The ECL membrane and acrylamide gel were incubated together in transfer buffer for 20

minutes.

A piece of blotting paper was aked in transfer buffer and placed onto the metal plate of
the westerntransfer apparatus and rolled to remove air bubbles. The ECL membrane was
placed on top of the blotting paper, the acrylamide gel was placed on top of this and the
stack completed byhe addition of the last piece of blotting paper, soaked in transfer
buffer, to the top. Theassemblywas completed, after removal of air bubbles from the
stack, by placing the metal tq@ate on the western transfer apparatus. Transfer from the
acrylamick gel to the ECL membrane was achieved by applying a current of 10V to the stack

for 40 minutes.

¢KS YSYONIYS s6Fa NBY2OSR T NBYM KIS migules O1 + yF
before incubating with a primary antibody, diluted appropriately, Table 2.55ml of TBS

M, for 2 hours at room temperature or overnight/over the weekend &4 The primary

antibody was then removed and the membrane was washed with freshMI'B&fore

incubating with an appropriate secondary antibody, diluted in 15ml ofNIBfér 1 hour at

room temperature. The antibody solution was removed and the membrane was washed

with TBST for five minutes. The wash was repeated a further two times before

visualisation.

FITC labelled secondary antibody visualisation was achieved udhmgifibm FLA100

scanner and Image Reader FRG00 with the appropriate filters selected.
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2.15 Protein Concentration determination
Protein concentration was measured using an Eppendorf Biopheter or BMG Labtech

LVis plate (S/N 680194) inconjunction with a BMG labtech platereader (either FLUOstar
Omega or SPECTRO%® by monitoring the absorbance of the sample at 280nm and

correcting against a blank sample.

The protein concentration is linked to the absorbance of the sample throhghBeer

[ FYOSNI [lFg o0!'Tedf0 6KSNB (K SElAYyOiGAz2zy O2

amino acid residues contained in the protein and can be predicted (Table 2.29).

The concentration derived, mg/ml, can then be converted to molarity using thiecular

weight of the protein.

Table 2.29 Extinction Coefficients and Molecular Weights of Proteins Used in This
Thesis

Protein =8P Molecular Data Source
Weight
Sup35NMC 0.945 78714.2  Expasy ProtPardm
Sup35NM 0.971 30681.8 ExpasyProtParam
Sup35NMLCys  0.949 31388.5 Expasy ProtPardm
h-Synuclein 0.412 14460.1  Expasy ProtPardm
i -Lactoglobulin  0.96 18276 Sigma MSDS(Croguennec et al.
2004)
Lysozyme 2.64 14307 Sigma MSDS
Insulin B Chain  0.876 3495.89  Sigma MSDS / Expasy ProtPdre

 http://web.expasy.org/protparam/

2.16 Protein Expression
A single colony from a freshly streaked ampicillin selective LB plate was inoculated into

30ml of ampicillirselective LB and incubated at°87overnight.

Table 2.30 Protein Expresssion Reagents

Material

1M Isopropyl -D-1-thiogalactopyranoside (IPTG)
Liquid LB medim (see Table 2.1)
Ampicillin (see Table 2.1)
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20ml of the overnight culture was removed acentrifuged at 3000rpm for 10 minutes and

the supernatant was removed before the cell pellet was resuspended in 5ml of fresh LB
medium. This suspension was then used to inoculate 1L oWitiBampicillin medium
which was then incubated at 3Z until the OD600 of the culture was ~0.6. Protein
expression in the culture was then initiated by addition of 1ml of 1M IPTG, 1mM working
concentration, to the culture and then incubated at°87for 4 hours. The cells were
harvested by centrifugation at 4000rpm fdi0 minutes and then either taken on to

purification or snap frozen and stored &0°C until purification.

2.17 Protein Purification

2.17.1 Buffers and Reagents
Table 2.31 Reagents required for Protein Purification

Material

100mMPhenylmethanesulphonyl fluoride in proparol
200mM Nickel (1) chloride (NgCI

Table 2.32  Composition of Sup35 Purification Buffers*

Melki Lysis Buffer (MLB) Melki  Lysis  Buffer Denaturing Sizing Buffe
Denaturing (MLBG) (DSB)

20mM TrisHCI 20mM TrisHCI 20mM TrisHCI
1M NacCl 1M NacCl 0.5M NacCl
20mM imidazole 20mM imidazole 6M guanidine HCI

100mM PMSF (added jus 6M guanidine HCI

prior to usage)

pH3 pH 8 pH 8
*For eluting from the NNTA resin the concentration of imidazole in the buffers was
increased to 0.5M.

Table 2.33 / 2 YLJ a A aSyriglein PuFification Buffers

h- -Synuclein Lysis Buffe h-Synuclein lon h -Synuclein lon

(SLB) Exchange Entry Buffe Exchange Elutior
(SEB) Buffer (SEIB)

20mM Tris 20mM Tris 20mM Tris

100mM NacCl 1M NacCl

pH 7.5 pH 7.5 pH 7.5
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2.17.2 Nickel Affinity Resin (Ni -NTA)
The NiNTA resin was prepared by washing GE Healthcare Chelating Sep&asterlow

resin, 17057101, with 2 column volumes of mQ#, 1 column volume of 200mM NiC1
column volume of mQ¥D and finally 2 column volumes of lysis buffer.

2.17.3 Sup35 Full length

2L ofE.colicell pellet containing Sup35NMC was resuspended in 20ml of MLB, cooled to
4°C, and lysed by sonication ati8 amplitudefor four 30 second bursts with 30 second
intervals between each burst. The lysate was then clarified by centrifugation at 15000rpm
for 30 minutes at AC and the supernatant was incubated with 1ml ofNVIA resin at 4©

for 30 minutes. The resin was emlted by centrifugation at 4000rpm for 5 minutes, the
supernatant placed to one side, and the resin washed with 10ml of MLB. The resin was

then washed with 15ml of MLBG prior to elution of the protein with 1ml of MLBGE.

5ml of material from the NNTA puification was further purified by size exclusion
chromatography using a HiLodtl6/600 SuperdeX! 200pg, from GE Healthcare (2893

35), using DSB on an AktaPrime Plus system at a flow rate of 0.3ml/minute. The
appropriate fractions were combined anafen at-80°C.

2.17.4 Sup35NM

2L ofE.colicell pellet containing Sup35NM was resuspended in 20ml of MLBG and lysed by
sonication at18um amplitude for six 30 second bursts with 30 second intervals between
each burst. The lysate was then clarified byta&rgation at 15000rpm for 30 minutes and

the supernatant was incubated with 1ml of-NTA resin at room temperature for at least 2
hours. The resin was collected by centrifugation at 4000rpm for 5 minutes, the
supernatant placed to one side, and theiresvashed with 15ml of MLBG. The protein was

eluted from the NiNTA resin by washing the resin with 1ml of MLBGE.

5ml of material from the NNTA purification was further purified by size exclusion

chromatography using a GE Healthcare Hil'atb/600 Supedex™ 200pg, from GE
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Healthcare (2889335), using DSB on an AktaPrime Plus system at a flow rate of
0.3ml/minute. The appropriate fractions were combined and frozes8@iC.

2.17.5 Sup35NM-LCys

2L of Sup35NM cell pellet were resuspended in 20ml @Gk 2.5mM -Mercaptoethanol

and lysed by sonication a8um amplitude for six 30 second bursts with 30 second
intervals between each burst. The lysate was then clarified by centrifugation at 15000rpm
for 30 minutes and the supernatant was incubated witinl of NiNTA resin at room
temperature for at least 2 hours. The resin was collected by centrifugation at 4000rpm for
5 minutes, the supernatant placed to one side, and washed with 15ml of MLBG. The

protein was eluted from the NNTA resin by washingetresin with 1ml of MLBGE.

5ml of the sample from the NNITA purification was defrosted and 2M dithiothreitol (DTT)
addedto a final concentration of 50mM and incubated at RT for 1 hour. This material was
further purified by size exclusion chromatographsing a GE Healthcare HiL84d6/600
Superdex" 200pg, from GE Healthcare (289335), using DSB on an AktaPrime Plus
system at a flow rate of 0.3ml/minute. The appropriate fractions were combined and
frozen at-80°C.

2.17.6 ] -Synuclein

1L of E.colicdl pellet containing”-synucleinwas resuspended in 20ml of SLB + Roche
Complete Protease Inhibitor tablets (Ro¢li469749800) and sonicated on ice at8um
amplitude for 10 second bists with 10 second intervals for a total of 180 seconds. The
lysate was centrifuged at 13000rpm for 30 minutes &€ 4nd the supernatant collected
and acidified to pH3.5 using 1M HCI. The suspension was then rolled at room temperature
for 30 minutesand the precipitate collected by centrifugation at 13000rpm for 10 minutes.
The supernatant was then neutralised, using 1M NaOH, and then treated with ammonium

sulphate, (NB.SQ, to give a 30% solution, as determined using saturation tables
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(https://lwww .sigmaaldrich.com/content/dam/sigma

aldrich/docs/Sigma/Bulletin/a5479bul.pgfand then incubated at’€ for 20 minutes.

The suspension was then clarified by centrifugation at 13000rpm for 20 minutes and the
supernatant treated with further (NpLSQ to give a 50% solution overall (using the same
table) and then rolled for 30 minutes af@. The resulting precipitate was collected by
centrifugation at 13000rpm for 30 minutes at@ and then dissolved in 2.5ml SEB and the
excess ammonium sulphate was rewed by buffer exchange into SEB using a PD10

column, GE Healthcare DB51-n MmX | OO2NRAYy 3 (G2 GKS YI ydzFl Ol dzN

The resulting material was then purified by ion exchange chromatography on an AktaPrime
Plus system with a strong anion exchang&rbdi” Q FF 5ml cartridge (GE Healthcare, 17
5156:01) and the standard ion exchange method with a linear gradient f&&B to SEIB.

The desired protein fractions were collected and assessed by SDS PAGE analysis.

The sample was then snap frozen and stoetd80°C or transferred directly into fibril

F2NXYAY3 o0dzZFFSNI dzaAy3a + t5mn O2fdzyy I OO0O2NRAY3
2.18 In vitro Polymerisation
2.18.1 Materials

Table 2.34 Composition of Fibril forming buffers

Sup35 fibril forming buffer h -Synuclein fibril forming [ & & 2 1 &-lacFlobulin
(SFFB) buffer (SyFFB) and insulin B chain fibril
forming buffer

20mM Sodium phosphate 25mM Sodium phosphate 10mMHCI
50mM NacCl
pH 7.4 pH 7.5 pH2
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All buffers were filtered using a 0.2um syringjéter prior to use in polymerisation
reactions.

Table 2.35 Commercial Proteins Utilised fan vitro Polymerisation

Protein Purity Supplier Catalogue No.

Lysozyme from chicken egc » d /&2  Sigma Aldrich L6876
white

i -Lactoglobulin B, from X tpsE’:  Sigma Aldrich L8005
bovine milk

Insulin Chain B Oxidised, Yy /&2 Sigma Aldrich 16383
from bovine pancreas

2.18.2 Sup35 Full length, Sup35NM, Sup35NM-LCys

Polymerisation
2.5ml of pure protein in DSB was exchanged into 3.5ml of SFFB using a PD10 column

according tol KS Yl ydzFI O dzNBENREA AyadaNHzOGA2yad ¢ KS
appropriate concentration (10uM, 5uM etc) and incubated at@without agitation. Post

buffer exchangeusing aPD10 columnall manipulations of the Sup35 solutions were with

low bind tips (VWR 5350294 (with Spidersilk’ surface)), and Protein LoBind 1.5ml tubes
(Eppendorf, 022431081).

2.18.3 ] -Synuclein

2.5ml of pure protein in SEIB was buffer exchanged into SyFFB u$tijlG column

I OO2NRAY3I G2 GKS YI ydzZFl OGdzZNENRAa Ay aidNHzOGA 2y
sodium azide, syringe filtered using a 0.2um filter and incubated at a concentration
>200uM and at 37C with orbital agitation (160rpm) for 2 weeks.

2.18.4 Lysozyme (pH2)

Lysozyme waslissolved inlOmM HCI to give a protein concentration of ~20mg/ml and

then syringe filterecthrough a 0.2ummembrane Theresulting solution was diluted to

give a concentration of at least 699uM (10mg/ntigated to 66C for 14} hours in a heat

block and then allowed to cool to room temperature.
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2.18.5 [ -Lactoglobulin (pH2)
I -Lactoglobulin was dissolvad 10mM HCI to give a protein concentration of ~20mg/ml

and then rolled for 1 hour. The solution was filtetdlough a 0.2ummembraneand the
resulting solution was diluted to give at least 300uM (5.5my/mnhd then heated to 9T
for 5 hours in a heat block and then allowed to cool to room temperature.

2.18.6 Insulin chain B (pH2)

Insulin chain B wadissolved illOmM HCI togive a protein concentration efLOmg/ml and
then syringe filterecthrough a 0.2ummembrane Theresulting solution was diluted to
give a concentration of at least 500uM (1.7mg/nald then heated to 61C for 48 hours in

a heat block and then allowed tmol to room temperature.

2.19 Fibril Fragmentation
500l of a 120uM fibril suspension (according to initial monomer concentration) was put

into a clear HPLC vials (HPLS, Chromacol, V944/950) with a stirring bar (cylindrical 8 x 3mm,
VWR, 4424520) andplaced onto the centre of an IKA color squid stirrer plate (IKA,
0003671000), held in position by double sided tape. The sample was then stirred at
1000rpm under the cover of an aluminium foil covered plastic box to prevent the
interaction of light with he sample. At appropriate time points aliquots of the
fragmentation were removed, diluted appropriately and adsorbed onto freshly cleaved

mica surfaces.

The surfaces were then imaged according 2.33.

2.20 Residual Monomer Assay
100ul of 120uM unfragmentfibrils andof the fibril fragmentation were centrifuged at

75000rpm for 15 minutes using a Beckman Coulter Optifaa Ultracentrifuge. The top
10ul of the supernatant from each was removed and then treated with 4 x SDS PAGE

sample loading dye and heated to°@5for 5 minutes. These samples were then loaded
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onto a tristricine or 15% trigglycine SDS PAGE along wathserial dilution of the
monomeric protein from 60uM to 1.875uM. The gel was then run according to the SDS

PAGE protocol, 2.2.13, wilbomassie staining.

The stained gel was then scanned on a flat bed scanner, either an Epson Perfection V33 or
Epson Pdection 3200 photo in conjunction with Epson Scan software. The resulting image
was then analysed using the densitometry componenthef Aida Image Analyzer V4.15

software.

The fibril and fragmented fibril samples were then compared with the serialiatiland
each other to show any change in the amounts of monomers not incorporated into

aggregates.

2.21 Fibril Formation Kinetics z Thioflavin T (ThT)
Assay

Monomeric protein solutions were transferred into fibril forming buffesing a PD10
coumnaccoRAYy 3 (2 GKS YIydzFlFI O0dzNBENRA AyaildNHzOGA 2y
appropriate concentration, typically 10uM, 5uM and 2.5uM, with fibril forming buffer. 1pl

of ImM ThT solution was added to 100l of protein monomer solution. The final volume is

100ul per well using a black 96ell plate (BRANDplate, Brand GMBH, 781608). Each plate
contains reference samples of fibril forming buffer and ThT with no protein. The plates are

sealed using a transparent film-Clear Advanced Polyolefin StarSeal, S, E2796

9795) and placed into a BMG labtech platereader (Omega) with filters for 440nm and

480nm BMG 440BP1@nd BMG 480BP1@espectively) The samples were mixed with

double orbital shaking and the fluorescence measured every 30 minutes by excition

440nm and monitoring the emission of the sample at 480nm.

55



Chapter 2: Materials and Method

2.22 SDD-AGE ofin vitro Derived Polymers
2.22.1 Reagents
Table 2.36 Composition of SDD AGE Buffers
3 x SDD AGE Sample Buffer G Laemmli Buffer
Buffer
180mM TrisHCI 20mM Tris Base 20mM Trisbase
15% v/v glycerol 200mM glycine 200mM glycine
6% w/v SDS 0.1% w/v SDS
0.15% w/v bromophenol
blue
pH 6.8

Table 2.37 Composition of SDBgarose Gel

Material

1.5% w/v agarose
0.1% w/v SDS
All dissolved in Buffer G

2.22.2 Procedure
The agarose was suspended in Buffer G and then microwaved on full power for 20 second

bursts, until the agarose is dissolved. A stirrer bar is added and the mixture is stirred,
whilst 20% w/v SDS was added to give a final concentration of 0.1%. Thasgpbured

into an empty DNA gel holder, with a lane comb inserted. The gel was allowed to set and
then orientated so that the gel is in line with the electrodes with the comb at the negative
end (cathode) of the gel. The gel was covered with Laemmlebaffd incubated for 30
minutes.

The samples were prepared by treatment with 3 x SDD AGE sample buffer and then
incubated for 5 minutes prior to loading into the gel lanes.

The gel was then connected to a powerpack and run at 125V until the bromopheol blu

from the sample buffer had travelled 7cm.
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The gel was removed and imaged usirftpeibed scanner, either an Epson Perfection V33
or Epson Perfection 3200 photo in conjunction with Epson Scan softwdhaorescently

labelled fibrils were used.

2.23 Protein Ligation through Amide formation

X=PEG 12

Hen egg lysozyme, >500uM, in pH 7.8 phosphate buffered saline (PBS) was cod@d to 4
and mixed by rolling. To this cooled solution 1.1 molar equivalents of a 10mM DMSO stock
of NHS PEGN; was added. The sarigs were mixed by rolling for 2 hours d&Ctand then

quenched with 200l of 1M tris(hydroxymethyl)aminomethane and rolled for 30 minutes.

The residual reagents were removed by buffer exchange into pH 8, 20mM sodium

phosphate using a PD10 column according G KS Y I ydzFl OG0 dzZNBNRa Ayadl

2.24 Protein Ligation By lodoacetamide
displacement
0O

I
.~ e ™Y
O

A denatured solutiorof a cysteine containing mutaf20mM phosphate, 50mM NacCl, 6M

guanidine, pH 7.5yvas defrosted from-80°C and then treated with a stock solution of an
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lodoacetamide reagent (Bnolar equivalentsin DMSQ and then incubated in a flask,

protected from light by silver foil, for 2 hours

The sample was then purified by buffer exchange into fibril forming buf$@argua PD10
F2ff26Ay3 YI ydzF I O dzNB 8ECuntiA padficatob#Orther feglction 2 NJ & ( 2

in a vial protected from light by silver foil.

2.25 Protein Ligation using CUAAC chemistry
Q

NH
S S_>_ oy R
o ~(Y
§ N

Z:

This method is applicable to both azide modifigdozyme and Sup35 although if the
material is at pH2 the pH should be raised to at least pH5 for the duration of the
experiment and then racidified at its conclusion. The presence of denaturant (guanidine)

also seems to slow the rate of the conjugation

2.25.1 General method for CUAAC reaction

The tris(3hydroxypropyltriazolylmethyl)amine was added to a solution of the azide
containing monomer and alkyne. The Cw3@s then added to this solution with the
sodium ascorbate being added last. The read were then incubated with mixing, on a

roller, for 2 hours at room temperature.

The excess reagents could be removed by PD10 purification according to the
YIydzFlI OGdzNENRA AYyadNHzOGA2ya 2N GKS NBIFOUAZ2Y

pH2.
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Table 2.38 General CUAAC Reaction Composition

Material Molar equivalent
Azide containing monomer 1
Alkyne 5
CuSQ@5H0 5
Tris(3hydroxypropyltriazolylmethyl)amine 20
Sodium ascorbate 100

2.26 Protein Ligation Using SPAAC Chemistry

H H

(0] Ny
1 \)\\ /\X/\N_\N
. R - T
L

X
L H H

IQ],
2.26.1 General method for SPAAC reaction

The azide containing monomer was treated with a stock solution of the BCN labelled

material and incubated at room temperature for 4 hours.

Excess reagents could then be removed by buffer exchange using a PD10 column according

toYl ydzFlF OG0 dzNBNRE AyadaNHzOGA2yad

Table 2.39  General SPAAC Reaction Composition

Material Molar Equivalents

Azide containing monometr 1
Bicyclononyl (BCN) 10

59



Chapter 2: Materials and Method

2.27 Synthesis of FITC-Alkyne
A FITC alkyne conjugate was synthesised following the method of X(Xetahd Ye,
2011)
S
N\ :
N

Ot "N Ot
HO |O O OH - " HO |O O OH

Mol. Form. =C,H;,NO.,S Mol. Form. = C,H:N Mol. Form. = C,,H,(N,0.S
Form. Weight = 389.38074 Form. Weight = 55.0785 Form. Weight = 444.45924

Table 2.40 Reagent table for the synthesis of FFRIkyne

Reagent Molar equivalent Density Amount mmoles
(g/ml)

FITC 1 - 5mg 0.0128

Progargylamine 55 0.86 45pl 0.703

DMF Solvent 55ul

The FITE5Gmg/0.01lmmoles) was dissolved in DMF (55ul) and treated with propargylamine
(45ul, 0.703mmoles) and stirred overnight at room temperature in the dark. To this
solution 950pul of 1:1 MeCN;B were added to give a 12.8mM stock solution of the alkyne

labelled dye (assuming complete and successful reaction of the FITC).
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2.28 Synthesis of N-(2-{2-[2-(2-
azidoethoxy)ethoxy]ethoxy}ethyl) -2-iodoacetamide z
lodoacetamide PEG Ns

Ny Ny
Ny
N

Ny
SI\IH
So o)

[ O
SR Y

1 L

Ofo

NH,
Mol. Weight =218.25  Mol. Form. = &INQ, Mol. Weight =386.19
Mol. Form. =g .N,O, Mol. Weight = 283.02 Mol. Form. = (H,JN,0,

Density = 1.1g/L

Table 2.41 Reagent table for the synthesis éddoacetamide PEGN

Reagent Molar Density Amount mmoles
equivalent (g/ml)

11-Azido-3,6,9trioxaundecanl- 1.05 1.10 1.16mg 0.0053

amine

SIA 1 - 1.94mg 0.00505

DCM Solvent 200ul

The amine (1.16mg/0.0053mmoles) and  succinimidyl iodoacetate (SIA)
(1.94mg/0.00505mmoles) were dissolved separately in (50ul and 100ul respectively)
dichloromethane (DCM) and cooled t8C4 The solutions were mixed and incubated on ice

for 5 minutes before rolling at room temperature for 2 hours.

The DCM was evaporatedhder a stream of bisyand then redissolved in DMSO to give a

stock solution (~20mM).

LGMS¢ shows one peak MS (ES): (M§387.0511
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2.29 Synthesis of 2-iodo-N-(4,4,4-
trifluorobutyl)acetamide  z lodoacetamide CF3

O
Molecular Weight = 127.1082296 Molecular Formula =8.NOC, Molecular Weight = 295.0414396
Molecular Formula = C,H F;N Molecular Weight = 283.02061 Molecular Formula = C H F,INO
Table 2.42 Reagent table for the synthesis of lodoacetamide CF3
Reagent Molar equivalent Density (g/ml) Amount mmoles
4,4, 4 Trifluorobutylamine 1.05 0.93 1.18mg 0.0092
SIA 1 - 3.4mg 0.0088

DCM Solvent 200ul

The amine  (1.18mg/0.0092mmoles) and  succinimidylodoacetate  (SIA)
(3.4mg/0.0088mmoles) were dissolved separately in (2 x 100ul) DCM and coolé@.to 4
The solutions were mixed and incubated on ice for 5 minutes before rolling at room

temperature for 2 hours.

The DCM was evaporated under a stream gf Bnd then redissolved in DMSO to give a

stock solution (~20mM).
LGMS shows one peaklS (ES): (M} 295.9665

2.30 Synthesis of 3,3,3-trifluoro -N-(prop -2-yn-1-
yl)propanamide - CR-Alkyne

F H,N F

\||| — FF Y—NH
CH 0 \—=cH

0]
Molecular Weight = 146.49558%60olecular Weight = 55.0785 Molecular Weight = 165.11314¢
Molecular Formula =8,CIFO  Molecular Formula =8N Molecular Formula =8,FENO
Density = 1.00 Density = 0.86
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Table 2.43 Reagent table for thesynthesis of CFAlkyne

Reagent Molar Density Amount mmoles
equivalent (g/ml)

3,3,3 Trifluoropropionyl 1 1 146pl 0.001

Chloride

Propargylamine 2.5 0.86 160pl 0.0025

Diethyl ether Solvent 2ml

Propargylamine (160ul/0.0025mmoles) was dissolvedi@thyl ether (2ml) and cooled to
4°C. The acid chloride (146ul/0.001mmole) was then added to this solution in three
portions and the reaction incubated at’@ for 10 minutes before mixing at room

temperature for 20 minutes.

The reaction was diluted witliethyl ether (3ml) and then washed with 700ul 1M HCI
solution (x2) and then a saturated NaCl solution (x2). The diethyl ether was then
concentrated under a stream of,fj) to give a gummy solid. The material was then

dissolved in DMSO to give a 100mMcit solution.

LGMS shows one major component with some small impurités (ES): (MN}1.88.0321

2.31 Synthesis of N-[(1R,8S,9s)-Bicyclo[6.1.0]non -4-
yn-9-ylmethyloxycarbonyl] -1,8-diamino -3,6-dioxaoctane FITC
conjugate - BCN-FITC

S

_ \,

[e] H HO
O o OJLNH’\/O\/\O/\/NHWNH o}
H Ho S
X 98 0
o NH —
T T e e e <00
HO o OH

Mol. Weight = 324.415  Mol. Form. = GH, \NO,S Mol. Weight = 713.796
Mol. Form. = GH,.N,0, Form. Weight = 389.38 Mol. Form. = GH,N,O,S
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Table 2.44 Reagent table for the synthesis of BEMNTC

Reagent Molar Density Amount mmoles

equivalent (g/ml)

N-[(1R,8S,9SBicyclo[6.1.0]nor4-yn-9- 1 - 2.1mg 0.0065
ylmethyloxycarbonyl}1,8-diamino-3,6-
dioxaoactane

FITC 1.05 - 2.66mg 0.00683
DCM Solvent 100pl
DMF Solvent 50ul

The BCN amine (2.1mg/0.0065mmoles) was dissolved in DCM (100ul) and the FITC
(2.66mg/ 0.00683mmoles) was dissolved in DMF (50ul). The two solutions were cooled to
4°C, combined and then incubated &tCtfor 5minutes before mixing, by rolling, at room

temperature for 2 hours.

The DCM was removed by evaporation under a stream 4f &hd the resulting DMF

solution was diluted with DMSO to give an ~60mM stock solution.

LGMS shows one major component with sosmall impuritiesMS (ES): (M} 714.2371

2.32 Synthesis of N-[(1R,8S,9s)-Bicyclo[6.1.0]non -4-
yn-9-ylmethyloxycarbonyl] -. -(1,1,1)trifluoropropionyl -1,8-
diamino -3,6-dioxaoctane 7 BCNCR

o

. j?\ F>r>—CI . Fjjl\ .
0 NH’\/O\/\O/\/NHZ — 0 NH’\/O\/\O/\/NH](\i/F
FF O F
Mol. Weight =324.415 Mol. Weight = 46.496 Mol. Weight = 434.45
Mol. Form. =LCH,.N,O, Mol. Form. = E1,CIEO Mol. Form. = C5H,oFN,O,
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Table 2.45 Reagent table for thesynthesis of BCKCR

Reagent Molar Density Amount mmoles

equivalent (g/ml)

N-[(1R,8S,9SBicyclo[6.1.0]nor4-yn-9- 1 - 2mg 0.00615
ylmethyloxycarbonyl}1,8-diamino-3,6-
dioxaoactane

3,3,3 Trifluoropropionyl Chloride 1.6 1.00 1.44mg 0.00984
Pyridine 40 0.982 19.8ul  0.246
DCM Solvent 190pl

The BCN amine (2mg/0.00615mmoles) was dissolved in 100l DCM, coof€andithen
treated with a 50ul DCM solution containing pyridine (19.8ul/0.245mmoles). The acid
chloride (1.44mg/0.00984mmoles) was dissadlvie 40yl DCM, cooled t0°@ and then
added to the amine solution slowly. The reaction was then incubatedGfar 5 minutes

and then mixed at room temperature for 2 hours.

The material was then diluted with 300ul DCM and washed with 300ul pH2 HCltithese
The organics were then evaporated under a stream gf, &hd the resulting material was

dissolved in DMSO to give a concentration of about 20mM.

LGMS very small peak which looks like tp@aksMS (ES): (MH435

2.33 Electron Microscopy

2.33.1 Surface Deposition
Fibril samples were diluted appropriately, typically 1:4 with double distillgd, POul was

then placed onto a 400 mesh carbon/formavar coated copper surface and incubated for 30
seconds. The excess solution from the surface veanoved bya pipette attachel to a
water vacuum pump. The surface was then incubated with 20pl of 2% wi/v uranyl acetate

solution for 1 minute. The excess uranyl acetate was then removed by vacuum and the
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sample allowed to air dry for 10 minutes bef@®ring in a grid box until use. The vacuum
manifold was washed with copious amounts gOHo remove uranium residues.

2.33.2 Imaging

Surfaces were imaged using Jeol JEM 1230 transmission electron microscope, at
anaccelerating voltage of 80kV, withaian Multiscan camera Model 791 and Digital

Micrograph software. Imagesere captured at multiple magnifications with and without

scale bars.
2.34 Atomic Force Microscopy (AFM)
2.34.1 Deposition

A mica disc (Agar scientific, F7013) was attached teel surface (Agar scientific,) using

double sided tape. The top layer of mica was removed using tape.

20pl of a fibril sample diluted appropriately in fibril forming buffeasincubated on the
cleaved mica surface for an appropriate length of time (@&x6). The excess sample was
then washed away with an appropriate volume of mQHTable 2.46). The surface was
then dried under a stream of A}y, (Standard) or by removing residual water with a filter
paper placed on the extreme edge of the mica surface held vertically and then the drying

was finished with a very gentle stream ofJNGentle).

Table 2.46 The different deposition conditions for AM imaging

Protein Deposition Incubation Wash Ny dry
concentration time Volume conditions

Sup35 Full 10uM 5 minutes 1000l Standard

length

Sup35 NM 10uM 5 minutes 1000ul Standard

Sup35NM¢ 10uM 5 minutes 1000l Standard

LCys

Insulin B chain 3uM 5 minutes 1000ul Standard

h-Synuclein 0.48uM 5 minutes 1000pl Gentle

i -Lactoglobulin  0.6uM 5 minutes 1000ul Standard

Lysozyme 3uM 5 minutes 1000pul Standard
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2.34.2 Imaging
Prepared samples were imaged using a Bruker Multimode AFM with a Nanoscope V

controller. Samples were imaged using a ScanAsyst probe (A silicon nitride triangular tip
with tip height = 2.88um, nominal tip radius = 2nm, nominal spring constant Ordldhd
nominal resonant frequency 70kHz) and the ScanAsyst experiment in the Npadsd®

software.

Typically images were captured at a resolution of 9.77nm per pixels scanned (typically
10pum x 10pum at 1024 x 1024 pixels or 20um x 20um at 2048 x 2048 pixels). All images are
processed using the Nanoscope Analgsiiware. The image Isaline was flattened using

3" order correction, the streaks removed from the fibrils by lowering the z threshold % and
the data then saved as a PNG file and a processed imageitfilea file extension of .001

for recognition by the tracing software

2.34.3 MatLab Analysis

The processed image file, with a file extension of .001, was opened ifibtteetracing
MatLab application and Auto Trace Polymers was selected. The apparent width, search Phi
and z cutoff values were inputted into the software ana ttracing was initiateqTable

2.47) The completed traces were saved. The optimum values of each parameter were
determined by trial and error modification of each value until the most accurate trace was

achieved.

Table2.47 Table showing the values usddr the tracing of the fibrils samples

Protein Appargnt Width Search Phi°j  Z cutoff (nm)
(pixels)
Lysozyme 3 50 1
h-Synuclein 4 40 1.5
i -Lactoglobulin 2 60 1

The resulting image file was saved and the fibril data extracted using the PolProp app (Beal,

Appendix 1).
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The persistence lengths were calculated from the traced polymers using the CalcLp app
(Xue, unpublished). The method of bias correction was caézuilay taking the combined

fragmentation data and inputting into the LcBiasCorr app (Xue, unpublished). This
correction method was then used in conjunction with the same data using the PlotLcDistr

app (Xue, unpublished) to give the corrected data.

2.35 Liquid Chromatography - Mass Spectrometry
(LC-MS) 7 Electrospray

LGMS of samples was achieved using an Agilent series 1100 HPLC system controlled by
Bruker Compass Hystar 3.2 software. The instrument was primed with appropriate buffers
prior to the apprgriate column being attached. The samples were placed in a HPLC vial
(HPLS, Chromacol, V944/95@hich where necessary(particularly protein samplgs
contained an insert (Verexinsert, 5mm diameter, 175ul, conical bottom, with spring
bottom, Phenomenex, RG4521-13) allowing for the use of low volumes.

2.35.1 Protein
Table 2.48 Protein electrospray L®&S conditions

Column  PhenomenexQ0B4167-130, Jupiter, 5um, C4, 300A, 50 x 2.00mm

Buffer A 95.95% v/v KD, 0.05% v/v trifluoroacetic acid
Buffer B 4.955%v/v H,O, 95% v/v acetonitrile, 0.045% v/v trifluoroacetic acic

The column was equilibrated with Buffer A at a flow rate of 0.2ml/mim a column
temperature of 36C. A sample table was prepared using the Hystar software. The generic
protein desalt méhod (desalt.m) was used as the chromatography method, the generic
protein mass spec methodpéptide_Ic_nomsms.m) was used for the mass spectrum

capture and the generic protein processing method (protein.m) was used for processing.

Sample analysis was ciaat out using the Bruker Compass DataAnalysis 4.1 software. A

datafile was opened, and an average of the MS data under a peak was selected giving a
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charge envelope which was smoothed using a Savi{BsKgy function. The resulting

charge envelope was thateconvoluted to give theeconvolutedmolecular weight.

2.35.2 Small molecule
Table 2.49 Protein electrospray L®MS conditions

Column  Phenomenex, 008387130, Synergi, 2.5um, HydRR 100A, 50 x 2.00mt
2um

Buffer A 95.95% v/v KD, 0.05% w/v ammoniuformate

Buffer B 4.955% v/v KD, 95% v/v methanol, 0.045% w/v ammonium formate

The column was equilibrated with Buffer A at a flow rate of 0.2ml/min and a column

temperature of 30C. A sample table was prepared using the Hystar software. The generic
small molecule method (Small molecule.m) was used as the chromatography method and
the generic small molecule mass spec method (Small_start.m) was used for the mass

spectrum capture.

Sample analysis was carried out using the Bruker Compass DataAnalysi$twlate A
datafile was opened, and an average of the MS data under a peak was selected giving and

smoothed using a Savitskyolay function. No charge deconvolution is required for small

molecules.

2.36 Nuclear Magnetic Resonance spectroscopy
(NMR)

2.36.1 Sample preparation

Samples are diluted to an appropriate concentration with fibril forming buffer, volume of
500ul, BO (60ul) was also added to samples as well, dioxane (varied amount depending on
the sample concentration) and a fluorinated refaoe sample (either trifluoroethanol or

4,4 4trifluorobut-2-en-1-ol) (varied amount depending on the sample concentration).
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2.36.2 Acquisition conditions
All spectra were acquired at 26 using a-¢hannel, 14.1 T (600 MHz 1H) Bruker Avance I

NMRspectrometer equipped with a 5mm QElcryoprobe and Bruker TopSpin software by
Michelle Rowe.The parameters and experiments used for each experiment are shown in

Table 250.

Table 250 NMR Parameters for Spectra Acquisition

Data No. Of Spectral Offset Acquisition

Sample Pulse Seq. points Scans Width (ppm) (ppm) time (s)

Lysozyme
Monomer (19F)
Lysozyme Fibrils

with TFBenol stegplsid 8192 4096 80.5136 -95 0.0901120
(19F)
Lysozyme Fibrils
with TFE (19F)

Lysozyme
Monomer (1H)
Lysozyme Fibrils

with TFBenol  stebpgpl1s191d 32768 128 7211.539 4700 2.2719147
(1H)
Unlabelled Fibrils
(1H)
Sup35NM 19F
Labelled (1H)

stegplsild 32768 512 80.5136 L15 0.3604480

stegplsild 8192 4096 80.5136 L15 0.0901120

stebpgp1s191d 32768 128 7211.539 4700 2.2719147

stebpgpls191d 32768 128 7211.539 4700 2.2719147

stebpgp1s191d 32768 4096 7211.539 4.700 2.2719147

2.36.3 Data Analysis
The captured spectra were processed using an exponential window function with varying

levels of line broadening, phased using the automat&dobder correction algorithm
(apk0), then manually baseline corrected using the Bruker Topspin 3.2 software and
exported as a textfile. The data was then imported into MatLab and concatenated to give a
data set containing the NMR spectra of the sample witadient strength of between 5%

and 95% maximum. A single peak is selected from the data and the area under the
appropriate peak calculated. The decay of peak intensity with increasing gradient strength
was fitted to the StejskalTanner equation(Equation 5.2) using the MatLab curve fitting

tool.
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2.37 Confocal Microscopy of Fluorescent Fibrils

2.37.1 Sample Preparation
A mica surface was attached to a microscope slide using daidee tape and then

cleaved using electrical tape. 20pl ofd&up35NM LCys;BCN FITC was incubated for 5
minutes before washing with 1ml of syringe filtered mQtand drying under a stream of

Na(gy

2.37.2 Acquisition conditions

Samples were visualized, B Dan Mulvihill, using an Olympus IX71 microscope with
PlanApo 100x OTIRFBP 1.45 NA lens mounted on a PIE@Ks focus drive (Physik
Instrumente, Karlsruhe, Germany), and illuminated using LED light sources (Cairn Research
Ltd, Faversham, UK) with appropriate filters (Chroma, Bellows Falls, VT). Samages w
visualized using a QuantEM (Photometrics) EMCCD camera, and the system was controlled
with Metamorph software (Molecular Devices). EachBBximum projection of volume

data was calculated from 2ALJ I yS AYIl 354> SIOK ndu >Y |

Autoquant X software.
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3.1 Introduction
The rise of molecular biology since the early 1930s, the subsequent identification of the

structure of DNA by Franklin, Watson and Crick in the 1950s and the unlocking of the
genetic code by Criait alin 1961(Crick et al., 1961re key landmarks in the development
of recombinant DNA technologies (rDNA) as a tool for both the understanding of biological
systems and the curing of disea@lenberger, 2004) rDNA technology has evolved from
the seminal work of Jacksat al (Jackson et al., 197®%hich describes the strategy and

techniques required to incorporate exogenous DNA into cell systéatsihl, 2008)

Digestion Ligation
—_— —_—

Transformatior

Product : @ Induction of O
Purification @D @ Product Synthesis

- -

N N

Figure 3.1 The Process of rDNA Material Production

Bacterial plasmid DNA is digested by tmtion of Restriction Enzymes (Digestion) whick
followed by recircularisation of the plasmid DNA by ligation of a DNA fragment encodir
the required product into the plasmid (Ligation). Insertion of the plasmid DNA ini
competent bacterial strai (Transformation) is followed by induction of product synthe
(Induction of Product Purification) and then purification of the generated product (Proc
Purification).

The work of Edwardediner, 1796, on the use of bovine pox to vaccinate against small pox

showed the power of biologicahaterialsfor the treatmentof diseasgRiedel, 2005put it
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was not until 1976 with the funding of Genentech and their subsequent use of rDNA to
produce somatostatin, 1977, i. colithat the modern biotechnology era startgttakura

et al., 1977) rDNA has become integral to the study of biochemistry, interactions of
proteins (Rosano andCeccarelli, 2014and the production of biotherapeutics such as the
highly specific monoclonal antibodies and has led to a dramatic rise in the market share of

biologics compared to their small molecule counterpg@®odman, 2009)

For all rDNA techriogies, the purification of the produced material from the cellular milieu

is paramount to their use, whether as therapeutics or for biochemical and biophysical
studies (Fig. 3.1). Purification of molecules, small or large, often relies on using their
physical/chemical properties to differentially partition between two mediums i.e. size
exclusion chromatography and ion exchange chromatography. One of the major benefits
of the rDNA technology is the ability to genetically encode modifications to proteins f
multiple purposes including the addition of tags which allow for affinity capture of the

product onto a resin i.e. His, GST and FLAG(Yagsng et al., 2012)

As previously discussed the aggregation of proteins into amyloid is important biologically.
Industrially, the aggregation of synthetic biomolecules during their syrdhasd storage
causes a significant loss in yield associated with the Nmang et al., 2009b)and more
worryingly, the developmen of localised amyloidosis can be associated with their
administration, for example Insulifyumlu et al., 2009) Considering the hypothesis that all
proteins under the appropriate ealitions can convert into the amyloid staf€hiti et al.,
1999; Dobson, 1999jhese processes are not surprisimyt they highlight another reason

why understanding and prevention of amyloid is important.

The conversion gfrotein into amyloid fibrils follows a nucleated growth mechanism which
requires a changdrom native monomer conformation to one which comtaia larger

proportion of beta sheet (Serpell, 2000) The optimalconditions required for this
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conformational change and baequent polymerisation can vary considerably, for example
different pH, and temperature change. The generation of high concentrations of pure
protein, as expected with rDNA, also increases the probability that two misfolded proteins

will come into contacand therefore the potential for nucleation also increases.

rDNA technology is utilised to generate some of the amyloid forming proteins investigated
Ay (KAA (K§aNVADt S GxdzR Miadoglibulip andlasllia B Gain. |
3.1.1 ] -Synuclein

h-Synuclein is a 14.6kDa intrinsically disordered protein (IDC) (Fig. 3.2) whose aggregation
into amyloid fibrils has been associated with the onset of the neurological disorder
tF Nl AYyaz2yQa -tBigabdo@mandof-sytuéledh hds been slvn to interact

with other proteins like chaperoneRekas et al.,, 2004; Souza et al., 208 the C
terminal domain provides sohility but also has a role in affecting the rate of amyloid
formation (Uversky et al., 2001) The early stages df-synuclein fibril formation is
promoted by the presence of dopamili€appai et al., 2005l@nd fbrils formed have been
shown to be a major component of Lewy bodies, found in dopaminergic neurons at disease
onset (Li et al.,, 2001) The disease is commonly found in older patients but the faster
aggregating A30P and A53T point mutants of the protein have been found to cause the

early onséforms of the diseaséConway et al., 1998; Li et al., 20@Fy. 1.3 and Fig. 3.2).

MDVFMKGLSKAKEGVVAAAEKTKQGYSEKAKEGVLYVGSKTKEGVVHGVAEKTK
EQVTNVGGAVVTGVTAVAQKTVEGAGSIAAATGFVKKDQLGKNEEGAPQEGILEDMPV
DNEAYEMPSEEGYQDYEPEA

Figure3.2 ! YAY 2 | OAR SyWilicensy OS 2F h
¢KS LINRYF NE | YA Y-Bynlcloin with theSppsitadnyoiatite AZOP (red) and t
A53T(green) mutants marked.

3.1.2 Sup35
The aggregation of the yeast translation termination factor eRF3, alternatively known as

Sup35, is central to thePB1] phenotype discovered by Brian Gax1965(Cox, 1965)and is
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an example of a prior{Tuite and Cox, 2006) Polymerisation of Sup35 into amyloid
aggregates iad their subsequent chaperone mediated fragmentation into propagons is key
to their transmission from one cell to anothér.10.1)(Byrne et al., 2009; Cox et al., 2003)
The Sup35 amino acid sequence bansplit into3 domains, each with different functions,
and separated by methionine residues (Fig. 3.3). The N terminal domain is the amyloid
forming region, the M domain contains polar residues thought to be important for
solubility and the C terminal doain is responsible for the ATP dependent translation
termination activity of the protein(Glover et al., 1997) As the PS1] phenotype is a facet

of the N and M domains, and not affected by the C domain, a lot of the research into the
initiation and propagation of the phenotype have been carried out on the truncated form
of the pmotein containing only the N and the M domains, Sup35NM. Recent work has
raised the importance of the C domain showing that mutations within its sequence can
affect the phenotype observed ipeast showing the importance of considering the full
length protan, Sup35NMCKrzewska andMelki, 2006; Krzewska et al., 2007)The
threonine residue at position 341 in the C domain of the protein is remote from the fibril
forming region and therefore should not affect thegi] phenotype observed but mutation

to aspartate or alanine causedsthality and PSI] phenotype weakening respectively

(Kabani et al., 2011)

NSDSNQGNNQONYQQYSQNGNQQQGNNRYQGYQAYNAQAQPAGGYYQNYQGYSC
QQYNPDAGYQQQYNPQGGYQQYNPQGGYQQQFNPQGGRGNYKNFNYNNNLQGYQ
SQABLNDFQKQQKQAAPKPKKTLKLVSSSGIKLANATKKVGTKPAESDKKEEEKSAETI
EPTKEPTKVEEPVKKEEKPVQTEEKTEEKSELPKVEDLKISESTHNTNNANVTSADALIK
EQEEEVDDEVVNIBGGKDHVSLIEGHVDAGKSIGGNLLYLTGSVDKRTIEKYEREAK
DAGRQGWYLSHMDINKEERNDGKTIEVGKAYFETEKRRYTILDAPGHMKSEIGGAS
QADVGVLVISARKGEYETGFERGGQTREHALLAKTQGXNK/NKDDPTVNWSKERY
DQVSNVSNFLRAIGYNIKTDVVEPVSGYSGANLKDHVDPEBENYTGPTLLEYLDAN
HVDRHINAPKELPIAAKNKDLGTIVEGKIESGHIKKGQSTLEPNKTAVEIQNIYNETEN
EVODYANVCGEQVKLRIKGVEEEDISPGFVLTSPKNPIKSVTKFVAQIAIVELKSIIAAGFS
CVIVHVHTAIEEVHIVKLLHKLEKGTNRKSKKPPAFAKKKVIAVLETEA

Figure 3.3 Amino Acid Sequence of Sup35NMC/NM

The primary amino acid sequence of Sup35NMC with the sequBhcd®main coloured
purple, M domain coloured red and the C domain in black. The methionine resi
containedin the protein are coloured green and the cysteine residues blue.
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3.1.3 Insulin
Insulin is a hormone common to many organisms that regulates blood sugar levels (Fig. 3.4,

Left). The humanrptein consists of two chains, A and B, covalently joined through three
disulfide bonds and has a molecule weight of 5808Da. Insulin has been observed to form
amyloid aggregates as the heterodimer but also each of the constituent peptide chains has
been $iown to convert into amyloid when isolatg@evlin et al., 2006) The failure of a

body to regulate blood sugar levels by producing enough or any insulin are the hallmarks of
G8LIS H 2NJ GeLS m RAFOSGHSAa NBaLSOGADSteo
one of the methods of treatment is to subcutaneoushject insulin into the body
(http://www.diabetes.co.uk/diabetescauses.htnjl  Before rDNA technology therapeutic
insulin was derived from animal sources, which do not have the same amino acid sequence
as human insulin (Fig. 3.4, Right), this has ledlleygic responses as well as requiring a
large amount of animal material. In 1978 a collaboration between City of Hope Medical
Centre, California, and Genentech led to a bacterial strain capable of producing the two
chains of human insulin which could thebe converted into the therapeutic agent

(Genentech, 1978)

Human Insulin A GIVEQCCTSICSLYQLENYCN 21
Porcine Insulin A GIVEQCCTSICSLYQLENYCN 21
Bovine Insulin A GIVEQCCASVCSLYQLENYCN 21

b2 52221 H o H o N
Human Insulin B FVNQHLCGSHLVEALYLVCGERGFFYTPKT 30
rPorcine Insulin B FVNQHLCGSHLVEALYLVCGERGFFYTRPKA 30
Bovine Insulin B FVNQHLCGSHLVEALYLVCGERGFFYTPKA 30

wwwwwwwwwwwwwwwwwwwwwwwwwwwwww

Figure 3.4 3 Dimensional Representation of the Insulin Hormone and
Sequence Homolgy Between Species

Left- The structure of insulin with the-Bhain in blue and the-8hain in red.(Devlin et al.,
2006) Rightc Comparison of the amino acid sequences of the two chains of Insulin de
from three species; Human, Porcine and Bovine.
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The individual chains of the insulin hormone can be isolated andepted from forming
homodimers by oxidation of the sulphur atoms in the cysteine residues to sulfonic acids as

observed in the commercial form of bovine insulkeh&in (Fig. 3.5).

FVNQHLSO3H)GSHLVEALYLVSOSH)GERGFFYTPKA

Figure 3.5 Amino AcidSequence of Sigma Bovine InsulirdBain with Cysteine
residues oxidised to sulphonic acids

The primary amino acid sequence of Insuli@gin separated from the-8hain and disulfide
bond formation limited by oxidation of the cysteine sulfurs to sulfatis (highlighted in
green), as supplied by Sigma Aldrich (16383)

3.1.4 Lysozyme
Lysozyme (Fig. 3.6, Lefas first observed by Alexander Fleming in 1922 as a material

capable of lysing dxteria, an ability stemming from its primary function as an enzyme
GKAOK OIF G f @&as &1,4lgkcdsidic Bnkaydd bedw@dnaetyhitiranic acid
and Nacetylglucosamine, which are found in bacterial cell walls. The determination of
f & &2 13D ¥thicuie by Xay diffraction was the second protein structure solved by this

method and the first for an enzym@Ilake et al., 1965; Johnson, 1998)

KVFGRCELAAAMKRHGLDNYRGYSLGNWVCAAKF
ESNFNTQATNRNTDGSTDYGILQINSRWWCNDGR
TPGSRNLCNIPCSALLSSDITASVNCAKKIVSDGNGM
NAWVAWRNRCKGTDVQAWIRGCRL

Figure 3.6 3D Structure and Amino Acid Sequence of Hen Egg White Lysoz)
Leftg 3D structure of Hen Egg White LysozyRight¢ Amino Acid sequence of Hen Egg
White Lysozyme with the catalytic Glutamic acid residue labelled in red. Structure and
sequence from RCSB PDB record 4RLM.

In its native state, the 14.3kDa protein has two domains containing alpha helices and beta
sheet motifs(Merlini and Bellotti, 2005pf which the glutamic acid in position 35 is the

residueresponsible for its catalytic activifstrynadka and James, 199E)jg. 3.6, Right).
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The unfolding of Lysozyme can cause the generation of amytmidegates and this is

associated with the systemic amyloido@iossuto et al., 2010)

3.1.5 [ -Lactoglobulin

i-Lactoglobulindo CA3® odT0 A& | RAYSNARAO LINRGSAY FYyR |
but has no known function apart from a propensity to bind retitéthmada and Dobson

2002)and is the main allergen associated with dairy intoleraf®é&lo et al., 1999) Under

acidic conditions, the dimeric complex collapses into monomeric protein, and when

monomers are denatured they convernto amyloid fibrilstHamada and Dobson, 2002)

3 :!I % LIVTQTMKGLDIQKVAGTWYSLAMAASDISLLDAQ
R q SAPLRVYVEELKPTPEGDLEILLQKWENGECAQKKII
ﬂ 2 < AEKTKIPAVFKIDALNENKVLVLDTDYKKYLLFCMEN

r
: ’\A.;

1' i SAEPEQSLACQCLVRTPEVDDEALEKFDKALKALPM
HIRLSFNPTQLEEQCHI

Figure3.7 05 { G4 NXzOGdzZNB | Yy R I YakctggbbulinOA R &

Left- 3D structure of BLactoglobulin Right Amino acid sequencg F-Lactoglobulin.

Structure and sequence both from RCSB PDB record 4IB9.

3.1.6 Chapter Aims
This part aims to develop expression and purification protocols for the generation of these

model proteins thus allowing fdhe investigation of the conditions required for conversion

of the protein monomers into fibrillar aggregates suitable for atonuocd microscopy
analysis. The generation of high quality samples reproducibly will allow investigation of
some of the physical characteristics arhyloid fibrils such akeight, contour length and
persistence length. These fibril stocks will then be usedxaminethe resistanceof

different fibril typesto mechanical stress, see Chapder

79



Chapter 3:Assembly of Amyloid Fibrils and the Quantitative Analysis of their Morphology

3.2 Results
Thein vitro assembly of proteins into fibrillar structures requires the generation of protein

monomers prior to assembly. Due to the different coratis required to convert the

monomeric protein into fibrilsthe availability and purification of these materials also

@I NASa O2yaAiRSNIofeo Haytaghitiulinyall requir® Knfoldigg> f & & 2
conditions to convert them to their amyloid forand the protein monomers are supplied

Ay GKSANI Y2Y2YSNRO 7F2N¥Y Oz2syndickNIandlthe { Sap®5 ¢ KS
proteins all convert to their fibrillar form at room temperature and neutral pH and require
synthesis and purification prior to asser@dbip 5-4z8y dz0f SAYy FyR { dzZLJop Qa
aggregate under ambient conditions their purification strategies need to be tailored to

their individual properties to enable isolation of pure monomers.

3.2.1 Protein Purification

3.21.1 1 -Synuclein

DS (2 (KS arsmd3ydwd@aa®OryOodz2 2FKS8 LI K2t 238 2F t 1
this protein and its fibrillar form has been undertaken on numerous occasionsst@lies

2T GKS 0 N@rudein arByloig fforild'require the generation @producible and
homogeneous samples of fibrils from monomers prepared following published methods
(Cappai et al., 2005b; Smith et al.,080 Wu et al., 2009) Briefly, transformation of the
chemically competent.coliexpression cell line BL21[DE3] pLysS with a pET23a vector
O2y Gl AyAy3a (KS -smEiSwitiF B7 pdondoterf uRd@réHelSontrol of thac
operon, obtained from(Smith et al., 2008)gave an expression system yielding large
amounts of the full length wild type protein. A modified purification protocol where acid
precipitation of the cellular residue was followed by a stepped ammonium sulphate
precipitation, from 30% to 50% gave very pure material (Fig. 3.8). Salt removal by buffer
exchange allowed final purification by strong anion exchange chromatography to remove

higher molecular weight materials evident on the interface of the stacking asdlving
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components of the SDS PAGHg( 3.8) any large aggregates could also be removed by
filtering through a 0.2um membraneThe purity and identity of the protein was confirmed
by SDS PAGE and-M6 analysisvhich after deconvolution gave the desiranolecular

weight of 14459.52Da.

5 S a LIAAIESY dz0f SA Yy Q& FoAfAlGER 02 02y @S NI 02 iKS
temperature the expression and purification of the protein is possible under native

conditions giving very high yields of pure protein, 28mg
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Figure 3.8 h-Synuclein Purification

Left¢/ KNR Yl G23aNI Y &K2 gAY Isynided elGingdzdn tReyHi TIaIN@ F
anion exchange column under a sodium chloride gradient (%B). ®RRDS PAGE, 15% Tr
Glycine, aalysis of thd_JdzNJ (i & -syRuEleiniakKd¥ferént stages of the purificatiohadder
not shown but position of markers indicated by number indicative of mass in kDa of mark

The high yield and ease bddzNRA F A O A 2 y -syndckig goductipSiRnotaXacek b

shared with the Sup35 derived proteins.

3.2.1.2 Sup35NM
Study of the proteinrSup35NMCwhose conversion to an amyloid state is at the heart of

the [PSI] phenotype observed in yeass commonlyperformed on constructgontaining

only the N terminal and middle domaimg the protein, Sup35NM. The removal of the C
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terminal, translation termination domain simplifies protein production but also leads to
vitro assembled fibrils which carause the PSi] phenotype when introduced to yeast cells
It is therefore a good surrogate for the full length protgiking and DiaAvalos, 2004;

Tanaka et al., 2004)

Ly O2 Y LJ Nyndclgiythe imBjority of Sup35NM expressed in the cell is foimd
insoluble inclusion bodiesvhich are postulated to exist its amyloid form (Ventura 2012).
It is therefore necessary to purify the proteinnder denaturing condition¢Glover et al.,
1997) The purification of amyloidogenjroteins, particularly those wth polymerise at

pH7, in denaturing conditions offers the advantage dibiting the assembly of monomers

into fibrils.
—5400-00 T 0102030 0
ﬁ 130
& 30000 i
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g o - : 35
£ 100.00 - - 33
@ : - - 15
< 000 - S —— 0 25%F8ANALRY
0 20 40 60 80 100 120 140 = _E:E g 3
Elution Volume (ml) S
o

Figure 3.9 Purification profile of Sup35NM

Left ¢ Akta purification profile of Sup35NM lysed under denaturing conditions and t
subjected to affinity purification before further purification using sizexdusion
chromatography at a 0.3ml/min The start of fraction collection and every‘hltDaction was
marked with a red dotted line. A broad peak was eluted with the left hand side of the |
containing purest material (the fractions highlighted bluerevpooled. Rightg Invitrogen 4
12% BisTris SDS PAGE run in MOPS buffer at 180V was used to analysis the fractions f
purification, which were diluted 1 in 3, to reduce interference of the guanidine on runn
prior to loading onto the gel. Fedons 1927 were the right hand side of the peak po
pooling. Akta trace and SDS PAGE supplied by Tracey Purton.

An Nterminally histagged DNA construct of Sup35NM was cloned, using a plasmid
containing the full length Sup35 DNA sequence, obtained f(&@abani et al., 2011;

Krzewska and Melki, 2006; Krzewska et al., 20@Ad ligated into a pET15b ater.
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Transformation of this plasmid into &coliexpression strain, BL21 [DE3] pLysS produced a
clone capable of Sup35NM expression. Protein purification was achieved using a
modification to published protocolfranaka, 2010) Briefly, cell disruption by sonication in
Lysis buffer containing 6M guanidine followed by centrifugation removed cell debris and
the resulting supernatant was affinity purified {NTA with imidazolelution) followed by

size exclusion chromatography in buffer containing 6M guanidine. The material obtained
from the size exclusion chromatography gave a very broad peak with no baseline resolution
between the Sup35NM material and the lower molecular gitimaterial (Fig. 3.9). The
material to the left of the peak contained the purest protein.-ME analysis of the product
shows formation of the desired product, 30549.62Da, with removal of theriinal

methionine residue by methionine aminopeptida$éAP)(Frottin et al., 2006)

3.2.13 Sup35NMCz Full length protein
It has recently become apparent that the C terminal domain of Sup35 can influence its

polymerisation and cause phenotypic variatifabani et al., 2011; Krzewska and Melki,

2006; Krzewska et al., 2007)

To investigate fibril assemplof Sup35NMC, a pET15b vector containing the gene for
Sup35NMC, obtaineftom (Kabani et al., 2011; Krzewska and Melki, 2006; Krzewska et al.,
2007) was transformed into competent BL21 [DE3] pLEsSolito give an expression

system capable of producing full length Sup35.

Previously published work on the generation of Sup35NMC fibrils has utiliked yelding
native purification strategyBaxa et al., 2011; Krzewska and Melki, 2006; Krzewska et al.,
2007)to produce the protein.Following the success of the purification of Sup35NM using
denaturing conditions, the same denatured purification approach was attempted with
Sup35NMC. However utilising a completely denaturing purificasimategy from lysis

onwards not only solubilises more tie Sup3BMC but other cellular material. These
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proved difficut to remove in subsequent affity purification (\INTA) and size exclusion

chromatographysteps.

While Sup35NM is almost entirely contained in insoluble inclusion bodies during expression
in E. coli(Glover et al., 19973ome Sup35NMC remains soluble. The purity of Sup35NMC
from affinity purification of lysate generated under native, folded, conditions is cleaner
than protein isolated from a denatured lysis. Therefore in ordermaintain the
advantages of the denatured materjal hybrid purification was attemptedConsequently

cells weredisrupted under native conditions in the presence of protease inhibitor, PMSF,
followed by Ni-NTAaffinity purification. The protein was hen unfolded on the resin by
washing and eluting with buffer containing 6M guanidin@his resulted in a Sup35NMC
solution with much higher puritprior to the final size exclusion chromatography step and

allowed successfupurification (Fig. 3.10).

g 150 100-.- _m-- -
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Figure 3.10  Purification profile of Native-Denaturing Purification

Left ¢ Akta purification profile of Sup35NMC lysed under native conditions and t
denatured during affinity purification and then further purified using size exclus
purification, Omlelution = injection, giving rise to a single major peak eluted between 20
30mls with the start of fraction collection, the $draction and 28' fraction marked with a
dotted line. Right; 10% TrisGlycine SDS PAGE analysis of the fractions frorutfigcation
diluted 1 in 3 prior to loading onto the gel. The lane numbers are numbered according t
fraction number seen in the Akta trace.

The purification was also attempted using the native conditions previously published but
the disadvantage of this process is the continual polymerisation of material during the

purification means the whole procedure neetb be completed at low temperature and as
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quickly as possible. Disruption of tliecoliin the presence of phenylmethanesulfonyl
fluoride, PMSF, and-thercaptoethanol allowed initial purification by affinity purification,
Ni-NTA, allowing analysis by-MS and showed the protein was modified by the addition

of 2-mercaptoethanol, presumably by disulfide formation.
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Figure 3.11  Purification of Sup35NMC with DTT in Lysis buffer

Left ¢ Akta purification profile of Sup35NMC purified natively at 1ml/miteatysis in the
presence of Dithiothreitol giving rise to a broad elution profile with a major peak at about
minutes, in contrast to the purification with no thiol added. The position of every 10 fract
collected are marked on the graph with a texl red line. Right 10% TrisGlycine SDS PAG
analysis of the fractions from the purification with the run through, wash and elul and ¢
from the NiNTA purification. The fractions are then labelled according to the appropt
fraction number fronthe Akta spectra.

To avoid this modification the-Bercaptoethanol used in the lysis buffer was replaced with
dithiothreitol (DTT), a stronger reducing agent whose oxidation results in theatan of a
cyclic product through intranolecular disulfide bond formation and therefore has a lower
propensity to modify proteins. Using a concentration of DTT low enough not to reduce the
Ni(Il) based affinity matrix the modification of Sup35NMC wagddd, as determined by
LCGMS, but the final purification of the protein by size exclusion chromatography was
complicated by apparent association of the protein with the gel matrix. The 2ml of injected
Sup35NMC was eluted across 80ml with the majorityteeluafter almost one column

volume, 120ml (Fig. 3.11).
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Due to the problems associated with the addition of reducing agents purification in the
absence of a thiol seemed, by FPLC trace, to give a better elution profile, more akin to the
native denaturing potocol, where the protein does not interact with the matrix (Fig. 3.12,
Left). Analysis of the protein material by SDS PAGE showed that in fact the material
contained a lower molecular weight impurity, which isparified due to its association

with the Sup35NMC (Fig. 3.12, Right). -NIE€ comparison of the material from the
purification with the same material treated with 5mM DTT prior to injection into the
spectrometer suggesthat the material is covalently modified, via a disulphide bond as the
only trace of the desired material is in the presence of DTT (Fig. 3.13). This potentially
explains the relatively large amount of impurity observed in the material from the size

exclusion purification.
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Figure 3.12  Purification of Sup35NMC without thidkeatment

Left ¢ Akta purification profile of Sup35NMC purified by affinity purification and then ¢
exclusion purification, in native buffer at 1ml/min, after lysis giving rise to a single major
at about 50 minutes. 1ml fractions were collectedrfr injectionwith every 10th fraction
marked with a dashed line. Rightt0% TrisGlycine SDS PAGE analysis showed the mat
from the NiNTA purification: Run Through, Wash, Elution 1 and Elution 2 followed by frac
from the size exclusion purifian labelled according to their fraction number.

The presence of a reducing agent in the purification obviously has some effect on the
d0NHzZOGdzNB YR oAt AlGe iz ExcliskSmatdNEa detershinelifz  Wa (.
this is a property of reduced material on the sepharose column, despite its potential to

modify the protein, 2mercaptoethanol was used in the purification and progressed to size
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exclusion chromatography. In the pesge of 2mercaptoethanol the normal elution
profile was returned and the lower molecular weight impurities were diminished although

not totally removed (Fig. 3.14).
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Figure 3.13  MS analysis of Sup35NMith and without Thiol

Sup35NMC purified in thabsence of thiol was analysed byM& with (C and D) and withou
5mM DTT (A and B)The deconvoluted MS spectra displaying m/z (mass/charge) on tl
axis, where z=1, and therefore m/z is equal to the mass in Da. The two main compc
earlier (A andC) and later (B and D) observed in the LC were deconvotatgive parent
ions. The data shows that only in the later eluting (higher molecular weight) material w
had been treated with DTT is the correct ion, 78583Da, for the product observed seedh
box in D
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Figure 3.14  Purification of Sup35NMC ith Lysis in the presence of-2
mercaptoethanol

Left ¢ Akta purification profile of Sup35NMC purified after lysis in the presence-o
Mercaptoethanol giving rise to a major peak at about 50 minutes, as observed in
purification with no thiol added. The start of fraction collection and ever'3'7 ftction were
marked with a red dashed line. Righi0% TrisGlycine SDS PAGE analydithe elution from
the NENTA purificatiorg Lysate, Run Through, Wash and Elul followed by the fractions el
from the size exclusion column labelled according to the fraction from the Akta purification.
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In contrast to the MS analysis ps&ze exclusion purification, the material obtained
afterwards showed no evidence of an®rcaptothanol adduct but also -términal

methionine cleavage, 78583.92Da, by MAP as observed in the purificht®up35NM.

3.2.2 In Vitro Assembly
The conditions required to convert monomers to fibrils varies considerably between

proteins and can potentially affect the morphology of the fibrils formed. The amyloid fibrils
physical properties and fragmentation qeires formation of polymers and deposition

conditions for AFM imaging which allow for automated tracing.

3.2.21 1 -Synuclein
5dzS G2 GKS Ay dNRYy aA-§hutldingtheRdndessibidRSaNFAdR filyfils i§ dzNB

straight forward. The dynami€ | i dzN&/nugléin mieans that it may spend some time in
a conformation susceptible to amyloid formation therefore harsh conditions are not
NBIj dzA NER (2 dzy-3yautldh ino2ayhordSidkils.O In ffact, incubatiarf
>150uMh -synuclein atphysblogical temperature, 3C, in a neutral buffefor 1 weekis

Sy 2dzaK { 2synOceii intd asibrilar form.

10.0 nm

-10.0 nm
Fiure 3.15 h -Syruclein Polymerisation into Fibrils

Leftc A negatively stainedjranyl acetate (OAg)S ¢ 9 a Y A O NghE Wil fibiiks with T
0.2um scale bar, Middle An AFM image, 20um x 20um at 2048 pixels x 2048 pixels w
1pm scale bar, RightAn AFM image, 2um x 2um at 1024 x 1024 pixel resolution wit

500nm scale bar, focussing om axample2 ¥ | K A 3 KynédeinGibrd. { Th& AFM
height scale is set betweed0 and 10nm.

¢ KS LJdzshRuElairSnionomers were converted in to fibrils by first removing the high
salt solution from the anion exchange medium by buffer exchange using PD10 column into

25mM sodium phosphate, pH7.5. The samplasvincubated at 3, and agitated at
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160rpm for one week. Confirmation that amyloid fibrils were formed in solution was

achieved by negative stain TEMaging as well as AFM imaging (Fig. 3.15).

¢KS adaSyof e LINE I NShackih @ fibrild Matevia wag ShAwIo Baver
gone almost to completian2.4% remainingh)y SDS PAGE based residual monomer assay

against a serial dilution of monomeric protein

AFM analysis of the fibrillar material identified the presence of fibrils with highly coiled
fibril morphology (Fig. 3.15, Right) the absence of these structures in TEM analysis suggests
that they are an artefacof deposition on to mica for AFM analysis and not how these
samples exist in solution. The automation of particle tracing usindvihikabapplication
requires well dispersed particles where fibrils cross over is limited, this highly coiled
morphology would make this process difficult and therefore alteiratdeposition

conditions this wereénvestigated

Optimisation of the conditions df-synuclein deposition onto mica for tracing purposes
(Fig. 3.16) highlighted that the drying process after sample incubation and washing was

causing fibril breakage.

This breakage would give rise to error in subsequent particle length analysis scoadafct

this artefact was also important. To minimise breakabpe drying process was modified

such that most of the excess water on the mica surface was removed by filter paper placed
at the very edge of the mica surface and then carefully dried witemtle stream of
YAGNRISY 3l ao ¢ Ks$nuckeih depdsitioQ) vlyidR Rive the yippropficdeNJ b
particle density for particle length measurement, whilst minimising coiling and patrticle
breakage on the surface involved the dilution of the filsample to 0.48uM with fibril
forming buffer, incubation for 5 minutes prior to washingth 1ml of syringe filtered

mQH,O and drying using the modified procedure.

89



Chapter 3:Assembly of Amyloid Fibrils and the Quantitative Analysis of their Morphology

A B
7.5 nm 7.5nm
-7.5 nm -7.5 nm
0.0 Height 20.0 ym 0.0 ‘ Height 20.0 ym
C D
5.0 nm 10.0 nm
-5.0 nm -10.0 nm
E F
10.0 nm 10.0 nm
-10.0 nm -10.0 nm
0.0 Height 20.0 ym 0.0 Height 20.0 pm

Figure 3.16  Mica Depostion Conditions

AFM images showing the development of AB&position conditions.2um scale bar in eact
image. Ac¢ 1 in 50 dilution into fibril forming buffer, 5 minutes incubation, 1 ml wash ¢
dried with N, B¢ 1 in 50 dilution into fibril forming buffer, with 0.001% Sarkosyl, 5 minu
incubation, 1ml vash and dried with B, Cg 1 in 50 dilution, with 400uM NigI5 minutes
incubation, 1ml wash and dried witho§j D¢ 1 in 1000 dilution, 10ul dried onto mic:
surface, washed with 1ml and dried under a stream gf,N Eq Similar conditions to D
highlighting the problems with drying sample onto the mica surface; Fibrillar material
diluted with pH2 HCI and incubated on mica before washing with water. The AFM h
scales set so as to show fibril height and ranges #®to 5nm and10 to10nm.

3.2.22 Sup35NM and Sup35NMC
The N and M domains of Sup35NM and Sup35NMC are relatively disordered meaning they

Oy SEAAG Ay ydzYSNRdza O2-gymugldidy antda goyreduire & G I (G S a
harsh conditions for fibril assembly. Conversion of denatured Sup35NM and Sup35NMC to

their fibrillar form was initated by buffer exchange using PD10 column into fibril forming
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buffer containing 20mM sodium phosphate, 50mM sodium chloré?7.5 solution. The
resulting solution was incubated at qD, a temperature that mimics the conditions that the
Sup35 protein is exposed to in the optimum growth environmehtSaccharomyces

cerevisiae
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Figure 3.17  Kinetics of Denatured Sup35NM ar&up35NMC Conversion to
Amyloid

Thioflavin T curves showing the polymerisation of Sup35NM and Sup35NMC from den:
purification. 3 repeats of a blank correctdd novopolymerisation of Sup35NM (Blue) (10ul
Sup35NM, Thioflavin T and buffer), seeded SINI@ polymerisation (Red) (10uM Sup35N!
1% sonicated Sup35NM seed, Thioflavin T and buffer) @amdnovo Sup35NMC from
denatured purification polymerisation (Green) (10uM Sup35NMC, Thioflavin T and bt
The emission of Thioflavin T was monitored at#®3 Black dottedine signifying 10 hours of
polymerisation.

The kinetics of fibril formation can be followed by measuring the fluorescence associated
with the binding of the profluorescenty@ thioflavin T to the crosiseta sheet core of the
amyloid backbone. Thée novoconversion of monomeric Sup35NM into amyloid fibrils,
follows the classic sigmoidal shaped curve associated with a nucleated growth mechanism.
The assembly has a lag phaseabout 10 hours which is followed by an exponential phase
where the proportion of crosbeta sheet in solution increases rapidly (Fig. 3.17). The lag
phase of fibril growth is dominated by the formation of critical nuclei, as observed idethe

novoasembly of Sup35NMbut can be completely removed when a seed, a small amount
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or preformed fibrillar material, is added to the reaction mixture (Fig. 3.17). The
polymerisation of Sup35NMC from the denatured purification showed no increase in ThT
fluorescenceover the course of the reaction even when seeded with fragmented Sup35NM
fibrils (Fig. 3.17de novoonly shown). As the polymerisation of Sup35NMC has been
observed previously using monomeric protein derived from a native purification the lack of
polymerisation is potentiallydue to the failed refolding of the C domain of Sup35NMC and

the non specific association of these unfolded materials into amorphous aggregates.

Comparison of the natively purified Sup35NMG@he absence datiol, in the presence of-2
mercaptoethanol and also material isolated from the final pe&knaterial eluted from the

DTT purification were compared by thioflavin T assay. The change in fluorescence over
time for these experiments shows that the matdrjaurified in the presence of DTT does

not polymerise, like the denatured Sup35NMC, whasethe material formed in the
absence of thiol and the presence ohiercaptoethanol gives rise to an increase in beta

sheet composition over time (Fig. 3.18).

Thepotential modification of the material generated in the absence of thiol does not seem
to alter its propensity to form amyloid fibrils and a lag phase of about 10 hours was
observed (Fig. 3.18, A) similar to Sup35NMC purified witte&captoethanol (Fig..28, B),

Sup35NM (Fig. 3.17) and the data shown by Krzewskgletzawska et al., 2007)

Not only does the incorporation of-@ercaptoethanol in the lysis buffer return the Akta
elution profile back to that of the material purified without thiol but its ability to form
amylod fibrils was also returned. Although thioflavin T binding showed thatdéh@ovo
formation had a lag phase of just less than 10 hours in comparison to the thioflavin T
curves for Sup35NM and Sup35NMC without thiol the lag phase exhibited a decrease in
fluorescence prior to the exponential phase which means the curves are flatter in look but

do exhibit the sigmoidal shape (Fig. 3.18, B).
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Figure 3.18 Kinetics of Native Purified Sup35NMC Conversion to Amyloid
Thioflavin T curves showing the polymerisation of Sup35NMC derived from native purific
protocols. The emission of Thioflavin T was monitored at 493nm. The black dotted line sig
10 hours of polymerisation.

A ¢ No thiol in purification- 3 repeds of blank correctedle novopolymerisation (Blue) (10uM
Sup35NMC, Thioflavin T and buffer) and seeded polymerisation (Red) (10uM Sup35NN\
sonicated Sup35NM seed, Thioflavin T and buffer).

B ¢ 2-mercaptoethanol purification 3 repeats of blank corréed de novopolymerisation (Blue)
(10uM Sup35NMC, Thioflavin T and buffer) and seeded polymerisations (red) (10uM Sup3:
1% sonicated Sup35NM seed, Thioflavin T and buffer).

This abnormal mfile is potentially due to the defrosting of the monomer solution prior to
fibril formation and the sample being partially aggregated before it depolymerises as it

warms up in the platereader, although it is unclear exactly whathappening The
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addition of Sup35NM seed molecules to both the experiments removed the lag phase

completely as would be expected with a nucleated growth mechanism.

100mV 100mVv

-100mV

10nm

-10nm -10nm

Figure 3.19  AFM Analysis of Fibrils Derived from Sup35NM

AFM imaging of Sup35NM polymerisation 1 = Sup35NM 10uM de novo polymerisatiol
Sup35NM 10uM seeded with Sup35NM fibrils (1% seed, sonicated at 20% amplitude
minutes, 5 second pulses and on ice). A = Peak force error image showing 10um x 1&®p
with 1um scale bar, 1um insert which is magnified 3x with a 250nm scale bar and a peal
scale on the left hand side; B = Height based image showing a 5um x 5um area with
scale bar, 1um insert which is magnified 2x with a 250nm scale bar heijlst scale on the
left hand side; & Microscope image from the 10x optical microscope attached to the A
showing a 1mm scale bar showing the presence of large aggregates on the mica sucf&ce
separate 2um sections wereompared to show consistendy height between different
purification methods. The scale bar for the peak force error spectra is set between 160
100mV and the height phase is set between 10 drfthmm.
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Figure 3.20 AFM Analysis of Sup35NMC polymerisation

AFM imaging of de novo (unless stated) Sup35NMC polymerisation 1 = Sup35NMC ¢
without thiol added, 2 = Sup35NMC purified in the presence-wfe2captoethanol. A = Peal
force error image showing 1On x 10um area with 1um scale bar, 1um insert which
magnified 3x with a 250nm scale bar and a peak force scale on the left hand side; B =
based image showing a 5um x 5um area with a 1um scale bar, 1um insert which is ma
2x with a 250nm sda bar and a height scale on the left hand side; Microscope image
from the 10x optical microscope attached to the AFM showing a 1mm scale bar showir
presence of large aggregates on the mica surface; B separate 2um sections weri
compared to shw consistency in height between different purification methods (3D conte
a dashed line at 10nm)The scale bar for the peak force error spectra is set between 100
-100mV and the height phase is set between 10 dfithmm.

AFM analysis of the Sup35NM and Sup35NMC materials after the assembly has reached the
stationary phase of the assay shows the presence of fibrillar structures but in contrast to
the dispersed nature df -synuclein fibrils the fibrils of Sup35NM and Sup35NMC, purified
without thiol and with 2mercaptoethanol, exist in a highly associated state in clumps of

fibrils which are also visible using the optical microscope used for AFM laser alignment,
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almost 400pumin height (Fig. 3.19 and 3.20;2C). AFM imaging of these aggregates by
peak force and height showed that the internal structure is that of a large network of fibrils

(Fig. 3.19 and 3.20;2A and 12B).

By comparison materialtaken at the same pointfrom the denatured Sup35NMC
polymerisation showed that large aggregates were formed but unlike those formed by
Sup35NM, which were formed by the association of amyloid fibrils, these were amorphous
in agreement with ThT data. AFM imaging of the assendalgtions derived from the DTT
purified material did not give rise to any aggregates, fibrillar or otherwise but the seeded
sample gave rise to large amorphous aggregates still visible by the optical microscope but

not a complex association of fibrils.

3.223 Insulin B -Chain
Literature precedence shows that the conversion of insulch&n into amyloid fibrils can

be readily and reproducibly achieved by heating pH2 solutions of insulai to 66C for

periods of 1 dayDevlin et al., 2006; Hong and Fink, 2005)

-10nm =

Figure 3.21 AFM and EM Analysis of Fibrils derived from InsulkCBain

Insulin Bchain fibrilsLeft - deposited onto a nua surface, washed, dried and imaged at 20
X 20um at a resolution of 204@ixels x 2048 pixels, with guth scale barand Jum insert

magnified x5 containing a 250nm scale .bd@the AFM height scale is set freD to 10nm.

Right ¢ Fibrils deposited onta carbon/formavar coated copper surfaeed then imaged
using TEM, with aiim scale bar

A 1.8mM solution of insulin-Bhain was syringe filtered and heated to°60for 48 hours at

which time conversion to amyloid was confirmed by AFM and TEM imaging (Fig. 3.21).
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Recent work by Piejket al (Piejko et al., 2015)as shown that the conversion of Insulin
under acidic conditions is promoted by limited proteolysis with Pepsin and the generation
of smaller, more amyloidogenic, peptides is thetroause of the conversion of insulin into
amyloid fibrils. The amide bonds which make up the peptide back bone are usually robust
but under heated acidic conditions are susceptible to breakage and therefore a hydrolytic
mechanism can also explain the cernsion of insulin and its component chains, A and B,

into fibrils in the absence of Pepsin.

3.224 Lysozyme
The conversion of Lysozyme into amyloid fibrils also follows anpascidoted mechanism.

Following similar conditions tinsulin Bchain, the hating of gringe filtered monomer
solution to 60C for 48 hoursat pH2yielded fibrils but far less efficiently than observed

with Insulin BChain.

Assuming that amide hydrolysis is the key step in converting monomers to amyloid the
efficiency of fibril fomation could be improved by increasing the amount of hydrolysis in
the system. An increase in the hydrolysed proportion of the protein can be achieved by

lengthening the heating time or by increasing the temperature of the reaction (Fig. 3.22).

Increasng the incubation time and temperature will both increase the amount of
hydrolysis experienced by the sample but this does not necessarily correlate with an
increase in the amount of fibrils formed. As a rule of thumb, derived from the Arrhenius
equation, the rate of a thermodynamically controlled reaction doubles for everC10
increase in reaction temperature. By increasing the temperature f&€ @6 99C an eight

fold increase in the speed of fibril formation would be expected but the result obsesved

of no fibril formation (Fig. 3.22, C).
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10nm

-10nm

Figure 3.22  Temperature and Incubation Time Affect Lysozyme Fibril Formati
10pum x 10um AFM scans at 1024 pixels x 1024 pixels resolwitbna height scale of
between-10 and 10nm showing the change domposition of fibril foming reactions after
heating at pH2 forA = 60°C for two daysB = 60C for six days an@= 90C for 18 hours.
699uM (10mg/ml) Lysozyme was heated then diluted 1 in 1500 in pH2 HCI and depc
onto micaaccording to 2.34.1

There are several possible explanations for the absence of fibrils:

1. The increase in temperature gives a higher rate of hydrolysis but also rate of critical
nucleus formation such that it e overwhelming process and therefore retards fibril

elongation.

2. The increase in reaction temperature amplifies the rate of hydrolysis but to a degree

whichhydrolyses the key sequences required to interact for fibril formation.

3. The increase in reaon temperature could also cause any amyloid formed to

disaggregate.
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Rather than trying to augment the hydrolysed proportion by increasing the rate of
hydrolysis it could be altered by heating the samples for longer. By extending the
incubation time at60°C to six days the degree of polymerisation observed in the reaction
was amplified, as seen by a greater number of particles observed on the mica surface (Fig.

3.22, A and B), giving the final conditions for fibril assembly.

To qualitatively examine theole of hydrolysis in fibril formation for lysozyme, monomeric
protein and fibrillar samples were examined by SDS PAGE (Fig. 3.23). Two different

denaturation temperatures, 7T and 98C, were examined in the presence and absence of

2-mercaptoethanol, tcda K2 ¢ G KI G ISt al YLIX S LINBLI NFGAZ2Y A

observed (Fig. 3.23). The fibril samples show that the process of fibril formation generates
a large amount of lower molecular weight materials, and confirms the hydrolytic

mechanism.

959C o | 7 |
70°C v v v v
Thiol v v v v
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Figure 3.23  SDS PAGE analysis of the degradation of Lysoyme during fibril

formation
15% TrigGlycine gel run at 180V showing the stability of Lysozyme monomers to SDS
sample preparation (left 4 lanes) and the hydrolysis of the monomers duririgfébmation
(right 4 lanes).
Due to the hydrolytic mechanism of fibril formation at pH2 and elevated temperature the

efficiency of fibril formation can be linketb the consumption ofysozyme,SDS PAGE

comparison of the supernatant of an ultracentrifuged, 75000rpm for 15 minutes, fibril
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sample to a serial dilution of the parent protein can give a percentage conveo$ion
monomer to fibrils (Fig. 3.24)Densitometry of the serial diludh bands and comparison to

the fibril samples shows that the conversion is@®6 complete.

It has subsequently beshown that he mechanism for conversion ofsbzyme from

monomer to fibril does indeed occuria a hydrolytic mechanism whereby heating indac
breaks the amide linkages in the protdffrare et al., 2006andif heated long enough the
major component of the fibrils is in fact a 6 residue peptide, ILQINSa et al., 20114,

2013 2014)(Fig. 3.25).
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Figure 3.24  SDS PAGE Analysis of the Conversion of Lysozyme Monomer to
Fibril

Residual monomer assay showing the diminishing of Lysozyme monomer unde
conditions used to form amyloid fibrils. Ladder on the left followedabserial dilution of
Lysozyme and then (far right) the top 10ul of a 120uM centrifuged fibril sample was dilu
in 10 and then analysed on a Tiigcine gel SDS PAGE. The assays shows 54uM re
monomer therefore the reaction has progressed to 5démpletion The Frag sample is ¢
the same sample subjected to fragmentation.

KVFGRCELAAAMKRHGLDNYRGYSLGNWVCAAKFESNFNTQATNRNTRGSIDYG
RWWCNDGRTPGSRNLCNIPCSALLSSDITASVNCAKKIVSDGN@MNRWRCKGTDV
QAWIRGCRL

Figure 3.25  Amino Acid sequence of Hen Egg White Lysozywite Core
Amyloid Region Highlighted

The primary amino acid sequence of Hen Egg White Lysozyme with the amino acid sec
found to form fibrils highlighted in yellow.
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3.2.25 [ -Lactoglobulin

¢ KS 02y g SatlgloBuyin irkoFamyloid fibrils can also be achieved by heating in
acidic medium similar to insuliB chainl y R f & & A &c®dgfoSuln forra a dimeric
structure at neutral pH but at pH2 the dimeric structure collapses into mondgiMamada
and Dobson, 2002)Initial experimerg using the same conditions asulinB chainpH2 at

60°C for 48 hours, did show evidence of soriwilf formation but this, likeylsozyme, was

very inefficient.

Previous experiment¢Bolisdty et al., 2011; Gosal et al., 2004; Krebs et al., 2028
aK2gy GKI G K-Bctogiegoylidts fihElsireqyiredathigher temperature,’80

for 24 hours. Modification of these conditions to heatiag90°C in pH2 for 24 hours

showed noevidence of monomeric proteins in the sample (Fig. 3.26) and a much higher

efficiency of fibril formation as observed by the number of fibrils obsededAFM and

TEM (Fig. 3.27).
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Figure3.26 {5{ t! D9 ! vyI fe
to Fibrils

WSAARdzZEE Y2y 2YSNI | aal e Adcdgiohuyndmondied unek the
conditions used to form amyloid fibrils. LadderdarKk S t ST F2ff 246 SR-
Lactoglobulin and then (second from right) the top 10ul d28uM centrifuged fibril sample
was then analysed on a Tisicine gel SDS PAGE. The assays shows 2uM residual mo
therefore the reaction has progressed to 98% completion. The Frag sample is the same
the Fibrils sample except that it has besunbjected to fragmentation.

Similar to the observation that the hydrolysis of Lysozyme and Insulin are important for

FAONREE 23SySarnaszs GKAA | &2lactaghBuihzandin? reced

work of Akkermangt al (Akkermans et al., 2008)s confirmed this hydrolytic mechanism.
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i e Ui S o st Ll
Figure3.27 ¢9a | YR | Ca -Lacobldbélia Ribdils 2 T |
i -Lactoglobulin fibrils Left deposited onto a mica surface, washed, drietdamaged at
20pum x 20um at a resolution of 2048 pixels x 2048 pixels, with a 1um scale bar and
insert magnified x5 containing a 250nm scale BEne AFM height scale is set betweérand
5nm. Right ¢ Fibrils depositedonto a carbon/formavar coatedopper surface and ther
imaged using TEM, with a 1um scale bar. The AFM height scale bar is set bévaeeh
5nm.

3.2.3 AFM Imaging and Comparison of Fibril Structures

3.23.1 Qualitative Comparison
Comparison of the fibril species formed through vitro polymerisation shows that the

fibrils of Sup35NM and Sup35NMC aggregate into extremely large clusters whereas all

other fibrils species examined form discrete particles (FRB)3

+Aadz f AYyaLlLlSOoiAzy 2 F-laciogo®ulinafoaNgFstraipbtsfibrila &f2ag & 0 K |
YFEAYdzY fSy3adGdK 2F NRB dAHrfudeinnlysoryma ghd iGsai fidkINA & 2 y
which form longermore flexible particles with rough maximum lengthl®um, 10um and

15um respectively (Fig. 3.28).

To compare the heights of fibril samples cross sections were taken (Fig. 3.29). The large
aggregated state of Sup35NM and Sup35NMC fibrils means that the edges of the
aggregates is the only place where indual fibrils are visible and therefore 2um sections
around this region were taken. Sup35NM and Sup35NMC fibrils both appear to have an

approximate height of about-8.5nm (Fig. 3.29). The discrete particles observed for insulin
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Figure 3.28 AFM Image®f Fibrils Produced

AFM images of fibrils produced. Sup35NM and Sup35NMIpm x 10pum images at 1024 x 1024
pixels with 2uM scale bar and a 1pm insert magnified x 3. The other proteins imaged at 20pum x
20pm and 2048 x 2048 pixel resolution and 1lum esdsdr and 1pm insert magnified x 5 and a
250nm scale bar { dzLJop b a/ X {-syruidem mrdZinsutin -Bhain have height scales of
between-mn YR wmMayY ¢ KS NRBactbgiobulinku®l lydaofymé &e bEtded and

5nm.
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Figure 3.29  Cross Sectionalysis of Fibril Heights

For Sup35NM and Sup35NMC 3 x 2um cross sectiens selected to analysthe edges of the
fibrillar aggregates where the most unclumped examples exist. For the other proteins 3 x 10um
cross sections were taken. To each graplotied line at7.5nm was added to show the differences

in fibril samples.

O K kR yxzOMa&dylghulin And lysozyme allowed 10pm cross section areas to be
SEFYAYSR® ¢ KS -syiiclein and iKsiliéa 8 chaifk rdislightly thinner than
Qup35 fibrils with heights of 7nm and&y Y NB & LIS Olaciog@idbilii and lysdzynie

fibrils are the thinnest with heights from2nm (Fig. 3.29).

3.2.3.2 Quantitative Analysis
Quantitative analysis of fibril properties such as contour length, Hieggnd persistence

length can be calculated by transfer of AFM images to a MatLab application, Tracey (Xue,

unpublished).
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TheMatLabapplication locates and traces the fibrils by first finding the ends of fibrils and
then connecting them following predefd parameters such as approximate fibril width in
LAESta FyR y ly3ftsS 60 ¢6KAOK RSTAYySa K2g
can differentiate between overlaps/breakages of fibrils (Fig. 3.30). These values are
changed between fibrils ofiffierent proteins but are fixed for samples derived from the
same protein. The application traces the particles and allows particle information such as

height along the particle and contour length to be extracted.

Figure 3.30  MatLab Input Parameters

¢KS NBIdANBR LI NIYSGESNE ‘ FYR FAONRE g4A
images and trial and error analysis of surfaces using the application to see which conc
IAPS (KS o6Said NBadzZ Gao ' A a e lefk,Swhilst yha fib8

width in pixels can be judged by zooming in on a fibril at the resolution scanned, see zo
section and yellow line. Adapted frorAdamcik and Mezzenga (2012Adamcik and
Mezzenga, 2012)

The height of the amyloid fibrils is a better representation of the diameter of amyloid fibrils
than their width due to the tip radius of the probe making the observed width larger than
the actual diameter. The contolength of a polymer is the length from one terminus to
the other followng the path of the polymer. polymer of contour length L can be divided
into smaller rigid units, the length of which is the persistence length ALsmaller value for

L, indicatesa less stiffspecies due to itonsisting of more, smatlgid species rather than
less, larger onesThe L, istherefore a quantifiable property of a polymer used to describe
its stiffness The persistence length, can be calculated in several waysj{gtion 1). The

top equation is a probability based method for definingnlhere as the middle equatio
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determines the . by looking for the point on a fibre when correlation between two
tangents starts to diminish and the lower equation utilises the émcend distance of
individual particles to generate the.LThe |.is calculatedhere usinga MatLab script (Xue,

unpublished)whichutilisesthe first equation(Equation3.1).

Equation 3.1 Determination of Fibril Persistence Length

ATH O Q

Ay Ay onon QU -~
oy O too0p Tp Q

Multiple images, processed to remove image curvature and streaking, per protein were
traced usingMatLab and the particles from each concatenated before assessment of

variables such as longest fibribeight average contour lengtfwhich isan alternative to
the arithmetic mean which places larger emphasis on longer particle%,—), weight

average contour length standard error of mean (SEM), mean height and mean height
standard deviation (Table 1)T'he height and contour length datailsagreement with the

qualitative assessment of their dimensions. The persistence length gearttistiffness

2F GKS LI NIAOESEa YR GKSNBF2NBE (GKS Wogl Ay Sae
i€ O0G23t20dzA Ay F2N¥a GKS Y2ald NASnudeinkigit &8 YSNE
lysozyme, whose similgrersistence lengthsnake them themost flexible polymers. This
stiffnessinformation is in agreement with visual inspection oétmorphology of particles

observed on the mica surface.
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Table3.1 Quantitative Comparison of Fibril Dimensions/Properties*
Weight Weight
Longest Average Average Mean Mean
Protein Fibril Contour  Contour Height Height L, (um) Np
(nm) Length Length (nm) SD (nm)
(nm) SEM (nm)
h-Synuclein  7444.10 1862.10 56.02 6.94 2.42 1.86 1105
- . 3806.40 1117.80 23.97 2.49 1.18 5.12 2175
Lactoglobulin
Lysozyme 10970.00 2757.40 93.38 3.38 1.91 1.30 872
'”CS;;E] B 15083.00 5937.30 48804  10.74  21.05 2.48 148

*Table showing fibril dimensions and persistence length from a number of traced filyrils, N

3.3 Discussion and Conclusion
Despite the assumption that fibril formation is potentially a facet of all proteins the

development ofin vitro amyloid systems is complicated from synthesis and purification to
conversion into fibrils. Where the conversion from monomer to fibril occudeu mild
conditions the generation and purification of these speaas be complicated by their
F3INBIAFGA2y P ¢ KS S E LSiiBcieia, whigh althofigh pdlydeideF at O G A 2
the same temperature as the protein expression, gives rise torge lamount of pure,
Y2Y2YSNRO LINRGSA Y @ynucleib yhe puiififaiiddd o Gup3sNM and
Sup35NMC is complicated by a large amount of polymerisation during expression. The
purification of Sup35NM requires denaturing conditions to extract andfytine protein

from the cellular residues but the subsequent fibril formation must also tolerate the
protein coming from a denatured purification, which for Sup35NM is the case. The C
domain of Sup35NMC and its inability to refold post denaturation, appeto seriously
retard its ability to form fibrils. Native purification enables, albeit in a lower yield, isolation
of material susceptible to polymerisation and although a less subtle observation than the
mutants observed to affect fibril formation abaniet al (Kabani et al., 2011he folding

of the Gterminal domain does indeed have a significant effect on the propensity of the

protein to form fibrils.

107



Chapter 3:Assembly of Amyloid Fibrils and the Quantitative Analysis of their Morphology

Insulin
GIVEQCCTSICSLYQLEYCN

FVNOQHLCGSHL\AL YLVCGERGFFYHAKA

Lysozyme
KVFGRCELAAAMKRHGLDNYRGYSLGNWVCAAKFESNFNTQASSIRBIR QINS
RWANEIGER TPGSRNLCNIPCSALLSSDITASVNCAKKIVSDGNGMNAWVAWRNRCKGTI
QAWIRGCRL

i -Lactoglobulin
LIVTQTMKGLDIQKVAGTWYSLAMAASDISDAQSAPLRVYVEELKPTPEGDLEILLQK
WENGECAQKKIIAEKTKIPAVFKIDALNENKVLVLDTDYKKYLLFCMENSAEPEQSLACQ
CLVRTPEVDDEALEKFDKALKALPMHIRLSFNPTQLEEQCHI

Figure 3.31  Peptides at Core of Amyloid Fibrils Formed by Heating in Acid
Top¢ Bovine Insulin A (top) and B (bottom) with regions protected from hydislin green.
Middle ¢ Lysozyme sequence with peptide found at the core of the amyloid fibrils marke
yellow and the area around which observed in the fibrils marked in purple. Boftom
Lactoglobulin sequence with one of the regions at the cormeffibril marked in blue.

Whilst the conversion of monomer to fibril under mild conditions offers difficulties with
purification preassembly, proteins which seem to require extra activation to polymerise
offer the potential of easier purification but the problem of working out tbenditions
required for fibrils to form. The hydrolytic mechanism of fibril formation has recently been
shown with insulin(Piejko et al., 201%) -laictoglobulin (Akkermans et al., 200&nd

lysozyme(Lara et al., 2011a, 2013, 20X#)g. 3.31).

As proteins are a chain of amino axidovalently bonded together by amide groups the
acidic conditions utilised promotes napecific hydrolysis (Fig. 3.32) and therefore
potentially leads to a highly heterogeneous monomer set.

Although the hydrolytic mechanism of fibril formation is tenmgf it is also worth
contemplating the protective nature of the crebgta sheet core (Fig. 1.12) and is the final
monomer unit of a fibril the same as the monomer required for fibril formation? The
hydrolysis of one or two amide bonds may well be enotglallow monomers to enter
conformations not normally allowed and therefore form fibrils. The cluss sheet

I oA X 4 A x

NEIA2Yy T2N¥SR A3 LINRGSOGSR TNRY KORNRYAERAA

108



Chapter 3:Assembly of Amyloid Fibrils and the Quantitative Analysis of their Morphology

susceptible to further acidic hydrolysis. The propossgdrblytic mechanism when proteins
are subjected to heat in an acidic environment means that the fibrils formed in this process

are derived from the protein and not fibrils of the protein.

1 1
H 0 Ry OH H O(Hh R' , OH
H.C. _N N H,C_ _N N, b
e Tl e B e L
0 R 0 R 0 R o R

Figure 3.32  Reaction Mechanism Showing the Acid Catalysed Hjais of a
Peptide bond

The acid catalysed addition of water to an amide bond with subsequent elimination ¢

amine molecule is shown. The brackets denoting the interconversion of two tauton

forms of the protonated amide bond before addition of wateThe amine is then eliminatec

leaving a carboxylic acid.
¢ KS 02y JSindogicbylin, Bsbzyme and insulin B chain to fibrils can also be
achievedin vitro using denaturing conditions and therefore potially without hydrolysis:
i -lactoglobulin (Hamada and Dobson, 2002ysozyme(Krebs et al., 2000and insulin
(Nielsen et al., @01) The tertiary structure of a protein protects it from hydrolysis as in its
folded form some residues are not exposed to water and therefore protected. Whilst
denaturing conditions are not enough to break standard amide bonds the removal of
protein tertiary structure exposes residues more susceptible to hydrolysis to water and
therefore potentially increases hydrolysis. Work by \dadl (Vlad et al., 2011has shown
that h-synuclein has autoproteolytic activity which can liberate peptides]4Q, from the

amyloid forming regior(Uéda et al. 1993) 61-95, whose reaction kinetics are enhanced

when compared to the full length protein. Although no evidence for this truncation was
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observed here it offers evidence that hydrolytic enhancement of amyloid assembly is a
more common phenomenon thmjust for fibrils formed in an acidic environment.

Whilst the evidence for the role of hydrolysis, whether chemical or enzymatic, in the
preparation ofin vitrol Y& f 2 A R T A 0 NNattaglobRIS(NEkedrBaRs efFaN200g) |
insulin(Piejko et al., 2015)ysozymeFrare et al., 2004, 2006; Lara et al., 2@14ynuclein
(Vlad et al., 2011 apparentts importarcein vivois unclear. The identification of fibrillar
materialsin vivotends to be via histological staining of tissue but the proteomic analysis of
these samples can enlighten what the monomeric units of the fibrils Brevivaanalysis of
lysozyme fibrils, by f&rminal sequencing, derived from patients suffering from systemic
lysozyme amyloidosis has shown that the monomers are mutated full length lysozyme

(Booth et al., 1997; Pepys et al., 1968]. 3.33)

HEWL 1 MRSLLILVLCFLPLAALGKVFGRCELAAAMKRHGLDNYRGYSLGNWVCAAQ
111111 e R R R TR

HumanLys 1 — -eeoeeeeeeeeees KVFERCELARTLKRLGMDGYRGISLANWMCLA 32

HEWL 51 KFESNFNTQATNRNDES TDYGEBIEIRWWCNDGRTPGSRNLCNIPCS 99

HIBIHIIRE [T
Human Lys 33 KWESGYNTRATNYNAGDRSTIR@GNSRYWCBGKTPGAVNACHLSCS 82

HEWL 100 ALLSSDITASVNCAKKNSDGNGMNAWVAWRNRCKGTDVQAWIRGCRL 147

1 1 1 o 1
Human Lys 83 ALLQDNIADAVACAKRVVRDPQGIRAWVAWRNRCQNRDVRQYVQGCG\L30

Figure 3.33 Comparison of the human and hen egg white lysozyme sequences.

A sequence alignment of hen egg white lysozyme (HEWL, Top) and human lysozyme (Lower). The
HEWL sequence labelled withe ILQINS sequence determined by Lara et al (Lara) in red and the
positions susceptible to acidic hydrolysis as shown by Frare et al (Frare) in green. The residues of
human lysozyme whose mutations are central to conversion to amyloid fibrils withoublygilin

vivo by Pepys et al (Pepys) are highlighted in yellow.

Frare et al(Frare et al., 2004, 2®) have shown that wild type human and hen egg
lysozyme do not enter the conformations required for amyloid formation without
hydrolysis where as the mutated forms found in systemic amyloidosis are capable of
entering this conformation and therefore nwerting to the amyloid state. Insulin derived
amyloidosigs observedat the injection sites of recombinant insulin. Storage of the insulin

formulations over time have shown that the protein structure is the subject of amide
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hydrolysis, both side chaend peptide backbonéBrange et al., 1992; Nilsson and Dobson,

2003)

Beyond the proteins studied here there is evidence that hydrolysis can play a role in the
aggregation of other proteins such as the S52P mutant of transthyretin (B&B3trom et
al., 2005; Mangione et al., 201B)y" R-micralglobulin(Heegaard et al., 2005; Linke et al.,

1989; Stoppini and Bellotti, 2015)

Aside from the differences observed in fibril formation conditions the dimensions and
properties of the fibrils varies despite the samere crossheta sheet. The Sup35 proteins

are the largest in terms of monomer size at 35kDa and 78kDa for Sup35NM and Sup35NMC
respectively but by qualitative analysis form fibrils of a similar diamet8t5Am. In
comparison insulin B chain is the staat protein investigated at 5.8kDa and yet gives rise

to fibrils of comparable height with a mean traced height of 10.74nm and a particle height
mean of 8.18nm, both values appear high when compared to the qualitative assessment, 5
6nm, and thisisdue td KS LINBaSy O0S 2F a2YS OSNER KAIK
a @ y dzO tldstagyobulin iand lysozyme are all similar molecular weights as protein
monomer, ~15kDa, yet give rise to fibrils of different height at 6.94nm, 2.49 and 3.38nm
respectively. Mis suggests that there is no association between monomer size and fibril
diameter but this assessment is based on the starting monomers size and does not take
into account hydrolysis observed during conversion or fibrils propensity to laterally
associate.

The quantitative assessment of the longer fibril particles is in agreement with the
qualitative assessment of their length and the length trend concurs with the order of fibrils

weight average contour length.

Finally,characterisation of the polymers irertms of there nanomechanical properties was

carried out. The elasticity of a material, its non permament deformation, is quantified by
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0KS | 2dzy3Q&a Y2 Rdzf dzihe smalleththe due th& BoreelasiiStNa I
polymer. The persistence length,Xlof a polymer is the length where the correlation

between two tangent angles starts to diminish and is a measure of the rigidity of a

L2 f @ YSNI ¢tKS NBflFlA2yakKALl 60SG6SSy |, 2dzy3Qa

Equation3.2

Equation 3.2TheO2 NNBt | GA2y 2F ,2dzy3Qa Y2RdzA dza | yR [

. 00
Vo

9r |, 2dzy3Q& Y2RdzZf dza>X LT a2YSyid 2F LYSNIAF 2F (KS |
I' ™K ng=Boitzrianrf constant and T = temperature (K).

Calculation of the fibril persistencength of each type of fibrih this chaptershows that |,

Ada y2i O2NNBfilIGSR ¢6A0GK GKS RAFYSGOSNI-2F (KS
fIrO0G23t20dzf AyS 0SAYy3 ( Ksnuckig, havingNah mterRedibtg’ R G K S
persistence length. TEhsize of the regions shown to be at the core of the amyloid

& 0 NHzO (i dzNB a -laxtéghbliubin has Khe dargést region, ~30 residy&sy. 3.31)

(Akkermans etl., 2008) whilst lysozymdLaa et al., 2014)and insulin B chai(Piejko et

al., 2015have the smallest, ~15 residues roughly following the order of decreasing [t

possible that the number ahter-molecula interactions between monomers is key to the

rigidity of the resulting polymer? The observegfar a-synuclein and this trend suggests

the size of the crosbeta sheet corevould be similar/slightly smaller than insulin B chain.

The core 35 residue sdgS y O S -syRu2ldid i known, NA@éda et al., 1993)and the

work of Vladet al (Vlad et al., 20113hows that the actual core maybe slightly smaller, ~25

residues, which suggestsitsd. K2 dzf R 0 S A yYlactogloBulinN&har xhan/ins@irf |

This comparison though assumes tilthere is not further redundancy in the 25 residue

crosso S aKSSG NB Fdyruglein2 Boa SUPED BN dbrdailishthe amyloid

forming region and is 254 residues in size but the importance of 16 resides, éh

112



Chapter 3:Assembly of Amyloid Fibrils and the Quantitative Analysis of their Morphology

phenotypes which promote angrevent fibril formation (ASU/PNM) suggests that this

region is key to the crodseta sheetDePace et al., 1998)

Table 3.2 Published peristene length data for the fibres generated in chapter 3

. . No. of
Protein Subtype  Height Ly particles Reference
i -Lactoglobulin i 2nm 0.968um 50 (Adamcik et al., 2010
i -Lactoglobulin ii 3.54nm 1.62pm 108 (Adamcik et al., 2010;
i -Lactoglobulin iii 5.56.4nm  3.244pum 60 (Adamcik et al., 2010;
i -Lactoglobulin 2.3nm 3.818um 110 (Schleeger et al., 201:
h-Synuclein Curly <17nm 0.17pm 50 (Bhak et al., 2010)
h-Synuclein  Straight <17nm 140um 50 (Bhak et al., 2010)
Lysozyme 2.4nm 2.5um 66 (Lara et al., 2011b)
Lysozyme 13nm 5.57um - (Lara et al., 2014)
peptide*
Bovine Insulin 5-6nm 42+30um 76 (Smith et al., 2006)
Values extracted from TEM images in papéalues extracted from the height scale of AFM
images.

*Fibrils derived from the synthetic ILQINS peptide.

The persistence lengtR I G LINB@JA 2dzat & LIdmiofldbalik $héws ha& NJ FA 01
the entwining of fibrils together into higher structures makes a significant difference to the

rigidity of polymers(Table 3.2) By associatg two fibres together a doubling of the
persstence length is observed and when three fibres interact the persistence lengths
trebles (Adamcik et al., 2010)Whilst the height of the single fibres observedAwamcik

etal., 2010 NB & A YA I NJ dlatogiobulin fiiilS deBeated in éhapter 3 the

OF £ Odzft G SR LISNEAAGSYOS fSy3ikKa RAGAuSE 3INSI
(Bhak et al., 2010and insulin(Smith et al., 2006) Whilst those fibres differ from the

previous liteature, the data generated in chapter 3 is in good agreement with the
previously published data for lysozyn{éara et al., 2011band that of a separate

LJdzo f A Ol { A 2 yactoy®bHirt MbiRsA($cHleeger et al., 2013) In all cases the
methodology used in chapter 3 has enabled the persistence length data to be generated on
muchlarger populations of fibrils than has preusly been possible which is of the utmost

importance for generating accurate values of the persistence length.
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The(Adamcik et al., 201@Jata although apparently differing in rigidity to the data shown
here does show that the structural organisation of fiores has a large influence on the
persistence length of materiaéad sugges that height does play some role in determining

persistence length

10000000
£ 1000000
e
? 100000
Q 10000
[
e 1000
L
Q0 100
2
S B
1 n T T T T T T T
Q$V“ Q\%?‘ ;'\‘\0{&) g‘\\@{&) Q @S’ Q‘\O{&) ;'\‘\0&6) Q&Qﬁ’
>
& & & ) N *
S e N ® & ©
& X Oﬁ O \g @0
SR S
N &
N A
Figure 3.34 Bar chart showing a comparison of the fibrils formed in this

chapter with other biological polymers

A bar chart with a log plot showing published persistence length vdhilegs) for DNA
(Hansma et al.,, 1996)RNA(Abels et al., 2005)actin fibres(Gittes et al., 1993and
microtubules(Gittes et al., 19933ompared to the persistence length values extracted from
GKS FAONRE & I DT 2 3 &riiddein Wi Msulin B chain.

Published malysis of apoliprote#€C Il fibrilsshows prticles ofl  KSA3IKG -AAYAL [N
lactoglobulin and lysozyme but have a significantly lower persistence length, @tatters

et al., 2003) Xray diffraction analysisf these particles showed that the core structure is

that of a single protofilament with no further structural organisatigtatters et al., 2003)

Whilst (Adamcik et al., 20105 K 2 ¢  dldtbglobulin is susceptible to intdibril

aggregamn leading to differing persistence lengths, the particles generated in chapter 3

appear to be by comparison of the particle height with published dgiatofilaments with
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a much higher rigidity) -Lactoglobulin has been shown to form two distinct maofadgies

of fibrils: worm like and straight with low (92.7nm) and high (3818nm) persistence length
respectively, under different fibril formation conditiorf%andenAkker et al., 2011)The
difference between worm like and sfight fibriisR S NJ&A @ S RactdghBulifi was shown

by vibrational sum frequency spectroscofiy be correlated with thethe proportion of
beta-sheet observed in the sampléSchleeger et al., 2013akdenAkker et al., 2011)The
particles formed in this research have similar height (2.3nm) and persistence length values
(3818nm) to the values generated here and are that of a single protofilament
(VandenAkker et al., 2011 These data suggest that theanomechanical properties of

amyloid fibrils are profoundly influenced by the molecular structure of the fibres.

Although the values forylin Table3.1 show that the | of the amyloid fibrils generated in

this chapter are of different length€ompaisonto other biologically relevant polymers
ddzOK a 5b!3X wb!x FOGAY FyYR YAONRGdz dzf Sa
f I OG 2 3 t-Frudeinfaydsnsulin B cha@xhbit similar L, values to each other (Fig.

3.34 red bars). The fibrils formed here are much more rigid than the polynucleotides DNA
and RNA (Fig®.34, left hand blue barsjAbels et al., 2005; Hansma et al., 1986) more

flexible than actin polymers and microtubules (Rg4, right hand blue barq)Gittes et al.,

1993)

To conclude expression and purification systems have been developed for the generation
2 T-syhuclein, Sup35NM and Sup35NMC monomers. Utilisirgethnomers as well as
commercial soNJ S &-lacRo@lobiilin, len egg white lysozyme and bovine insulicHin

an array of different fibrils have been generated, characterised in terms of their physical
dimensions/properties. Comparison of this data ledd interesting questions relating the
structure of the cros$eta sheet and polymer properties such @s Lhese fibril stocks will

allow the investigation of their resistance to mechanical stress (Chapter 4).
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3.4 Future Work
To developin vitro polymerisation conditions which do not result in the aggregation of

Sup35 amyloid fibrils into large clumps.
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Chapter 4: Comparative Analysis of the Fragmentation of Amyloid Fibrils

4.1 Introduction
The formationof a nucleusfrom protein monomers and subsequent growth of amyloid

fibrils by monomer addition are pivotal events in the nucleated growth raagm of
amyloid fibrils. However, the kinetics of fibril formation are profoundly influenced by
secondary processes such as surface nucleation and fibril fragmentation. Without these
secondary processes, the exponential phase of growth observed woultbigderably

slower.

The influence of amyloid fibril fragmentation extends beyond the kinetics of fibril formation
into their functional ordeleteriousroles in biological systems. As discussed in 1.8.2 the
chaperone mediated fragmentation of amyloid asits is an integral component of the
transmission mechanism associated with the prion phenot{grne et al., 2009; Cox et
al., 2003) In yeast, this caprovide an adaptive mechanism, for example thaisation of
different nitrogen sources, but in mammalian organisms so far only gives rise to disease
association in for example CJD and Kuru. A key observation associatgeagtprions,
[prion’], is the presence of different phenotypes, weak and styocaused by the formation

of different fibril morphologies with different propagation propensiti€fanaka et al.,
2006) The central role that fragmentation has on prion propagatom the potential
differences of the morphologies with respect to their resistance to fragmentation poses an
important question5 2 S&a I & ¢ S 1 $MNibrils, Yrdril Susceptibde Iobreakage,

give rise to a stronger prion phenotypdTanaka et al., 2006)

The fragmentation of fibrils also offers a potential explanation to the lack of correlation
between amyloid load and the symptoms observed with sufferers of diseases such as
I{fT KSAYSNRa® ac¢¢ ReS NBf SstratsSthat thesmalien fioil | S
particles generated by fragmentation interact with membranes more efficiently and

increase cytotoxicity compared to the unfragmented fibrils (Fig. @XLe et al., 2009b)
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wSOSy G 62NJ]  dzag-Migichlobilik 882mi Fibvil Ssamples has shown that
fragmented fibrils are internalised into the cell via endocytosis more efficiently than
unfragmented longer particles, and the cytotoxicity observed is due to interaction of the

particles with lysozomes drnmpairment of their functior{Jakhria et al., 2014)

Length

Fibril Load
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and cytotoxicity membrane disruption
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Figure 4.1 Fibril Fragmentation Increases Cytotoxicity

A schematic showing that the fragmentation of amyloid fibrils increases the cytotoxici
the particle by allowing great interaction with,and disruption, of cell membranes. The re
arrow shows a fibril formation where fragmentation is an active process leading to sh
particles. The blue arrow is an example of a fibril formation where fibril fragmentatic
minimal leading to longer particles. Fragmentation of these longer particles gives rise
increase in cytotoxicity. Taken frafdue et al., 2009b)

As previously discussed, the properties of amyloid fibrils have marked them out as
potential nanomaterials (Knowles and Buehler, 2011) By correlating structural
characteristics and physical properties with the compositiorhefmaterial it is possible to
build up a structure activity relationship, and generate rules that will enablerthslico
design of new amyloid materials with enhanced properfigiset al., 2014; Scheibel et al.,

2003) The formation of fibrils of different morphologéom the same monomersan
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generate differentproperties, as phenotypically observed with pricsusd shownin \itro

& A G-Kctoglobulin(VandenAkker et al., 201,13uggesting that fibril formation conditions
are also important in generating different amyloid types, which could be differentiated
between by examination of their resistae to fragmentation. Thus, the ease of

fragmentation of a fibril can potentially be correlated to their yield strength andigidity.
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The breakage of amyloid fibrils into smaller comporsemuld potentially occur in between

monomers at any point on the fibril, length i, to give a fragment, length j (a). The first order

FNI IYSyGrdAaz2y NIrGSa 2F TFAONRC 0 NB InjicrogldbulinR S NA @S R
fragmentation which shows thabreakage is length dependent with longer fibrils more likely to

ONBI]l GKFrYy &aK2NI 6060 600 ! I NI LK -miciogtobulin/ 3 G K S
fibrils as a function of fibril length. (d) A graph showing the rate of fragmentation as fofurmt

position on the fibril with the middle exhibiting the faster ratEigure taken fronfXue and Radford,

2013)

¢ KS ¥ NI 3Y SyhidrbgloBuinyfibrild dhder mechanical perturbation has previously
been investigated by analysis thfe particle dimensions for the fibril population over the

course of the fragmentation. This was achieveby using the data from large numbers of
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individually imaged fibrils using Tapping Mode Atomic Force MicroscopyAENW) and an
automaed MatLab applicationwhich is capable of tracing fibrils in the images and
extracting information aboutthem (Xue, unpublished). Applying different periods of
fragmentation, by stirring, shoed how these materials fracture over timéXue and
Radford, 2013; Xue et al., 2009b)Thechange in contour length distribution over time
enabled thegeneration of a model which best fits the contour length distribution profile
204 SNWSR SE LIS NASogldbulin fiséfragmén®g/ in iwhich the rate of
breakage for longer fibrils is faster than short and that it is more likely for the breakage
occur in the centre of a fibril rather than the emof amyloid fibrils (Fig. 4.@fue and
Radford, 2013)

4.1.1 Chapter Aims

It is evident that fibril fragmentation angarticle size are important considerations for
understanding the biological functioof amyloid fibrils andtheir future development as
nanomaterals. Therefore, the development of methods to quantify amyloid fibrils
resistance to fragmentation is important. In this chaptie resistanceof amyloid fibrils

to mechanical stress for fibrils derived from different proteins, developezhapter 3,will

be assessed using the physical fragmentation assay described prewslgnd Radford,
2013; Xue et al., 2009land further developed here. The data captured here will enable
0KS O2YLI NRazy 2F Y@f2AR TFTAONAKCE &i®deiivied 6 At A (&
from different monomers have altered physical strengths despite the same coreloetess
sheet architecture. Results here will enable the fibril fragmentation and fibrils mechanical
characteristics to be mathematically modelled. Quantitatiwederstanding of these
properties will allow the prediction of fibril fragmentation for other assemblies and allow

for in silicodesign of fibrils resistant to mechanical stress.
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4.2 Results
Toenable comparisobetween experimental studiethe conditions used to fragmernhe

fibrils generatedin chapter 3 were identical to the work of Xe¢ al (Xue and Radford,
2013; Xue et al., 2009b)Briefly, 500ul of 120uM fibril solutions, in fibril forming buffer,
were stirred at 1000rpm by a 3 x 8mm magnedtirrer bar in a 1.5ml glass chromatography
vial using an Ika Squid stirrer plate with a digital display (Fig. 4.3). The fragmentation
experiments were always carried out in fibril forming buffer as recent evidence has shown
that altering the compositin of buffer and temperature has the potential to change or

disaggregate the fibrils formegkenoueet al., 2014; Tipping et al., 2015)

Figure 4.3 Experimental Setup of Fibril Fragmentation
A 1.5ml clear L™S vial containing a 3x 8mm PTFE stirrer bar and 0.5ml of a 120uM
solution were stirred at 1000rpm by an IKA Squid stirrer, the Bxpnt was covered to
avoid light damage of the sample. Image courtesy of-Mégig Xue.

The analysis of the particle size distributions were achieved by AFM image analysis.

At different time points aliquots of the fragmentation experiment were removed and
diluted to concentrations previously shown to give good particle coverage, and incubated
on a freshly cleaved mica surface before washing and drying under a stream of nitrogen
gas. 20um »20pm scans at 2048 pixels x 2048 pixels resolution were captured and the
images were flattened using the nanoscope analysis software, to remove any curvature of
the image plane. The processed image files generated could then be exported as a text file

for recapitulation in MatLab or transferdedirectly to the MatLalapplication (See 3.2.3.2).
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An importantconsiderationfor the successful analysis of fibril length distribution is to find
fibril depositionconditions which allow for the capture appropriate AFM data that gives

a high density of discrete particleshere overlap is minimised. The aim of each timepoint

is to generate a large number of particles, at least 500, across multiple images to minimise
the potential that the data is noa true representation of the surface, and therefore the
sample. Calculation and subsequent plotting of mean fibril lengths against fragmentation
time visualises the fragmentation and allows for calculation of rates of fragmentation
under these conditions.

4.2.1 Qualitative Assessment of Fibril Fragmentation

Quantitative analysis of fibril size distributions is dependent on image quality and requires
a large number of discrete particlagere overlap is minimised to enable successful tracing
of the fibrils. The suitability of the fibril samples produced in chapter 3 to quantitative

particle size analysis during fragmentation is investigated qualitatively in this section.

42.1.1 Sup35
As observed in 3.2.2.2 the polymerisation of Sup35NM and Sup35NMGigmave large

networks of amyloid fibrils (Fig. 4.4, 1A and 1B), which were also visible by the optical
microscope used for aligning the probe with the laser and the mica surface (Fig. 4.4, 1C).
The concentration required for Sup35NM fibril assembly iéregion of 10uM and as
such the targeted fragmentation experiment concentration of 120uM was not possible to
reach without monomer or fibril concentration processes which further exacerbate
aggregation problems. Also, fragmentation of these aggregasssnot possible by stirring

as it was not powerful enough to break the inter fibril interactions holding the network
together but mild sonication, 20% amplitude for 4 minutes on ice with 5 second bursts, did
allow for the network to be dispersed. Aftepnication, the large aggregates visible pre
sonication were no longer visible using the optical microscope and had been broken into

smaller clusters shown by AFM (Fig. 4.4, 2A, 2B and 2C).
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4 — 10 P
Figure 4.4 Analysis of Fragmentation of Sup35NM
1, 10uM Sup3HM Fibrils, unsonicated. 2, Sonication of 10uM Sup35NM fibrils on ice !
minutes with 5 second bursts at 20% amplitude; Peak force error scan of 10um x 10um
1024 x 1024 pixels with 1um scale bar and 1um insert magnified x 5 with 200nm scak |
¢ Height scan of the same image with 1soale bar and 1um insert magnified x 5 wi
200nm scale bar. €Optical microscope image of the mica surface. The scale for the |
force error images are set betweeh00 and 100mV and the height scales set between-
10 and 10nm.

The large networks of fibrils at the beginning of the experiment and the material after
sonication were not conducive to particle length analysis or fragmentatiodies so were

not progressed to quantitative size analysis.

42.1.2 Insulin B -chain
Exposure of fibrils derived from insulincBain formed in 32.2.3, to fragmentation under

the conditions used previously, and described in 4.2, resulted in a grexbsabf affinity of

the particles to the micasurface (Fig. 4.5)vhich was not returned even with altered
deposition conditions. Whilst the disappearance of the fibrillar material from the mica
surface was obvious another change in mica surface covesalgss evident and involves

the deposition of a large amount of small material generated during the fragmentation
onto the mica surface (Fig. 5, inserts). This reproducible loss of affinity consistently
occurred after about 9 hours of stirring and althduthe AFM background had changed
TEM analysis showed the presence of fibrillar material in the fragmentation experiment still

persisted (Fig. 4.6).
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30 mins 1 Hour

4 Hours

8 Hours 23.5 Hours

-10nm e  10nm

Figure 4.5 AFM analysis of the Fragmentation of Insulin Fibrils

A 120uM Insulin fibril suspension wstired at 1000rpm and at different timepoints materia
was deposited onto a mica surface and a 20u20pum area imaged at 2048 x 2048 resolutic
with a 1um scale barThe height scale for each image is set betweldhand 10nm.

There are several possibilities as to the origin of this diffeee The fibrils derived from
insulin Bchain fragmentation may occur by a different mechanism compared to other
LINEGSAYyasz € A0SNI fimawril £SheFormatier abstilin défiveaMibdis Q 2
occurs at pH2 the fibrils are positively charged which aides binding to the negatively

charged mica surface. One explanation for fibril disappearance was that the small clusters
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formed interact withthe fibrils stopping the fibrils from binding to the mica surface but this
mechanism is unlikely due to the pH of solution meaning that, like the fibrils, the small
clumps are protonated and therefore will electrostatically repulse the fibrils. A more
probable explanation is that due to their positive charge the clumps and the fibrils are
competing for binding to the negatively charged mica surface. As the image appears to
show a covering of the surface with this material it suggests the smaller materiabre
tightly bound to the surface essentially covering it with positive charges, which would repel

the fibrils from the surface due to electrostatic repulsion.

The inability to measure the height and length distributions of the insulshdn fibrilsas
the fragmentation proceeds meant the data generated was not suitable for particle size

analysis during fibril fragmentation using this method.

o

Figure 4.6 TEM Analysis of Fibrils Pre and Post Fragmentation

A ¢ TEM analysis of Insulin fibrils befdragmentation, with 1uM scale bar. 8TEM analysis
of Insulin fibrils fragmented until after the disappearance of fibrils from the AFM surface
observed, with 1m scale bar.

42.1.3 LyOT UUI-ARA®T C1 1T A&ynadein AT A
¢CKS FNIAYSyYydGlrdAzy 2F TFTAONARE & | REREOSBRAZFANR Y I
synuclein were all achievable using the predefined conditions of 500ul of 120uM fibril

solutions and using the appropriate depositiconditions gave rise to discrete particles

observable by AFM (Fig. 4.7, 4.8, 4.9).
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600s 18000s

264600s 610200s

783000s

Figure 4.7 AFM Analyslsis of
Lysozyme Fibril Fragmentation.
Fibrils derived from lysozyme wern

subjected to fragmentation at
1000rpm and at different time points
(in secads) material deposited onto
mica for analysis by AFM imagin
Representative  images of the
fragmentation taken at different time
points, with time shown above.
Image properties- 20pm x 20pm at

2048 x 2048 pixaksolution with 1um
scale bar and lunnsert magnified x
5 with a 200nm scale bar. The AF
height scale is set betweerb and

5nm.
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300s 7200s

86400s 432000s

1128600s

Figure 4.8 AFM Analyslsis of
i -Lactoglobulin Fibril
Fragmentation.

CAONARE A RSKAoG® RN
were subjected to fragmentation ai
1000rpm and at dferent time points
(in secondsymaterial deposited onto
mica for analysis by AFM imagini
Representative  images of the
fragmentation taken at different time
points, with time shown above.
Image propertiess 20pm x 20um at
2048 x 2048 pixel resolution thwilpm
scale bar and.um insert magnified x
5 with a 200nm scale bar. The AF
height scale is set betweerb and
5nm.
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300s 18900s

257100s

1293300s

Figure 4.9 AFM Analyslsis of
h-Synuclein Fibril Fragmentation.
CAONRT & R SWMICEHIS Rere’
subjected to fragmentation at
1000rpm and at different time points
(in secondsmaterial deposited onto
mica for analysis by AFM imagin
Representative  images of the
fragmentation taken at different time
points, with time shown above.
Image properties- 20pm x 20pm at

2048 x 2048 pielresolution with 1um
scale bar and 1pm insert magnified
5 with a 200nm scale bar. The AF
height scale is set betweefl0 and

10nm.
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Qualitative analysis of the fibrils observed in the first time point of the fragmentation show
that hen egg lyso2¢S I y$yRuclein both have a propensity to form longer, more coiled
FTAONRC & -lactsgloblin fibrils appear on the mica as shorter, straighter particles.

2 KSy RSLIRaAGSR 2y i 2-synddeid [fibrilsizapiebid retiYadly as Sdlled h
structures (Fig. 9, 300s image), something that is observed with lysozyme rarely but not at
£ € daktdgidbulin. Inspection of the individual AFM images captured during the
fragmentation of these three proteins showed the each change from long fibriteagtart

of the experiment to much smaller particles at the end of the experiments (Fig. 4.7, 4.8,

4.9).

Of the five proteins successfully polymerised to amyloid fibrils in chapter 3 only three were
suitable for assessment of their particle size distribng during mechanical perturbation:

feazi®vOH2Af 2-8ydeclan/ Yy R h

4.2.2 1 0AT OEOAQEO I OOAOGI AT O 1 £
, AAOT CI1 1 A &yriadlein RibrifFragmentation
¢CKS FNIIAYSY(dl GARGE 2Tt 2-dydzlGingFidrif Wasicded out twice

using different time points over a period of about two weeks to show reproducibility.

Table 4.1 General Statistics for the Fragmentation of Fibril Samples
Total No. Of No. Of
Fragmentation| Time Images
Time (s) Points |Captured

Lysozyme 1 1123200 12 26
Lysozyme 2 1048500 14 26
B-Lactoglobulin 1 1126800 12 18
B-Lactoglobulin 2 1296000 13 33
a-Synucleinl 1293300 14 36
a-Synuclein2 1380900 15 36
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During this time a minimum of twelve aliquots were removed for deposition onto mica and
imaging. For each time point multiple images were captured so as to achieve the 500

particles minimum target for analysis of therpele size (Table 4.1).

4.2.2.1 Analysis of Changes in Monomer Composition
¢2 O2YyFANXY GKIFG GKS FNIAEYR2S (2 ajonicefy fi@iIywes eha 2 T &

by physical breakage and not an artefact of monomer shedding the composition of the

swpernatant pre and post fragmentation was compared by residual monomer assay.

Figure 4.10 Lysozyme Fragmentation Residual Monomer Assay
Left ¢ Coomassie stained SDS PAGE-{Titine) gel of a serial dilution of lysozyme and 1¥0u

fibrils and fragmented fibrils centrifuged at 75k rpm with 10ul of the very top of the supernatant
removed and diluted 1 in 10 for SDS PAGE analysis. The gel was then Coomassie stained. Right
Intensity values of the coomassie stained bands, from Aielasitometry analysis, plotted against

pum concentration of dilution. Intensity of the fragmented and parent fibrils plotted onto the graph.
Equation of line of best fit, y = 140.34262.79

The values obtained from lysozyme pamd post fragmentationwere 61.8uM and 63.5uM
NBAaLISOGA @St dactoglGbilid dess nthamv N 4 LISOG A @St & -0CATd
synuclein4.2uM and 5.7uM respectively (Fig. 4.12)The different level of residual
monomer composition before fragmentation for the differentopeins is due to different
efficiencies of conversion to fibrils. With respect to the starting residual monomer
concentration for the fragmentation experiment the fragmented samples exhibit similar
monomer compositions with lysozyme differing by only 1(¢f#&- 51.5%, postp H ®d3=: 0 = b
synuclein by 1.25% (pr8.5%, postn ® T p:°: GlactogloBulin showing no difference at all
(pre-/post- 4%).These values show that the major process observed during mechanical

agitation is fragmentation and not monomer releas
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