
   

 

A University of Sussex PhD thesis 

Available online via Sussex Research Online: 

http://sro.sussex.ac.uk/   

This thesis is protected by copyright which belongs to the author.   

This thesis cannot be reproduced or quoted extensively from without first 
obtaining permission in writing from the Author   

The content must not be changed in any way or sold commercially in any 
format or medium without the formal permission of the Author   

When referring to this work, full bibliographic details including the 
author, title, awarding institution and date of the thesis must be given 

Please visit Sussex Research Online for more information and further details   



   

Self-assembly and 
seeding capabilities of an 

Alzheimer’s disease-
associated fragment of tau 

 
 

Saskia Julie Pollack 
 
 
 

Thesis submitted in fulfilment of the degree of Doctor of Philosophy 
 
 
 
 

Department of Life Sciences 
 

Sussex Neuroscience 
 

University of Sussex 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

September 2018 
 

  

  



 1 

Declaration 
 

I hereby declare that this thesis has not been and will not be submitted in whole or in 

part to another University for the award of any other degree. 

 

 

 

 

Signature: ________________________________________________ 

 

 



 2 

Acknowledgements 
 

First and foremost, I would like to express my deepest appreciation to my supervisor, 

Prof. Louise Serpell, not only for her continuous support throughout my PhD but also 

for giving me so many wonderful opportunities. Not many PhDs involve bathing in some 

hidden hot springs with colleagues or travelling through snow to get to a conference in 

Colorado! Most importantly, Louise remained positive and reassuring when I struggled 

with self-doubts, and for that I am immensely grateful. I also thank the University of 

Sussex and Sussex Neuroscience for funding the work presented in this thesis as well 

as conferences and courses I have attended. I wish to thank the Sussex Neuroscience 

4-year thesis committee, in particular my second supervisor, Prof. Kevin Staras and 

also Dr. Ruth Staras. I also wish to thank Dr Oyinkan Adesakin and Dr Selina Wray, 

my viva examiners, for their very helpful comments and suggestions.  

 

I have been very fortunate to work alongside a team of superb scientists at TauRx 

therapeutics, including Claude Wischik, Charles Harrington, Janet Rickard, Michael 

Simpson and John Storey. I am grateful for the many many stimulating and productive 

scientific discussions over the years.  

 

Thank you to the entire Serpell lab group: Dr. Youssra Al-Hilaly, Dr. Karen Marshall, 

Dr. Devkee Vadukul, Dr. Mahmoud Maina, Luca Biasetti, and Ana Raulin. You have 

all taught me the research skills I needed to complete my PhD with plenty of patience. 

Thank you also for providing laughter, friendship, karaoke and cake. Thank you, Kate 

Fennell, for some of the best office chats and Jasmine Trigg for being a brilliant student 

and a pleasure to work with in the lab. A special thanks goes to Karen and Devkee for 

your friendship, for always listening and for being a constant source of humour. I will 

never forget the evening we spent gazing at the stars in the mountains.  

 

I want to also convey my appreciation to all professional and technical staff in the Life 

Sciences department, who without, this research work would have been much slower to 

complete. Thank you to Roger Phillips and Pascale Schellenberger for their 

microscopy expertise.  

 

Thanks to Tom, for always supporting what I do. Emma O, Emma C and Leola for 

proving lots of wonderful memories. Andy, for giving me the final push I needed and for 

picking me up from a bad day. Thank you to my family. Maman for her unfaltering love 



 3 

and for giving me strength. Samuel for his wise words and invaluable support. My Dad   

for understanding the science PhD woes and Jared for encouraging me to laugh and 

unwind. Merci Nina et Bapou pour votre immense soutien et votre intérêt pour ce que 

je fais.  



 4 

Abstract 
 

In Alzheimer’s disease (AD) and other tauopathies, soluble tau protein self-assembles 

into insoluble aggregates. In AD, tau is deposited as neurofibrillary tangles (NFTs) 

composed mainly of paired helical filaments (PHFs). The structural core of PHFs is made 

up of two protofilaments with C-shaped subunits. There is a need for a relevant model 

of tau aggregation that does not require non-physiological inducers of aggregation, to 

permit the study of inhibition of tau aggregation and tau seeding in a physiological 

environment. The tau protein fragment, dGAE (amino acids 297-391) maps onto the 

proteolytically-stable PHF-core tau sequence and represents a model system with which 

to understand the cellular effects of misfolded tau.  

 

In this thesis, dGAE self-assembly was characterised in vitro, to investigate changes to 

dGAE size and morphology over the course of assembly and the role ofdisulphide bonds 

in this process. Here, we show that dGAE assembles into filaments that resemble PHFs 

from AD brain, but this process does not depend on Cys-322. The effect of the small 

molecule, MT, on dGAE self-assembly was investigated, showing that MT must be 

reduced to LMT to efficiently inhibit dGAE self-assembly and forms species with an 

alternative conformation. The effect of exogenously-applied dGAE on cell viability, 

internalisation and seeding capabilities were examined in differentiated SH-SY5Y human 

neuroblastoma cells, which do not overexpress aggregation prone mutant tau or tau 

fragments. These cells can internalise dGAE in a soluble form and accumulates within 

the cytoplasm. Exposure to exogenous dGAE induces changes to endogenously 

expressed tau, namely a redistribution and increase in phosphorylated endogenous tau.  

 

The results presented in this thesis characterise the self-assembly of the PHF core under 

physiological conditions and aids in understanding the process leading to PHF formation. 

This approach will provide a useful tool to facilitate the study of tau aggregation and 

ultimately to study the potential of tau aggregation inhibitors to target tau seeding activity.
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Chapter 1          Introduction 
 

1.1. Protein folding and misfolding 
 

Proteins are versatile macromolecules, which are synthesised as linear chains of amino 

acids and adopt a multitude of different conformational states during the folding process 

(Balchin et al., 2016). Newly synthesised proteins must fold into a specific structure, 

which is determined by the biophysical properties of the protein itself. This process 

requires a carefully controlled system to maintain proteome integrity (Dobson, 2003). 

How this is accomplished has major implications for health and disease and the last 

decades have seen increases in our knowledge of how proteins fold, both in vitro and in 

living cells.  

 

The folding of a biologically active conformation (the native state) almost always 

corresponds to structures that are most thermodynamically stable, yet the process is 

susceptible to errors. This can often give rise to misfolded states and off-pathway 

aggregates (Anfinsen, 1973; Hartl and Martin, 1994; Balchin et al., 2016). The folding 

process can be understood by the free-energy surface ‘landscape’ of the configurational 

entropy of a protein (figure 1.1) (Kim et al., 2013). An unfolded state may undergo folding 

by intramolecular contacts, forming folding intermediates that lead to a decrease in the 

configurational entropy as the native state is approached. Misfolded conformations may 

arise that favour kinetic traps and are therefore prone to aggregation. The formation of 

these kinetically trapped states is driven by intermolecular contacts, inducing the 

formation of oligomers, amorphous aggregates, or highly ordered amyloid fibrils.  

 

Living cells prevent the accumulation of unfolded proteins via molecular chaperones, 

and degrade misfolded proteins via the proteasome and autophagy pathways (Valastyan 

and Lindquist, 2014). Molecular chaperones play vital roles in assisting in the folding 

process to ensure efficient folding (Dobson, 2003). These chaperones also aid misfolded 

proteins to regain their correct conformation via the unfolded protein response (UPR) in 

the endoplasmic reticulum (ER) of the cell (Hartl et al., 2011). Dysfunction of these 

pathways can give rise to protein-misfolding diseases that often involve the conversion 

of misfolded or partially folded intermediates into stable aggregates.  
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Figure 1.1. The protein folding and aggregation energy landscape.  
 
Proteins fold by searching for accessible conformations in a folding energy landscape. 
As the protein progresses toward the native state, energetically favourable 
intramolecular interactions (green) are stabilised. Non-native conformations may lead to 
kinetically trapped states (folding intermediates or partially folded states). Chaperones 
aid in overcoming free energy barriers and prevent kinetically trapped molecular 
interactions (red), leading to protein aggregation. Figure adapted from Kim et al (2013). 
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1.1.1. Protein aggregation and amyloid formation 
 

Partially folded or misfolded proteins typically have hydrophobic amino acid residues and 

regions of the polypeptide backbone exposed that may drive the formation of aggregates 

(figure 1.2) (Hartl, 2017). Aggregation may proceed to form more stable species with b-

sheet structure, and may grow further to form amyloid fibrils, which are structurally 

defined by b-strands running perpendicular to the long fibril axis (Chiti and Dobson, 2006; 

Rambaran and Serpell, 2008). Alternatively, disordered aggregates can give rise to large 

amorphous deposits (Hartl, 2017). 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 1.2. Protein misfolding conformations.  
 
Schematic illustration of the different conformational states adopted by a misfolded 
protein and the possible transitions between the different states. Adapted from 
(Rambaran and Serpell, 2008; Chiti and Dobson, 2017; Hartl, 2017).  
 

 

The structural properties of amyloid forming peptides have been studied using a range 

of biophysical tools and techniques, including circular dichroism (CD), X-ray fibre 

diffraction, atomic force microscopy (AFM), cryo and transmission electron microscopy 

(cryo-EM and TEM, respectively), fourier transform infrared spectroscopy (FTIR) and 

Thioflavin S and T fluorescence (ThS and ThT, respectively). Table 1.1. provides an 

overview of each technique, including the sample conditions and amount required, in 

addition to the outcome and limitations of each approach. Such studies have revealed 

that the conversion of soluble protein into insoluble amyloid fibrils involves the production 

of partially unfolded intermediate structures (Eakin et al., 2006; Jahn et al., 2006). Some 
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of these intermediates include dimers, trimers, tetramers (oligomers) and protofibrils. 

Biophysical studies have also revealed that amyloid fibril formation is characterised by a 

long lag phase (nucleation) followed by a rapid fibril elongation phase and this has led 

to the nucleation-dependent polymerisation model of amyloid fibril formation (Jarrett and 

Lansbury, 1993; Lomakin et al., 1997) (figure 1.3). TEM and AFM studies have shown 

that amyloid fibrils are long and unbranching, and made up of individual ‘protofilaments’ 

(Serpell et al., 2000). The composition of amino acids of proteins comprising amyloid 

fibrils is very diverse, however early studies revealed all amyloidogenic peptides share 

a common cross-b X-ray diffraction footprint, regardless of the amino acid sequence 

(Eanes and Glenner, 1965; Sunde et al., 1997; Rochet and Lansbury, 2000; Rambaran 

and Serpell, 2008). The X-ray diffraction pattern of amyloid fibrils consists of the 

meridional reflection of 4.7 Å along the fibril axis, which corresponds to the hydrogen 

bonding distances between b-strands, and the equatorial reflection of 10 Å perpendicular 

to the fibril axis, arising from the side chain packing between the b-sheets (Sunde et al., 

1997; Makin et al., 2006).  

 

The formation and deposition of amyloid fibrils within and around cells are the hallmark 

of many diseases, thus studying their formation is of major importance. However a 

detailed understanding of the molecular mechanisms underlying the conversion of 

soluble proteins into amyloid aggregates is lacking, particularly in a physiological 

environment (Rochet and Lansbury, 2000; Thirumalai et al., 2003).  
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Table 1.1. Structural techniques used to study amyloid-forming peptides. 

(Nilsson, 2004; Li et al., 2009). 
 
N.B. The resolution or information gained from each technique depends on the sample 
and quality of data. All techniques rely on homogeneity as much as possible (Serpell, 
personal communication).  

 

Technique Condition/amount 
of protein required   

Advantage/outcome Limitations 

Negative 
stain TEM  

- Molecules +50 Å 
in size.  

- 4 µl, >0.1 mg/ml. 

- Morphology of sample 
given by negative 
stain. 

- About 2 nm resolution.  

- Dehydrated sample 
with heavy metal stain 
may give artefacts. 

Cryo-EM - Homogenous 
sample with 
regular features 
(single particle or 
fibre). 

- 4 µl, >0.1 mg/ml. 

- Macromolecular given.  
- Can lead to atomic 

resolution. 

- Expensive. 
- Sample preparation is 

very difficult 

AFM - Low salt. 
- 10 µl, 0.1 mg/ml. 

- Surface structure at 
high resolution. 

- Potentially atomic 
resolution. 

- Optimisation required. 
- Time consuming. 

FarUV CD - Protein in 
solution. 

- >100 µl, 0.5 
mg/ml. 

- Secondary (far) 
structure given 
(including b-sheet, a-
helix and random coil). 

- Impossible to 
distinguish mixture of 
proteins from mixed 
conformation. 

NearUV CD - Protein in 
solution. 

- >1ml, >0.5mg/ml.   

- Tertiary structure 
given arising from 
chromophores (e.g. 
Tyr, Trp). 

- Signal strength is 
much weaker than 
FarUV CD. 

- Requires larger 
volume of protein 
solution.  

FTIR - Protein in D2O 
(dried or kept in 
solution). 

- 5 - 50 µl, >3 
mg/ml. 

- Secondary structure 
given.  

- Detection of 
antiparallel vs parallel 
b-sheets). 

- High signal to noise 
ratio. 

- Water interference.  

ThT/ThS 
fluorescence 

- Molecules in 
solution with ThT 
or ThS. 

- <5 µl, >0.5 
mg/ml. 

- High specificity of 
interaction with 
amyloid fibrils. 

- Fluorescence at 483 
nm increases with 
self-assembly or 
viscosity.  

- Variation between 
samples.  

- Intensity indicative of 
assembly, but not 
definitive for amyloid 
or b-sheet structure. 

XRFD - Fibrous sample.  
- High 

concentration. 
- Low salt. 
- 10 µl, 10 mg/ml. 

- Capable of creating 
structural model 
providing repetitive 
features along fibre 
axis. 

- Sample requires 
alignment.  

- Data analysis requires 
modelling. 
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Figure 1.3. Schematic illustrating the nucleation-dependent polymerisation model 
of amyloid fibril formation.  
 
The model is depicted by a sigmoidal kinetic curve (blue). During the lag phase, 
monomers self-aggregate into soluble oligomers and nuclei. This step is rate-limiting. 
During the rapid elongation phase, the nucleus is elongated into fibrils, which reaches a 
steady phase whereby fibrils mature into amyloid deposits. Adapted from Kumar and 
Walter (2011).   
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1.1.2. Amyloid deposition in neurodegenerative diseases  
 

A common pathological process among neurodegenerative diseases is the accumulation 

of amyloid aggregates formed by disease-specific proteins in the cytoplasm, nucleus or 

extracellular space (Soto, 2003). These were originally identified in neurological 

disorders including; Alzheimer’s disease (AD), Parkinson’s disease (PD), Huntington’s 

disease (HD) and Creutzfeldt-Jakob’s disease (CJD). Figure 1.4. illustrates the 

aggregates and their associated proteins in different neurodegenerative diseases. Table 

1.2. lists common neurodegenerative diseases classified by the global and cellular 

regions that are affected, their pathological hallmarks and the proteins involved in 

pathology (Soto, 2003; Ross and Poirier, 2004, 2005). Understanding how proteins form 

the insoluble aggregates associated with diseases presents a huge challenge and it 

remains unclear how amyloid deposits are involved in the pathogenesis of diseases. 

Equally, questions still remain regarding which species in the aggregation pathway is 

toxic and is associated with disease progression. Accumulating evidence suggests that 

a soluble, pre-fibrillar species of the amyloidogenic protein causes toxicity rather than 

the insoluble fibrils themselves (Haass and Selkoe, 2007; Gadad et al., 2011). However, 

identifying early toxic species, including monomers and oligomers, and their structural 

characterisation is challenging due to their transient nature and heterogeneity 

(Bemporad and Chiti, 2012; Stefani, 2012). Despite this, many experimental approaches 

have emerged that enable the study of AD-related oligomers and their biophysical 

properties in vitro, including photo-induced cross-linking of unmodified proteins (PICUP) 

to ‘freeze’ the oligomer equilibria (Bitan and Teplow, 2004) and protein engineering to 

stabilise oligomers by covalent bond formation (Sandberg et al., 2010). Monitoring 

protein oligomerisation has also been achieved in a cellular environment using a 

sensitive split-luciferase complementation assay, which allows for the detection of 

oligomer formation (Wegmann et al., 2016). Together, these approaches can control for 

the heterogeneity of oligomers and allow for structural characterisation to be obtained 

and related to their toxicity.   
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Figure 1.4. Characteristic pathology of neurodegenerative diseases.  
 
Examples of neurodegenerative diseases (green) and their associated protein/peptide 
(orange) involved in pathological accumulations (blue). Adapted from (Soto, 2003; Ross 
and Poirier, 2004, 2005).  

 

 

 
 
Table 1.2. Proteins and pathology in neurodegenerative diseases.  
 
Adapted from (Soto, 2003; Ross and Poirier, 2004).  
 
Disease Affected regions  Protein involved Pathology 

markers 
Cellular 
location 

Alzheimer’s 
disease 

Hippocampus, 
cortex, basal 
forebrain, brain 
stem  

Amyloid-b, 
Tau 

Neuritic plaques, 
neurofibrillary 
tangles 

Extracellular, 
cytoplasmic 

Parkinson’s 
disease 

Substantia nigra, 
cortex, locus 
ceruleus, raphe 

a-Synuclein Lewy bodies, 
Lewy neurites 

Cytoplasmic 

Huntington’s 
disease 

Striatum, other 
basal ganglia, 
cortex 

Huntingtin with 
polyglutamine 
expansion 

Intranuclear 
inclusions 

Nuclear 

Amyotrophic 
lateral 
sclerosis 

Motor cortex, 
brainstem  

TDP-43, 
Superoxide 
dismutase, FUS 

Bonina bodies, 
axonal 
spheroids 

Cytoplasmic  

Prion diseases  Cortex, thalamus, 
brain stem, 
cerebellum, various 
regions depending 
on the disease 

Prion protein 
(PrP) 

Spongiform 
degeneration, 
amyloid, other 
aggregates 

Extracellular 
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1.2. Tau protein structure and function  
 
1.2.1. Tau isoforms and expression 
 

The microtubule associated protein tau (MAPT) gene, located on chromosome 17 

encodes human tau protein. Exons 2 and 3 of MAPT encode an amino terminal insert 

and exons 4a, 6 and 8 are transcribed only in the peripheral nervous system. Exons 9-

12 encode four conserved repeats that encompass the microtubule-binding domain of 

tau (Goedert et al., 1989). The alternative splicing of exons 2, 3 and 10, generates at 

least six tau protein isoforms ranging from 37 to 46 kilodaltons (kDa). As with other 

intrinsically disordered proteins, these tau isoforms run in an anomalous manner on 

sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE), with 

apparent molecular weights being higher than that of their actual molecular weights. This 

is due to a higher content of charged residues, post-translational modifications and 

variable SDS binding (Tompa, 2002; Guo et al., 2017) (figure 1.5). The isoforms differ 

by the presence of zero, one or two N-terminal inserts (0N, 1N or 2N, respectively), and 

the presence of three or four microtubule-repeat repeats (3R or 4R, respectively). Tau 

expression is developmentally regulated, such that all six tau isoforms are expressed in 

the adult human brain, whereas only the shortest isoform (0N3R) is expressed in the 

foetal brain (Goedert et al., 1989).  

 

Tau is intrinsically disordered and maintains a highly flexible conformation with little 

secondary structure (figure 1.6. A) (Schweers et al., 1994; Jeganathan et al., 2008; 

Mukrasch et al., 2009). Due to its flexibility and variable conformations, the structural 

analysis of tau protein has not been possible using X-ray crystallography. Therefore, 

NMR and CD spectroscopy have been most useful for structural information on tau. NMR 

spectroscopy has revealed that tau is highly dynamic in solution, with 343 out of 441 

amino acids devoid of any ordered structure and only small segments displaying 

elements of secondary structure (Cleveland et al., 1977; Mukrasch et al., 2009). In 

addition, tau is dominated by hydrophilic and charged amino acid residues, with a 

negatively charged N-terminal end and positively charged microtubule binding repeat 

domain (figure 1.6. B). A basic proline-rich region lies upstream from the microtubule-

binding domain, which occur in Ser-Pro or Thr-Pro motifs and whose phosphorylation is 

prevalent in tau aggregates in AD (Wang and Mandelkow, 2016). 
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Figure 1.5. Tau protein isoforms and their domains.  
 
The six tau isoforms generated in the human CNS are shown, highlighting the 
differences between each isoform. Distinct regions of the N-terminal region are either 
excluded (0N) or included (1N or 2N). Splicing of the microtubule-binding domain results 
in 3R or 4R isoforms. The central region includes a proline rich domain. The actual 
molecular weight (MW) (kDa) and the apparent MW are indicated on the right of each 
tau isoform. Adapted from (Guo et al., 2017). 
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Figure 1.6. Structural characteristics of tau in solution.  
 
A. Protein sequence and disorder prediction based on the longest human tau isoform 
(2N4R, 441 aa) using PONDR (http://www.pondr.com). The N-terminal is highly 
disordered whereas the repeat domain is less disordered and plays a role in microtubule 
binding and aggregation of tau. B. Single amino acid charge distribution of 2N4R at pH 
7.4. using EMBOSS (http://www.bioinformatics.nl/cgi-bin/emboss/charge), showing the 
negatively charged N-terminus and positively charged middle domain. Adapted from 
Wegmann et al (2018). 
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1.2.2. Post-translational modifications of tau  

 

Tau protein is subject to dynamic regulation through post-translational modifications 

(PTMs), including phosphorylation, isomerisation, glycation, nitration, O-GlcNAcylation, 

acetylation, oxidation, polyamination, sumoylation and ubiquitylation (Wang and 

Mandelkow, 2016). Many of these have been studied in order to understand the impact 

of PTMs on tau function and in disease. Reversible lysine acetylation has been observed 

within tau aggregates in AD brains, and plays a role in modulating tau function, leading 

to ameliorated Amyloid-b (Ab) peptide toxicity in vivo (Gorsky et al., 2017). Tau 

phosphorylation is the most widely studied PTM, given its profound impact on the 

physiological function of tau. Tau contains around 85 phosphorylation sites, which have 

been identified by mass spectroscopy (Tepper et al., 2014; Mair et al., 2016), including  

45 serine, 35 threonine and 5 tyrosine residues (Hanger et al., 2009). The regulation of 

site-specific tau phosphorylation is crucial for its association to microtubules and 

therefore the stabilisation of microtubules themselves (Sengupta et al., 1998; Ksiezak-

Reding et al., 2003), and must be controlled by protein kinases and phosphatases, 

including glycogen synthase kinase-3 (GSK-3) a/b, cyclin-dependent kinase-5 (Cdk5), 

mitogen-activated protein kinases (MAPKs), microtubule affinity-regulating kinase 

(MARK), cyclic AMP-dependent protein kinase (PKA) and Ca2+- or calmodulin-

dependent protein kinase II (CaMKII) (Hanger et al., 2009).  

 

In AD, tau phosphorylation is increased (Kopke et al., 1993) and it is thought that 

hyperphosphorylation of tau might induce pathology through different mechanisms, 

including the mislocalisation of tau (Thies and Mandelkow, 2007; Hoover et al., 2010; 

Zempel et al., 2010), and an enhancement of tau aggregation (von Bergen et al., 2000). 

Tau phosphorylation by GSK-3 b has been shown to induce tau aggregation in vitro 

(Rankin et al., 2007), which is associated with phosphorylation at Thr231. 

Phosphorylation at both Thr231 and Ser262 has been shown to contribute to the 

dissociation of tau from microtubules (Sengupta et al., 1998), and the release of tau from 

microtubules may lead to tau aggregation. This provides a potential mechanism linking 

tau phosphorylation with aggregation. However, the link between phosphorylation and 

aggregation of tau is still a matter of debate and is discussed further in section 1.3.4.  
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1.2.2.  Neuronal localisation and function of tau  
 

In the human brain, physiological tau is expressed primarily in neurons although it is also 

present in oligodendrocytes and astrocytes (Guo et al., 2017). Tau has a polarised 

distribution within neurons, possibly due to translocation and diffusion of tau following 

translation, with a high concentration of tau in axons compared to somatodendritic 

compartments (Morris et al., 2011; Guo et al., 2017). In the axon, tau interacts with 

microtubules through the repeat domain and plays a role in their stabilisation and 

regulation of microtubule dynamics (Wang and Mandelkow, 2016). Tau also localises to 

dendrites, however the physiological function of dendritic tau is unclear. The 

translocation of tau to post-synaptic compartments has been shown to be dependent on 

neuronal activity, and it is thought that its function here may be in the regulation of 

synaptic plasticity (Ittner et al., 2010; Chen et al., 2012; Kimura et al., 2013; Frandemiche 

et al., 2014). Tau protein is present in neuronal and non-neuronal nuclei (Maina et al., 

2016), where it may serve to protect DNA integrity (Sultan et al., 2011; Lu et al., 2013), 

DNA repair (Violet et al., 2014) and potentially as a modulator of gene expression. 

However, further research is needed to establish the precise role of tau within these 

compartments in neurons.  

 

 

 

 



1.3. Tau pathophysiology 
 

 31 
 

1.3. Tau pathophysiology  
 

1.3.1. Tauopathies  

 

Tauopathies are a group of neurodegenerative disorders that are characterised by the 

accumulation of abnormal tau filaments that form neurofibrillary tangles (NFTs) and other 

inclusions in neurons and glia, including neuropil threads and argyrophilic grains (Li and 

Götz, 2017). Clinically, they are characterised by behaviour, executive and language 

impairment and fall into the frontotemporal lobar degeneration (FTLD) group of diseases 

(Rossi and Tagliavini, 2015). Tauopathies may be sporadic or familial, depending on the 

presence of mutations in the MAPT gene.  

 

1.3.2. Tau mutations   
 

The discovery of mutations in the MAPT gene, including the P301L mutation, in patients 

with frontotemporal dementia with parkinsonism (FTDP) provided the first evidence that 

abnormal tau protein accumulation is sufficient to cause neurodegenerative disease 

(Hutton et al., 1998; Poorkaj et al., 2004), however mutations in MAPT have not been 

discovered in AD (Ghetti et al., 2015). Mutations in MAPT are missense mutations and/or 

mutations that affect the splicing of tau (Alonso et al., 2001; Goedert, 2005). Missense 

mutations within the microtubule binding domain of tau may lead to an increase in 

phosphorylation and a reduced ability to bind to microtubules, representing a ‘loss of 

function’ mechanism. These mutations have been shown to reduce the ability of tau to 

promote microtubule assembly in vitro (Hasegawa et al., 1998), and reduce microtubule 

function when expressed in cells compared to wild-type tau (Dayanandan et al., 1999; 

Nagiec et al., 2001). Mutations within regions necessary for tau aggregation (see section 

1.3.4) may increase the propensity of tau to aggregate into fibrils, which represents a 

‘gain of function’ mechanism. Some of these mutations, particularly P301L and P301S, 

accelerate heparin-induced filament formation of tau in vitro compared to wild-type tau 

(Goedert et al., 1999; Nacharaju et al., 1999; Barghorn et al., 2000; von Bergen et al., 

2001). A number of MAPT mutations affect the alternative splicing of exon 10, leading to 

imbalances in 3R/4R tau isoform ratio (Goedert and Jakes, 2005; Niblock and Gallo, 

2012). In the AD brain, NFTs contain both 3R and 4R tau isoforms in a 1:1 ratio (Goedert 

et al., 1995), while in primary tauopathies, the form of tau deposited is characterised by 

whether they include 3R, 4R or both 3R and 4R tau isoforms (table 1.2). How an 

imbalance in 3R/4R tau isoform ration contributes to disease is not fully understood, 
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however an increased concentration of 3R or 4R tau isoforms in the cytoplasm may lead 

to their aggregation (Liu and Gong, 2008).  

 

 

 
Table 1.3. Table of tauopathies and associated isoforms in inclusions.  
 
Adapted from a talk given by Goedert (2018) at EuroTau 2018 in Lille, France. 
Isoform(s) Tauopathies 

3R Pick’s disease 
Frontotemporal dementia with parkinsonism linked to chromosome 17 with 
MAPT mutations (FTDP-17T)  

3R/4R Alzheimer’s disease 
Chronic traumatic encephalopathy 
Guam Parkinsonism – dementia complex 
FTDP-17T  

4R Progressive supranuclear palsy 
Corticobasal degeneration  
Argyrophilic grain disease 
White matter tauopathy with globular glial inclusions  
FTDP-17T 

 
 
 
 
1.3.3. Tau in neurofibrillary tangles in Alzheimer’s disease 
 

In AD, disease progression relates to NFT pathology and Ab plaque deposition in 

different brain regions (Braak and Braak, 1995). Particularly, tau deposits in NFTs are a 

pathological signature in many tauopathies and are used as an indication of disease 

stage in AD (Braak and Braak, 1995). NFTs display a characteristic temporal-spatial 

spread throughout the brain during disease progression. At stages I and II, tau pathology 

is mainly confined to the transentorhinal cortex and the CA1 region of the hippocampus. 

By stages III-IV, tau pathology progresses to limbic structures, amygdala and thalamus. 

Finally, stages V-VI involve the isocortical areas and primary, sensory, motor and visual 

regions (Braak and Braak, 1991). These six stages of disease progression together with 

the deposition Ab plaques in the extracellular space are used for the post-mortem 

diagnosis of AD. However, Ab plaque pathology exhibits a pattern of spread throughout 

the brain that differs from that of tau and does not correlate as well with cognitive decline 

(Jucker and Walker, 2013). Our understanding of the link between Ab and tau pathology 

is incomplete despite a direct relationship between the two being proposed (Gotz, 2001; 

Lewis et al., 2001).  
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1.3.4. Tau aggregation  
 

The aggregation propensity of tau is thought to lie in the two hexapeptide motifs, VQIVYK 

and VQIINK, located in the second and third microtubule binding repeats (Pérez et al., 

2002). These motifs display a high b-sheet propensity (Mukrasch et al., 2009) and can 

self-assemble in the absence of chemical inducers, therefore these fragments have been 

used in studies to mimic fibrillisation (von Bergen et al., 2000). Studies have also 

focussed on the aggregation-prone repeat domain of the microtubule-binding domain, in 

which all repeats are present (K18) or repeat two has been deleted (K19) (Mukrasch et 

al., 2005). These constructs aggregate faster without the presence of the flanking 

regions (Gustke et al., 1994). On the other hand, native tau is resistant to aggregation 

and requires factors such as mutations within the tau hexapeptide motif and anionic 

condensing agents such as heparin and fatty acids to induce aggregation (Wilson and 

Binder, 1997; Kuret et al., 2005; Sibille et al., 2006). Following the induction of 

aggregation, recruitment of tau monomers and dimers may form a nucleation centre 

followed by oligomerisation in a dose and time-dependent manner (Barghorn and 

Mandelkow, 2002). Tau oligomers may then elongate into protomers, which adopt a 

cross b-sheet structure (Meraz-Ríos et al., 2010), and form the typical NFT pathology 

observed in tauopathies. Definitions of these species and other terms associated with 

tau aggregation are outlined in table 1.3. However, it does not infer that each one goes 

on to form the next in a clear pathway. These terminologies are referred to and used 

throughout the rest of this thesis. 
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Table 1.4. Terminology for major forms of tau and definition criteria.  
 
Adapted from (Cowan and Mudher, 2013; Mudher et al., 2017). 
 
Name Definition Structural criteria 

Tau monomer Protein of 55-74 kDa, depending 
on isoform or fragment 

Highly soluble  
Predominantly random 
coil structure  

Partially folded or compact 
tau monomer 

Partially folded forms of tau 
monomers distinct from native tau 
monomers 

Reduced level of random 
coil but increased b-sheet 
structure 

Tau dimer/trimer Two-three tau monomers linked 
together 

Composed in anti-parallel 
orientation 

Small oligomer Aggregates which may contain six 
to eight tau molecules  

Soluble  
Runs at a wide range of 
sizes by SDS-PAGE 

Granular oligomer Granular or globular aggregates of 
tau composed of >40 densely 
packed tau monomers 

Insoluble 
b-sheet structure 
20-50 nm in diameter by 
TEM or AFM 

Tau filament Abnormal fibrous deposits (In AD, 
filaments are composed of one or 
more protofilaments that 
associated to form paired helical or 
straight filaments) 

Insoluble 
Cross b-sheet structure 
Amyloid 

Neurofibrillary tangle Large bundles of tau filaments in 
the somata 

Consists of both paired 
helical filaments and 
straight filaments 
Positive for Gallyas 
staining 

Tau pathology Abnormal molecular and 
morphological changes of normal 
tau  

Mislocalisation of tau or 
tau in inclusion or 
aggregate 

Tau inclusion Morphologically distinct subcellular 
structure inside a cell 

Microscopically visible 
structure made up of tau 
aggregates 

Tau aggregate Assembly of tau into oligomers, 
filaments and NFTs 

Highly ordered b-sheet 
structure 
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1.3.5. Structure and formation of paired helical filaments  
 

In AD, NFTs are composed of paired helical filaments (PHFs) and straight filaments 

(SFs) (figure 1.7.). All six tau isoforms are present in PHFs (Kosik et al., 1988; Jakes et 

al., 1991), however isoform composition varies in different tauopathies. PHFs extracted 

from AD brain tissue display a distinct organisation of paired filaments that twist or 

remain straight, which can be observed by negative stain TEM (Wischik et al., 1988a; 

Crowther, 1993; Schweers et al., 1994; Berriman et al., 2003). Early proteolytic cleavage 

and antibody labelling studies have revealed that PHFs and SFs comprise a double 

helical stack of C-shaped subunits (Crowther, 1991), and the core contains the 

equivalent of three repeats (Novak et al., 1993). The N- and C-terminal regions are 

disordered and project away from the core to form the ‘fuzzy coat’ (Wischik et al., 1988a). 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 1.7. Tau filaments from AD brain.  
  
Negatively stained electron micrographs of purified tau filaments from AD brain. Tau 
filaments can be readily distinguished and consist of PHFs (blue arrows) and SFs (green 
arrow). Adapted from (Fitzpatrick et al., 2017) 
 

 

These earlier studies showed that the PHF-core and its precursors consist of tau species 

derived from a mixture of fragments from both three- and four-repeat isoforms, but 

restricted to three repeats in length (Jakes et al., 1991). Proteolytic isolation of the PHF 

core showed that the fragments are restricted to the repeat domain, but phase-shifted 

by 15 residues with respect to the tubulin-binding domains (Novak et al., 1993). Two of 

the fragments terminate at the C-terminus at Glu-391, with an N-terminus at amino acid 

297. The isolation of these fragments led to the hypothesis that truncation of tau may 

make tau more prone to self-assemble by adopting an abnormal conformation. The 



1.3. Tau pathophysiology  
 

 36 
 

 
 

truncation at Glu-391 following proteolytic cleavage reveals a neo-epitope that can be 

detected specifically using the monoclonal antibody (mAb) 423 (mAb 423) (Harrington 

et al., 1991), that was raised against proteolytically stable PHF preparations and binds 

to NFTs in AD brain tissue (Novak et al., 1993; Skrabana et al., 2004). Binding and 

digestions studies showed that the incorporation of tau into PHFs requires the 

proteolytically resistant core of the PHF to undergo tau-tau binding interactions through 

the repeat domain and only this region is required to maintain the proteolytically stable 

core of the PHF (figure 1.8). This templated interaction can be propagated and amplified 

through repeated proteolytic digestion cycles (Wischik et al., 1996). This prion-like 

property of the PHF-core tau fragment is shared by other aggregating proteins in a 

number of neurodegenerative diseases (Goedert et al., 2010; Guo and Lee, 2014) and 

has been demonstrated in the physiological milieu of the cell (Harrington et al., 2015).  

 

 

 

 

 

 

 
Figure 1.8. Tau-tau binding through the repeat domain.  
 
Schematic diagram illustrating tau-tau binding interactions. The tau fragment from the 
PHF core binds full-length tau with high affinity and permits autocatalytic propagation. 
After digestion with pronase, a neo-epitope at Glu-391 is created and is amplified over 
the course of binding/digestion cycles. Adapted from Wischik et al (2017). 
 

 

The abnormal phosphorylation of tau protein is thought to play an important role in NFT 

formation since PHFs are composed of hyperphosphorylated protein. However, early 

studies investigating the structural core of PHFs have shown that when the fuzzy coat is 

removed by proteolysis, the immunoreactivity of N-terminal phosphorylation-dependent 

antibodies is lost (Wischik, et al., 1988a; Wischik, et al., 1988b). These findings suggest 

that the fuzzy coat comprises mostly phosphorylated tau and does not contribute to the 

PHF core structure. However, questions regarding the involvement of tau 

hyperphosphorylation in tau aggregation remain. For example, is tau 

hyperphosphorylation triggering aggregation or are they two independent processes? 

There is evidence to suggest that tau phosphorylation occurs prior to its aggregation. 

For example, abnormally hyperphosphorylated tau from AD brain was shown to self-
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assemble into PHF-like filaments as did hyperphosphorylated recombinant human and 

mouse 0N3R tau (Alonso et al., 2001; Chohan et al., 2005). Furthermore, an increase in 

phosphorylation is observed before the presence of tau aggregates in transgenic mice 

that have increased tau kinase activity (Cruz et al., 2003; Noble et al., 2003; Kelleher et 

al., 2007). These studies suggest that phosphorylation of tau is essential for its 

aggregation, however it has also been shown that phosphorylation of tau in cells 

promotes oligomer formation but not filaments (Tepper et al., 2014). It has since been 

suggested that aggregation of tau does not depend on an overall high level of 

phosphorylation, but instead on specific phosphorylation sites, including pS202, pT205 

and pS208, while others must be absent (pS262) (Despres et al., 2017).  

 

Our understanding of tau assembly into PHFs stems largely from in vitro data. This has 

been difficult to achieve due to the soluble nature of tau and the lack of relevance and 

similarity of in vitro fibrillar formed under certain conditions with those of PHFs in the 

brain. Under certain conditions, such as a reducing environment and the presence of 

free fatty acids, tau is able to form filaments, however these do not show the typical PHF 

appearance (Wilson and Binder, 1995, 1997). Assembly of tau protein in oxidising 

conditions and in the presence of polyanions produces bona fide PHFs, which has 

enabled detailed studies analysing PHF assembly in vitro. For example, biophysical 

studies using ThS, which stains for amyloid and PHFs, and TEM, revealed that the 

formation of PHFs is nucleation-dependent and rate limiting (Goedert et al., 1996; 

Friedhoff et al., 2000). The slow nucleation step requires a high concentration of tau, 

however tau filament formation could be accelerated by adding small amounts of tau 

seeds (Friedhoff et al., 1998). These features of PHF formation are similar to those of 

prion, Ab, a-synuclein and huntingtin. However, whether a similar assembly pathway of 

PHFs prevails in a cellular environment is unclear, since cells normally have a reduced 

environment maintained by glutathione (Smith et al., 1996; Schafer and Buettner, 2001).  

 

Until 2017, the protein subunits making up PHFs from AD brain could not be clearly 

delineated. A cryo-EM study of PHFs and SFs isolated from AD brain tissue was able to 

reveal the atomic structure of the filaments at 3.4-3.5 Å resolution (Fitzpatrick et al., 

2017). The 3D reconstructions confirmed earlier proteolytic studies that PHFs are 

composed of two protofilaments with C-shaped subunits (figure 1.9. A). Further analysis 

revealed that the cores of these protofilaments are composed of residues Val-306 – Phe-

378 and the structure can incorporate both three- and four-repeat isoforms. Weaker 

densities at both the N- and C-terminal regions of the core were observed, which may 

correspond to a mixture of peptides and/or residues. These findings showed that PHFs 
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and SFs share a common structure but are ultrastructural polymorphs due to distinct 

lateral contacts between the two protofilaments. However, as previously mentioned, tau 

filaments from various diseases can be composed of 3R, 4R or of both 3R and 4R tau 

isoforms, with each displaying distinct morphological and biochemical differences, 

suggesting that filaments may adopt disease-specific molecular conformations. Since 

AD filaments contain both 3R and 4R tau isoforms, an additional cryo-EM study was 

carried out on Pick’s disease filaments, which contain only the 3R tau isoform (Falcon, 

et al., 2018). This study revealed that the ordered cores of the filaments consist of 

residues Lys-254 – Phe-378 of 3R tau and adopt a fold which is distinct from the tau 

filament fold of AD but share conserved secondary structure motifs (figure 1.9. B). 

Together, these studies demonstrate that tau can form molecular conformers, 

highlighting the structural diversity in tau protein folds within tauopathies.  

 

 

 
 

Figure 1.9. Comparison of the Pick and AD tau filament folds. 
 
Schematic diagram illustrating the secondary structure elements in the A. AD and B. 
Pick tau filament folds, depicted as a single rung. The positions of the Cys-322 and 
Asp-348 in the two folds are highlighted since these amino acids caused reversed 
chain directions in one or other fold. Adapted from Falcon et al (2018). 
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1.3.6. Tau truncation  
 

Truncation of disease-modifying proteins by proteolytic cleavage is found in a range of 

neurodegenerative diseases, and it is often observed that the truncated proteins are 

more aggregation prone than the full-length protein. Although full-length tau is a major 

component of PHFs (Goedert et al., 1992), truncation of tau at Glu-391 has been 

associated with NFTs as well as the severity of dementia. Proteolytic cleavage of tau at 

the C-terminal has been linked to early abnormal processing of tau and this event 

appears to determine the subsequent stages characterised by the binding of tau to the 

PHF core leading to PHF assembly (Novak et al., 1993; Flores-rodríguez et al., 2015). 

Indeed, tau fragments produced by truncation at Glu-391 and Asp-421 were more prone 

to aggregation than full-length tau in vitro, by acting as nucleation seeds and accelerating 

tau filament formation (Rissman et al., 2004; Yin and Kuret, 2006; De Calignon et al., 

2010). This was supported by observations that truncated tau at these sites are observed 

from early to late stages of tau aggregation in the AD brain and in mouse models 

(Gamblin et al., 2003; Horowitz, 2004; Rissman et al., 2004; De Calignon et al., 2010; 

Khurana et al., 2010; Matsumoto et al., 2015). Other fragments of tau have been 

identified in a range of tauopathies and these are summarised in table 1.5.  

 

It remains unclear what the significance of tau fragmentation is in neuronal toxicity and 

more generally in neurodegeneration. However, a recent study has shown that 

neurofibrillary pathology is induced in transgenic rats that express Tau151-391, including 

either three or four microtubule binding repeats (Zilka et al., 2006; Koson et al., 2008; 

Filipcik et al., 2012). It was shown that these truncated forms of tau co-aggregate with 

endogenous tau (Filipcik et al., 2012). Similarly, an inducible mouse line of Tau151-421 co-

expressed with full length 3R, 4R tau or mutant full-length 4R P301S tau all exhibit 

severe nerve cell damage, axonal transport failure, disruption of the golgi apparatus, 

missorting of synaptic proteins, clumping of mitochondria and motor palsy, which was 

partially reversible following cessation of truncated tau expression in mice expressing 

the full-length 4R tau isoform (Ozcelik et al., 2016). However, co-expression of 3R and 

4R alone in mice did not exhibit these toxic effects, demonstrating that the observed 

neurotoxicity occurs via an interaction between full-length tau and truncated tau. 

Although C-terminal truncation is sufficient to cause aggregation in vitro, other 

mechanisms might drive filament formation in neurons, however these studies suggest 

that targeting tau fragmentation may provide a novel therapeutic approach for 

tauopathies.  
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Table 1.5. Some of the known fragments of tau and their confirmed presence in 
disease.  
 
Adapted from Quinn et al (2018). 

Tau fragment (aa) Disease presence 

26-230  AD, DLB and PD patient brains (Amadoro et al., 2012). 

1-314 Increased in mild cognitive impairment (MCI) and AD patients 
compared to control brains (Zhao et al., 2016). 

153-441 Found in serum from patients with AD (Henriksen et al., 2013). 

45-230 Present in AD, corticobasal degeneration and progressive 
supranuclear palsy but not control brain sample (Ferreira and Bigio, 
2011). 

243-441 Present in brains from AD and familial frontotemporal dementia 
(FTD) containing the tau mutation N279K (Matsumoto et al., 2015). 

1-421 Associated with NFTs in AD brains (Gamblin et al., 2003; Rissman 
et al., 2004). 

1-391 Present at a late stage of aggregation into NFTs (Novak et al., 
1993) 

187-441 Present in the brains of patients with argyrophilic grain disease, 
corticobasal degeneration, FTD and progressive supranuclear palsy 
(Arai et al., 2004; Wray et al., 2008; Ikeda et al., 2016). 
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1.4. Tau-induced cytotoxicity and cellular dysfunction  
 
1.4.1. Which tau species are toxic? 
 
As with other proteins associated with neurodegenerative disease, the nature of the 

species of tau that is most toxic has been debated (Bretteville and Planel, 2008; Brunden 

et al., 2008; Spires-jones et al., 2011). Several studies, including those outlined below, 

have investigated how the mechanisms of tau aggregation and pathological tau 

modifications contribute to tau cytotoxicity and cell death. However, whether there is a 

direct link between tau aggregate formation and cell death is unclear. It is likely that 

aggregates induce neuronal dysfunction, which may lead to the initiation of cell death 

later in the disease (Bredesen et al., 2006; Gorman, 2008) 

 

There was a widespread assumption that NFTs are an integral feature of tau toxicity,  

since their number and distribution in the brain correlate with cognitive decline in AD 

(Gendreau and Hall, 2013). Evidence for this comes from transgenic mice expressing 

pro-aggregating human tau fragments, that develop aggregates with b-sheet structure, 

including NFTs, prior to synaptic and neuronal loss (Eckermann et al., 2007; Mocanu et 

al., 2008). However, there is a large body of evidence to suggest that the formation of 

NFTs is not necessary or sufficient for neurodegeneration. For example, animal models 

of frontotemporal dementia (FTD) mutations display severe neuronal loss and 

dysfunction in the absence of NFT pathology (Gomez-Isla et al., 1997; Wittmann et al., 

2001; Kimura et al., 2010). Furthermore, switching off tau expression in a regulatable 

transgenic mouse model of tauopathy led to an improvement in memory impairment 

even though NFTs remained, suggesting that the presence of NFTs are not sufficient for 

disease progression (Santacruz et al., 2005). Together, these findings suggest that 

NFTs might act as silent bystanders in tauopathies and may not be the primary toxic 

form of tau aggregates. Emerging from these findings is a hypothesis that NFTs may be 

protective from the acute toxic effects of soluble tau by sequestering the toxic species 

into insoluble fibrous aggregates, or making them more accessible to removal by 

clearance mechanisms (de Calignon et al., 2009; Kopeikina et al., 2013). While there is 

no direct evidence linking tau aggregation and neuronal loss, this does not exclude a 

potential toxic role for NFTs in tauopathies and the possibility that they may damage the 

cell further by acting as space-occupying lesions.  

 

Several studies from cell culture and mouse models suggest that the more dynamic, 

soluble species of tau are important for mediating toxicity (Ebneth et al., 1998; Stamer 
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et al., 2002; Shahani et al., 2006; Thies and Mandelkow, 2007). However, it remains to 

be determined which of the soluble tau species is toxic and how this toxicity is mediated 

in affected cells. As with other amyloidogenic proteins implicated in neurodegeneration, 

it has been proposed that tau oligomers are the toxic species responsible for the 

correlation between lesions and neurodegeneration (Kayed et al., 2003; Haass and 

Selkoe, 2007; Caughey et al., 2010; Patterson et al., 2011; Lasagna-Reeves et al., 

2012). Hypotheses regarding oligomeric tau toxicity have been suggested based on 

common mechanisms of toxicity among amyloid proteins, including mitochondrial 

dysfunction, increase in ion permeability, increased intracellular calcium, leakage of 

cellular contents, and autophagy-lysosomal machinery dysfunction (Bucciantini et al., 

2002; Flach et al., 2012). Extracellularly applied heparin-induced tau oligomers have 

been shown to generate toxicity, following binding of tau to M1 and M3 muscarinic 

acetylcholine receptors, thereby generating calcium influxes and cell death (Gómez-

Ramos et al., 2006; Gómez-Ramos et al., 2008). Pickhardt et al (2017) suggest that tau-

induced toxicity is induced by tau aggregation rather than by the expression of tau itself. 

The authors observed a gradual increase of aggregated tau (4RDK) in an inducible N2a 

neuroblastoma model followed by cell death once the aggregation reached a certain 

threshold, which was determined by the appearance of ThS positive fluorescence 

(Pickhardt et al., 2017). 

 

 
1.4.2. Tau-induced cellular dysfunction  
 

The aggregation of tau protein in neurodegenerative disorders is accompanied by 

cellular and synaptic dysfunction, including axonal transport, nuclear tau, dendritic and 

mitochondrial dysfunction. Synaptic and mitochondrial dysfunction was induced 

following injection of tau oligomers into wild-type mouse brain, but not following the 

injection of tau monomers or filaments, providing support for the role of tau oligomers in 

cellular dysfunction (Lasagna-Reeves et al., 2012). The aggregation of tau protein may 

also impair the interaction of tau with microtubules, thereby affecting the axonal transport 

machinery. It has been shown that neurons containing NFTs have impaired axonal and 

dendritic anterograde transport and impaired retrograde transport in apical dendrites (De 

Vos et al., 2008; Millecamps and Julien, 2013). Abnormal modifications of tau may also 

reduce the nuclear translocation of tau (Lefebvre et al., 2003) and the ability of tau to 

bind and protect DNA (Lu et al., 2013; Camero et al., 2014; Qi et al., 2015). This in turn 

may render the neuron more sensitive to oxidative stress and chromosomal damage. In 

the dendrites, it has been shown that the mislocalisation of tau renders neurons 
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susceptible to Ab-mediated excitotoxicity in the mouse brain (Roberson et al., 2011) via 

interactions with Fyn to N-methyl-D-aspartate receptors (NMDARs) (Ittner et al., 2010). 

Furthermore, mitochondrial localisation has been shown to be disrupted following tau 

accumulation, leading to defects in mitochondrial integrity and their maintenance and 

function (David et al., 2005; Kopeikina et al., 2011). 

 

1.4.3. Tau clearance   
 

Physiological and pathological forms of tau are cleared by the proteasomal and 

autophagic degrative systems (Lee et al., 2013). It is suggested that pathological tau 

may become undesirable as a proteasomal substrate but preferentially degraded by the 

autophagic-lysosomal system (Wong et al., 2008; Kruger et al., 2012), whereas soluble 

forms of tau are able to be degraded by the proteasome (Krüger et al., 2012; Rodríguez-

Martín et al., 2013). Full-length tau, which has a low propensity to aggregate is efficiently 

cleared by the proteasome whereas caspase-cleaved tau, which is more prone to 

aggregate, goes through autophagy (Dolan and Johnson, 2010). Furthermore, it has 

been shown that in vitro PHF tau could inhibit proteasome activity (Keck et al., 2003) 

and so it is possible that the accumulation of pathological tau may interfere with the 

normal functioning of these degrative processes. In AD, there is support for impaired 

degradation of autophagic vacuoles by lysosomes (Nixon, 2013; Tan et al., 2014). This 

has been demonstrated for Ab, showing that an increase in autophagosomes in AD 

brains is correlated with increased Ab following exogenous administration and 

subsequent internalisation of Ab (Nixon et al., 2005; Soura et al., 2012). An accumulation 

of autophagosomes and autophagic vacuoles in dystrophic neurites in AD brain tissue 

has also been correlated with the presence of filamentous tau (Nixon et al., 2005). 

Together, these findings suggest that incomplete clearance of pathological tau from its 

inefficient degradation could result in neuronal dysfunction. Understanding how 

accumulated tau species can be cleared from cells may allow for the development of 

effective therapeutic approaches. 
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1.5. Tau seeding and propagation  
 

1.5.1. Transcellular tau transfer   
 
Although tau is predominantly an intracellular, cytoplasmic protein, tau protein is present 

in interstitial fluid of the central nervous system (CNS) and passes into cerebrospinal 

fluid (CSF), at concentrations around 15 pM (Blennow et al., 1995; Olsson et al., 2005; 

Barten et al., 2011; Poulton et al., 2011). There is evidence to show that tau is secreted 

and internalised by neurons in vitro and in vivo (Karch et al., 2012; Wu et al., 2013; Bright 

et al., 2015; Takeda et al., 2015). It has been proposed that the mechanism of tau 

secretion is through direct secretory pathways, such as translocation, secretory 

lysosomes, microvesicles, tunnelling nanotubes, exosome and ectosome release, but 

not via the ER/Golgi pathway or via synaptic vesicles (Chai et al., 2012; Saman et al., 

2012; Simón et al., 2012; Dujardin et al., 2014; Tardivel et al., 2016). Under physiological 

conditions, tau has been shown to be released upon neuronal activity (Pooler et al., 

2013; Yamada et al., 2014), and hyperexcitability was shown to increase tau release in 

AD (Bakker et al., 2012; Wu et al., 2016).  

 

In cultured cell lines, cells that are affected with tau pathology by overexpression or 

exposure to exogenously-applied aggregation-prone tau can release tau oligomers into 

the medium and be taken up by unaffected cells via endocytosis. In human embryonic 

kidney (HEK) cells and primary rodent neurons, extracellular tau has been shown to bind 

to heparin sulfate proteoglycans (HSPGs) and enter cells by micropinocytosis (Frost et 

al., 2009; Wu et al., 2013). On the other hand, a recent study using human stem-cell 

derived neurons reported two uptake mechanisms for monomeric tau (wild-type and 

P301S) into human neurons: a rapid endocytic phase, and a slower micropinocytosis 

phase (Evans et al., 2018). Aggregated tau (P301S) entry was shown to be largely 

dependent on endocytosis. Internalised aggregates of heparin-induced recombinant tau 

or AD brain-derived tau aggregates can be observed in endosomal compartments and 

is capable of recruiting endogenous and aggregation-prone tau to aggregate 

(Clavaguera et al., 2009; Frost et al., 2009; de Calignon et al., 2012; Kfoury et al., 2012; 

Wu et al., 2013; Michel et al., 2014; Falcon et al., 2015). Consistent findings among 

studies is the colocalisation of peptide with endosomes and lysosomes using labelled 

dextran (Frost et al., 2009; Guo and Lee, 2011; Wu et al., 2013; Falcon et al., 2015).  
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1.5.2. Tau propagation  
 

A key question in the field is: How is secretion of tau related to the spreading of tau 

pathology and NFTs? The trans-synaptic transfer of tau pathology has been 

demonstrated in transgenic mice. Injection of brain lysate from P301L tau transgenic 

mice into the brains of mice overexpressing wild-type human tau resulted in tau 

aggregation in more distal, connected brain regions and not just in the site of injection 

(Clavaguera et al., 2009). Furthermore, in a model in which human pro-aggregating tau 

was expressed selectively in layer II of the entorhinal cortex, tau pathology could be 

observed in anatomically connected regions without transgene expression, similar to the 

spread of tau pathology observed in AD (de Calignon et al., 2012; Liu et al., 2012).  

Together, these findings led to the description of tau having “prion-like” properties of 

propagation and that tau can be secreted and transmitted along neuronal connections. 

The term propagation is used to describe a tau ‘seed’ being introduced and transferred 

into cells, which promotes intracellular aggregation of tau via template conformational 

change, which then proceeds to transfer tau misfolding in unaffected cells, despite not 

being infectious (Lewis and Dickson, 2016). While there is ample evidence in favour of 

this hypothesis, the relevance of tau propagation in human tauopathies has remained 

controversial, and whether spread of pathological tau actually occurs in humans is 

uncertain (Walsh and Selkoe, 2016; Mudher et al., 2017).  

 

Whilst there is a vast amount of support for transmission of tau aggregates, the species 

responsible for this has been debated. However, studies suggest that the seed 

competence of tau is dependent on the size and conformation of the tau aggregate and 

that tau oligomers act as the key species to induce propagation. Pure populations of 

SDS-stable tau oligomers isolated from AD brain were able to propagate endogenous 

murine tau (Lasagna-Reeves et al., 2012). Moreover, it was shown that small heparin-

induced tau oligomers and short filaments of recombinant tau can be taken up by mouse 

primary hippocampal and cortical neurons but not monomers or longer fibrils purified 

from rTg4510 mice (Wu et al., 2013). It was also demonstrated that large tau aggregates 

(>10 mers) was the seed-competent species in P301S tau transgenic mice (Jackson et 

al., 2016), and in another study, tau trimers were the minimal unit necessary for 

conformational template seeding and intracellular tau aggregation in human tau-

expressing HEK-293 cells (Mirbaha et al., 2015). Discrepancies between studies might 

be due to varying factors that influence the efficiency of tau propagation, such as tau 

species, aggregation-inducing factors used, mutation, isoform and source of protein. In 

reality, a range of tau species might constitute the templating and toxic entities.  
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1.6. Cell-based models of tau aggregation  

 

Over the past decade, there has been an accumulating number of in vivo and in vitro 

studies that have endeavoured to recapitulate the features of tau aggregation. These 

aim to address hypotheses regarding some of the pathophysiological mechanisms of 

tauopathies, and have enabled the study of inducers of tau aggregation as well as 

screening the effects of tau aggregation and toxicity inhibitors. Below is a brief summary 

of neuronal and non-neuronal cell models that have enabled the study of tau 

aggregation. 

 

1.6.1. Cell models used to induce tau aggregation 
 
A number of cell lines and approaches have been developed to reproduce the neuronal 

environment to induce tau aggregation, including the use of primary neurons cultured 

from rodents, mouse and human neuroblastoma cells, human QBI-293 and HEK-293 

cells, mouse C17.2 neural stem cells, and human induced pluripotent stem cells (iPSC). 

One widely used model for neuronal cells is the human neuroblastoma line SH-SY5Y, 

which is discussed in more detail in section 1.6.4. While there are experimental 

challenges when it comes to inducing and studying tau aggregation in these cell lines 

(see section 1.6.3), several methods have been applied to induce tau pathology in 

different cell lines and neurons in culture. One approach is to stably transfect cells with 

full-length aggregation prone human tau (Khlistunova et al., 2006; Falcon et al., 2015; 

Pickhardt et al., 2017). Overexpressing tau via a doxycycline-inducible system was 

shown to induce robust tau aggregation has been demonstrated in N2a neuroblastoma 

cells (Khlistunova et al., 2006). Previous studies have also induced tau aggregation by 

exogenously-applied fibrous or oligomeric Ab (Zempel et al., 2010; Reifert et al., 2011) 

or tau peptide seeds in neuronal and non-neuronal cells overexpressing human mutant 

tau in order to bypass the rate-limiting nucleation step of amyloid formation (Frost et al., 

2009; Guo and Lee, 2011, 2013; Kfoury et al., 2012; Wu et al., 2013). In non-neuronal 

cells, Guo and Lee (2011) show that the formation of intracellular tau aggregates was 

accelerated in QBI-293 cells expressing FTDP-17T associated mutations following 

exogenous exposure to preformed mutant tau fibrils. This spontaneous uptake of 

prefibrillar tau and templated conversion of normal tau was later shown in primary 

hippocampal neurons, a more relevant cell type for neurodegenerative tauopathies (Guo 

and Lee, 2013).  
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The ability to generate iPSC-derived neurons from patients with genetic causes of 

tauopathy has provided the opportunity to study disease pathologies and mechanisms 

in neurons with physiological expression levels of tau (Wray, 2017). Research on seeded 

tau aggregation in these cells is emerging, showing that preformed heparin-induced 

P301L-K18 tau is able to induce tau aggregation and hyperphosphorylation in iPSC-

derived neurons transduced with the P301L tau mutation (Verheyen et al., 2016). 

Furthermore,  Reilly et al. (2017) were able to show tau aggregation within iPSC-derived 

neurons transduced with the tau repeat domain carrying the P301L and V337M 

mutations, without the addition of recombinant tau fibrils. However, many challenges 

remain in the use of iPSCs for neurodegeneration research, in particular the slow 

developmental aging of the neurons as well as the variability between cell lines (Arber 

et al., 2017; Wray, 2017).  
 

1.6.2. Current techniques to monitor intracellular tau aggregation  
 

In order to visualise and confirm intracellular tau aggregation, cell models have required 

further experimental methods such as ThS staining and/or immunostaining for the 

pathological conformation or phosphorylation of tau protein (Khlistunova et al., 2006; 

Guo and Lee, 2011; Wu et al., 2013; Tepper, et al., 2014; Takeda et al., 2015; Usenovic 

et al., 2015; Pickhardt et al., 2017; Veloria et al., 2017). An additional method has been 

to label tau with a fluorescent protein such as green fluorescent protein (GFP) in order 

to monitor its aggregation in living cells (Guo et al., 2016; Wu et al., 2016; Wegmann et 

al., 2018). Other fluorescence-based approaches have been applied to monitor tau 

assembly in living cells, including fluorescence resonance energy transfer (FRET) 

(Kfoury et al., 2012; Yanamandra et al., 2013; Holmes et al., 2014) and bimolecular 

fluorescence complementation (BiFC) (Kim et al., 2015; Brunello et al., 2016). Both 

techniques involve the fusion of a fluorophore to two separate proteins of interest, which 

then transfer energy when the two proteins are close enough and these have been used 

to investigate tau-tau interaction in living cells (Chun et al., 2011; Kfoury et al., 2012). 

Whilst these fluorescence-based approaches have been useful, the use of such large 

tagging proteins (GFP: 26-27 kDa) as opposed to much smaller fluorophores such as 

Alexa Fluor 488 (8-9 kDa), is itself a limitation due to the potential effects on tau-tau 

interactions.  
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1.6.3. Issues regarding the study of tau aggregation within cells  
 

An important issue in studying tau aggregation within cells is that tau alone is highly 

soluble and has a low susceptibility to aggregate. This has made tau aggregation difficult 

to induce in cultured cells. As previously mentioned, studies have used repeat-domain 

fragments, such as K18 and K19, because of its pronounced tendency to self-assemble, 

and given the recent cryo-EM structure of PHFs, most peptides used in these studies 

represent an unnatural seed peptide (Fitzpatrick et al., 2017). The use of overexpression 

of human mutant tau, non-physiological tau fragments and artificial genetic manipulation 

has been criticised for their potential effect on endogenous posttranslational 

modifications which mediate tau pathology, and potential alterations of intracellular 

dynamics (Pickhardt et al., 2017; Veloria et al., 2017).  

 

A further issue is the techniques used to determine whether tau inclusions within cells 

are composed of fibrils or not, since a key property for a cell-based tauopathy model is 

the induction of pathological forms of tau. Studies have attempted to uncover this using 

amyloid sensitive dyes and tau-specific conformational antibodies (Guo and Lee, 2011, 

2013; Usenovic et al., 2015; Pickhardt et al., 2017; Veloria et al., 2017), however these 

approaches do not confirm or deny the formation of tau filaments inside the cell and 

whether ThS positive aggregates in cells resemble tau in human NFTs has not been 

explored thoroughly. This was partially addressed using a monoclonal antibody (MC1) 

to recognise an abnormal conformation of endogenous tau (Guo and Lee, 2011). 

Although there were some ultrastructural experiments alongside, a more comprehensive 

immunogold labelling TEM analysis of seeded tau fibrils within the cells is warranted. 

 

1.6.4. The SH-SY5Y neuroblastoma cell line 
 

In order to best model neurodegenerative disease in vitro, neuronal cell cultures need to 

be morphologically mature with extended neurites and the ability to form synapses with 

other neurons. Biochemically, the cells should express the human genome with the 

capabilities of studying normal and pathological proteins under various experimental and 

control conditions. In this thesis, the human SH-SY5Y neuroblastoma cell line was used 

in order to study the effect of exogenous tau on cell viability and endogenous tau protein 

expression. This cell line possess many properties of neurons, including neuronal 

marker activity, expression of neurofilament proteins and nerve growth factor receptors 

(Uberti et al., 1997). When differentiated using retinoic acid (RA), these cells acquire 

morphological, neurochemical and electrophysiological properties characteristic of 
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mature neurons. Localisation of tau expression also changes following differentiation. 

Whilst undifferentiated cells express tau proteins at the nuclear level, differentiated cells 

express tau proteins in the cytosol and along neuritic processes (Uberti et al., 1997). In 

addition to localisation, the mRNA and protein expression of tau isoforms are changed. 

Undifferentiated cells express the foetal tau isoform and following differentiation, there 

is increased expression of the adult mRNA isoform. Brain-derived neurotrophic factor 

(BDNF) can further increase tau expression in RA-differentiated SH-SY5Y cells, shifting 

the subcellular distribution away from the soma and towards the dendrites. Furthermore, 

tau becomes dephosphorylated (Ser-262) during RA- and BDNF-mediated 

differentiation (Chen et al., 2014). Despite this, differentiating SH-SY5Y cells using RA 

has been shown to affect regulation of survival signalling pathways and therefore studies 

investigating protein responses to stress, differentiating these cells might not be 

desirable due to potential artefacts, such as modulating the cells’ susceptibility to 

Parkinson’s disease mimetics (Cheung et al., 2009). The authors conclude that for this 

reason, undifferentiated SH-SY5Y cells may be a more appropriate model for studying 

neuroprotection. For this thesis, SH-SY5Y cells provide a useful and ethical model for 

investigating the effect of exogenous tau protein on intracellular tau given their ability to 

be scaled up prior to differentiation, with relative ease and low cost in comparison to 

primary neurons (Kovalevich and Langford, 2013).  
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1.7. Tau-based therapeutic strategies  
 

Our current understanding of the modifications related to tau aggregation and 

mechanisms of tau-mediated cytotoxicity has led to the screening of potential tau-based 

therapies for AD and other tauopathies. Direct approaches that have reached clinical 

trials at present aim to regulate phosphorylation, inhibit aggregation or clear tau using 

immunotherapy, whereas indirect approaches involve stabilising microtubules and 

manipulating tau kinases and phosphatases. Other approaches that have shown 

promise in preclinical studies involve reducing tau oligomerisation and overall tau levels, 

facilitating autophagy, protein clearance and mitochondrial function. A few well-

researched approaches are briefly discussed below.  

 

1.7.1. Anti-phosphorylation  
 

As previously mentioned, there is evidence to suggest that hyperphosphorylation of tau 

is associated with tau aggregation, therefore the inhibition of phosphorylation by kinase 

inhibitors may be a promising therapeutic strategy for AD. Evidence for this comes from 

transgenic mouse models of tau pathology, showing that kinase inhibitors reduce tau 

phosphorylation and tau pathology (Noble et al., 2005; Caccamo et al., 2007; Leroy et 

al., 2009). Inhibition of GSK-3 activity has also been shown to rescue Ab toxicity in an 

adult-onset Drosophila model of AD, supporting the potential therapeutic use of GSK-3 

inhibitors (Sofola et al., 2010). As a result of these promising studies, it has been of 

interest to target phosphorylation by inhibiting kinases associated with phosphorylating 

tau protein, such as GSK-3 b, cdk5 and MARK, or by activating phosphatases (Mazanetz 

and Fischer, 2007). These enzymes are involved in many different cellular processes 

and so a major challenge is the identification of compounds that have a high selectivity. 

GSK-3 b inhibitors have entered clinical trials for the treatment of AD and progressive 

supranuclear palsy (PSP), however these have not shown positive results. The  

identification of selective tau kinase inhibitors is currently being identified (Mazanetz and 

Fischer, 2007; Barten and Albright, 2008). 

 

1.7.2. Anti-aggregation approaches 
 

Since tau aggregation is a purely pathological process, strategies for inhibiting tau 

misfolding and aggregation are being investigated as potential therapies for tauopathies 

(Cisek et al., 2014; Wischik et al., 2014) . This strategy of tau-directed therapy is limited 

to early stages of disease before tau aggregates become insoluble, however patients 
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are often not diagnosed until symptoms arise much later (Selkoe et al., 1982). Small 

molecular weight compounds have been investigated for their ability to inhibit the 

formation of tau oligomers and fibrils by blocking tau-tau binding, and have been tested 

in depth in vitro and in humans. This approach is discussed in greater detail in section 

1.8. 

 

1.7.3. Vaccination  
 

Several anti-Ab vaccinations have proven efficient in removing Ab  in transgenic mouse 

models (Bard et al., 2000; Janus et al., 2000; Morgan et al., 2000; DeMattos et al., 2001). 

Whilst they have failed in clinical trials, these trials provide lessons for the tau field. Tau-

directed immunotherapy is a potential approach for the clearance of extracellular 

aggregates, however the challenge is in targeting intracellular tangles, which requires 

cellular uptake of the antibody. An additional challenge is choosing the right epitope for 

immunisation. Several epitopes have been tested in mice, including important tau 

phospho-epitopes, including pS396/pS404 (PHF1), pS202/pT205 (AT8), pT212/pS214 

(AT100), pT231/pS235 (AT180) and pS422 (Asuni et al., 2007; Boimel et al., 2010; 

Boutajangout et al., 2010; Bi et al., 2011; Troquier et al., 2012). These have proved 

efficacious in preventing or reducing tau pathology in transgenic models, and presently, 

two vaccines targeting non-phosphorylated (AAD-vac1) and phosphorylated tau (ACI-

35) have entered Phase I clinical trials (Panza et al., 2016). 

 
1.7.4. Stabilising microtubules and tau clearance  
 

Given the reduced microtubule stability observed following tau hyperphosphorylation 

and tau aggregation, some compounds have been identified that can promote tubulin 

polymerisation and stabilise microtubule assembly (Zhang et al., 2005; Matsuoka et al., 

2008). Similar to targeting enzymes, the challenge lies in identifying drugs that are able 

to stabilise axons with tau pathology without causing axonal deficits. 
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1.8. Tau aggregation inhibitors  
 

Tau can be made to fibrillise in vitro in the presence of co-factors, which has enhanced 

our understanding of the pathological binding interaction of tau molecules. It has been 

shown that inhibitors of tau-tau binding do not affect the tau-tubulin binding interaction 

necessary for its function to stabilise microtubules (Wischik et al., 1996). This is due to 

the fact that the PHF core is phase shifted with respect to the normal repeat domain of 

tau (figure 1.10) (Wischik et al., 2016). This suggests that it would be possible to inhibit 

tau aggregation without affecting the normal tau-tubulin binding interaction. Among the 

different tau-based therapeutic approaches mentioned, low molecular weight 

compounds that inhibit or reverse tau aggregation have shown potential as a valid 

pharmaceutical strategy. However, the search of a small molecule that inhibits tau 

assembly but that also meets the standard physical-chemical properties of drugs 

appropriate for brain uptake, has proven to be challenging, due to the natively unfolded 

structure of tau and the relatively large protein surface areas involved in tau assembly. 

Potential tau aggregation inhibitors (TAI(s)) have been identified by inducing fibrillisation 

of tau constructs and using TEM and ThS to screen for inhibition (Friedhoff et al., 1998), 

however many of the TAIs identified have biochemical features making them unsuitable 

for efficacy and safety testing in transgenic mice. Furthermore, the tau aggregates that 

form in these assays are often unrepresentative of the oligomers or fibrils that form in 

the brain in tauopathies. Nonetheless, a number of screens have identified several low 

molecular weight compounds, which act as TAIs (Pickhardt, Gazova, et al., 2005; 

Taniguchi et al., 2005; Crowe et al., 2007; Bulic et al., 2013; Chua et al., 2017). These 

include, but are not limited to, phenothiazines, polyphenols, porphyrins, 

benzothiazoles/cyanines, N-phenylamines, thioxothiazolidinones (rhodanines), 

phenylthiazole-hydrazides, anthraquinones, and aminothienopyridazines (Wischik et al., 

1996; Taniguchi et al., 2005; Cisek et al., 2014).  
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Figure 1.10. The PHF-core is phase-shifted with respect to the normal repeat 
domain of tau   
 
Full-length tau with two N-terminal inserts (purple) and 4 C-terminal repeats (4R2N). The 
numbering corresponds to amino acid residues of the largest 441-residue tau isoform. 
The PHF-core fragment is restricted to 3 repeats in length that originates from repeats 
2, 3 and 4 but phase shifted with respect to the microtubule binding repeat domain of tau 
(Wischik et al., 1996).  

 

The potency of TAIs appear to show minor differences depending on the tau species 

used. In one screen, Taniguchi et al (2005) identified a number of compounds from 

different chemical classes that were able to inhibit heparin-induced fibrilisation of full-

length tau. In another screen, there were small differences in potency between 

compounds inhibiting heparin-induced fibrillisation of K18, K19 and full-length 3R tau, in 

that the compounds were more effective in inhibiting shorter tau fragments than full-

length tau (Pickhardt et al., 2005). There are also differences in inhibition depending on 

the buffer composition used in screening experiments. Crowe et al (2007) identified a 

several compounds that showed effective inhibition of heparin-induced K18 fibrillisation, 

many of which were from previously described compound classes. Some of these 

compounds, required the presence of dithiothreitol (DTT) in the buffer for its aggregation 

inhibitor activity, and it was suggested that the compounds formed peroxides in the 

presence of DTT.  

 

The mechanisms of TAIs depends on their interaction with the protein (Cisek et al., 

2014). Covalent TAIs correspond to compounds that covalently modify tau directly or 

induce the formation of covalent bonds within or between tau molecules. Modification by 

TAIs in this way may promote the formation of aggregation-incompetent products. These 

TAIs can target any species along the aggregation pathway, but particularly tau 

monomers (Cisek et al., 2014). Many of these act by generating electrophiles through 

oxidation and generation of disulphide bonds (Pickhardt, von Bergen, et al., 2005; 

Taniguchi et al., 2005; Crowe et al., 2007; Sahara et al., 2007), which may non-



1.8. Tau aggregation inhibitors  
 

 54 
 

 
 

specifically act with and disrupt functions of off-target proteins. Tau spontaneously 

oxidises to form inter- and intra- molecular disulphide bonds when incubated in the 

absence of reducing agents (Sahara et al., 2007). However, TAI compounds that 

accelerate disulphide bond formation in the absence of reducing agent might appear to 

possess TAI activity. Aminothienopyridazines (ATPZs) are thought to inhibit tau 

aggregation through this mechanism (Crowe et al., 2013). This mechanism has also 

been proposed for other redox-active compounds, including methylene blue (Akoury et 

al., 2013; Crowe et al., 2013). It is suggested that compounds that act through this 

mechanism are likely to have low potency and efficacy in the reducing intracellular 

environment in vivo. Non-covalent TAIs interact directly with tau species at various points 

in the aggregation pathway and their inhibitory activity is mediated by their interaction 

with highly polarizable phenylalanine and tyrosine residues by stabilising off-aggregation 

pathway oligomers (Cisek et al., 2014).  

 

Whilst TAIs have shown potential to prevent tau aggregation in cell-based and/or in vitro 

screening assays, many of these TAIs have not been tested for their efficacy for inhibiting 

tau aggregation in vivo, and it remains unclear how TAIs might work under physiological 

conditions. As previously mentioned, the tau species responsible for mediating toxicity 

is unclear as there is support for a role of mature tau fibrils and more support for smaller 

tau oligomers in toxicity (Brunden et al., 2008). If a compound inhibited fibril formation 

but allowed the formation of toxic oligomers, this may worsen tau pathology. However, 

there has been very little characterisation of the tau species that are formed in the 

presence of TAIs.  
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1.9. Methylene blue  
 

Methylthioninium (MT) and the chloride salt of oxidised MT+ (MTC, methylthioninium 

chloride, ‘methylene blue’) has a long history of safe use. It was first synthesised as an 

aniline-based dye for cotton staining in 1887 but was the first antiseptic dye to be used 

therapeutically for the treatment of malaria in 1891 (Schirmer et al., 2011). Over the past 

two decades, there has been a significant amount of attention on MT as a potential 

compound for inhibiting protein aggregation. As well as being a potential drug candidate 

for targeting tau aggregation, its inhibitory effects applies to other proteins involved in 

neurodegeneration, including huntingtin (Sontag et al., 2012), TDP-43 and  a-synuclein 

(Yamashita et al., 2009), Ab (Necula et al., 2007) and prion protein (Cavaliere et al., 

2013). 

 

1.9.1. Physicochemical properties  
 

Methylene blue is a heterocyclic aromatic dye and is a member of the phenothiazine 

group. Its structure consists of a cationic thiazine ring and two dimethylamino functional 

groups on the outer benzene rings. It is a redox-cycling compound, and through 

oxidation-reduction reactions, methylene blue converts to the uncharged, nonaromatic 

Leuco form (figure 1.11). Methylene blue is also light-sensitive and displays 

photosensitizing properties. For reasons discussed further in section 1.9.2, a stabilised 

reduced form was developed named leucomethylthioninium (LMT) and its stabilised 

diprotic acid salts named LMTM has been recently characterised, showing that it is 

distinct from MTC and LMT (Harrington et al., 2015). It is stable in an oxygen atmosphere 

and has an acid dissociation constant (pKa) that is more appropriate for pharmacological 

applications (pH 6.5 for LMTM vs pH 0 for MTC) (Wischik et al., 2016).  

 

 

 

 

 
 
Figure 1.11. The redox conversion of methylthioninium chloride to 
leucomethylthioninium.   



1.9. Methylene blue  
 
 

 56 
 

 
 

1.9.2. Biological applications of methylene blue and its derivatives  
 

The MT moiety was one of the first identified compounds that blocked tau-tau interaction. 

MT is able to act as a TAI in cell-free (Wischik et al., 1996; Harrington et al., 2015), cell-

based (Harrington et al., 2015) and tau transgenic mouse models of tau aggregation 

(Melis et al., 2015). When applied to preparations of proteolytically stable PHFs isolated 

from AD brain tissue, MT disrupts the morphology and proteolytic stability of the 

constituent truncated tau protein in the PHF core, without disrupting normal tau-tubulin 

interactions (Wischik et al., 1996). Disaggregation of PHFs by MT was observed at a 

protein:MT molar ratio upwards of approximately 1:0.1 (Harrington et al., 2015). The 

concentration required for dissolution of PHFs was 0.16 µM and activity as a TAI within 

the cell was 0.12 µM (Harrington et al., 2015). These findings are supported by Taniguchi 

et al (2005), showing that MT inhibits tau filament formation with IC50 values in the low 

micromolar range.  

 

In transgenic mouse models of tauopathies, there have been reports of MT having 

effects on attenuating tau pathology (O’Leary et al., 2010; Medina et al., 2011; Congdon 

et al., 2012; Hosokawa et al., 2012). However, other studies have shown that MT is able 

to lower physiological tau levels, but has no effect on tau aggregation pathology (O’Leary 

et al., 2010; Spires-Jones et al., 2014). In mice expressing full-length human tau, 

preventative MT treatment was ineffective (Hochgrafe et al., 2015). However, when 

treatment was given prior to the onset of functional deficits, MT could preserve cognition 

and lead to a decrease in insoluble tau and an upregulation of autophagy and 

proteasomal degradation systems. With regards to behavioural improvement following 

exposure to MT, it was shown that MT and LMTM could rescue learning impairment in 

mouse models at 35 mg-MT/kg and 9 mg-MT/kg dose, respectively (Melis et al., 2015). 

These effects were observed at a brain concentration comparable to that required for 

TAI activity in vitro.  

 

A number of preclinical studies have reported that MT has beneficial phenotypic effects 

in models of AD, other than altering tau aggregation pathology. However, many of the 

effects of MT are far outside the range required for TAI activity and so the clinical efficacy 

of MT in AD has been argued. These effects include; microtubule disassembly (50 µM, 

Crowe et al., 2009), reduction of endogenous tau protein (10 µM, Dickey et al., 2006), 

Hsp70 ATPase inhibition (83 µM, Jinwal et al., 2009) and proteasomal and autophagic 

degradation of tau (about 250 µM) (O’Leary et al., 2010; Congdon et al., 2012). The in 
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vitro effects of MT at concentrations comparable to its TAI activity includes an 

enhancement of mitochondrial b-oxidation (0.3 µM, Visarius et al., 1997) and inhibition 

of monoamine oxidase A (0.16 µM, Ramsay, Dunford and Gillman, 2007). However, 

these activities are for the oxidised MT form and their in vivo relevance is unknown.  

 

 

1.9.3. Clinical efficacy of leuco-methylthioninium  
 

A phase II placebo-controlled clinical trial showed that a dose of 138 mg/day of 

Rember™ (a derivative of the oxidised form of MT) slowed the cognitive decline in mild 

and moderate AD patients after 1 year (Wischik et al., 2008). The compound was 

developed as LMTM, which is much better absorbed than MT and stabilises the reduced 

form of the MT moiety (Baddeley et al., 2014; Wischik et al., 2015). This compound was 

taken forward for Phase III clinical trials to compare higher doses of LMTM in the range 

of 150-250 mg/day with a low dose of 4 mg twice a day, which was expected to be 

ineffective. The low dose was considered a placebo group due to symptoms such as 

discoloured urine being present with LMTM, which was one of the major criticisms of the 

trial. The results of the study suggested that LMTM might be effective only as 

monotherapy and that the minimum effective dose might be considerably lower for LMTM 

than that previously identified using MT. The mechanism by which MT reduces soluble 

tau levels and slows the disease process is unclear, and studies investigating its 

aggregation inhibitory properties have yielded conflicting results, which may be attributed 

to its pleiotropic nature (Necula et al., 2007; Spires-Jones et al., 2014; Harrington et al., 

2015). 
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1.10. Aims and objectives of the thesis 
 

It is clear that a more physiologically relevant model of tau aggregation is needed that 

does not require non-physiological inducers of aggregation, since the tau fragments 

used thus far in in vitro studies do not resemble PHFs in AD brain. This would permit the 

study of inhibition of tau aggregation under more physiological conditions. For this thesis, 

the PHF-core truncated tau peptide, dGAE, was used as a model system to investigate 

tau aggregation in vitro and in the context of seeding of tau in cultured cells and to 

explore the mechanisms of action of MT on dGAE aggregation. The aims of this thesis 

are to:  

 

1) Characterise the conditions required for dGAE self-assembly and the potential 

role of Cys-322 in assembly;  

2) Investigate the potential inhibition of dGAE self-assembly by MT;  

3) Determine the toxicity and internalisation of dGAE in neuronal cell lines;  

4) Investigate the effects of dGAE on endogenous tau protein expression and 

subcellular localisation.  
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Chapter 2          Materials and methods  
 

2.1. Materials � 
 

All reagents were purchased from Sigma-Aldrich (UK) or Thermo Scientific (UK) and 

double deionised water (ddH2O) filtered through a 0.2 µm filter was used in the 

preparation of all solutions, unless otherwise stated. Eppendorfâ LoBind microcentrifuge 

tubes were used when handling tau peptides to minimise protein loss.  

 

2.1.1. General protein biology reagents  
 

Recombinant protein  
 

The tau peptides used in this thesis are listed in Table 2.1. All peptides were a gift from 

Dr Charles Harrington and Dr Janet Rickard from TauRx Therapeutics (University of 

Aberdeen, UK). Recombinant protein expression in bacteria and purification was 

performed by Dr Janet Rickard as described elsewhere (Al-Hilaly et al., 2017, 2018).  

 

Table 2.1. Tau peptides used in this thesis  
 
Name Sequence 

dGAE (297 – 391) 
I K H V P G G G S V Q I V Y K P D L S K V T S K C G S L G N I H H K 
P G G G Q V E V K S E K L D F K D R V Q S K I G S L D N I T H V P G 
G G N K K I E T H K L T F R E N A K A K T D H G A E 

dGAE-C322A 
(297 – 391) 

I K H V P G G G S V Q I V Y K P D L S K V T S K A G S L G N I H H K 
P G G G Q V E V K S E K L D F K D R V Q S K I G S L D N I T H V P G 
G G N K K I E T H K L T F R E N A K A K T D H G A E 

 

 

Recombinant tau protein buffers and solutions 
 

200 mM phosphate buffer (PB), pH 7.4 200 mM Na2HPO4.12H2O 

200 mM NaH2PO4.2H2O 

Slowly mixed dibasic sodium phosphate 

with sodium dihydrogen phosphate until 

pH 7.4. 
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Dithiothreitol (DTT) 200 mM DTT in ddH2O, dispensed into 

500 µl aliquots and stored at -20 °C. 

 

Sarkosyl buffer 1 % (w/v) sodium lauroyl sarcosinate in 

10 mM PB.  

 

3-(N-morpholino)propanesulfonic  

acid (MOPS) 

20 mM MOPS in ddH2O, pH 6.8. 

 

 

Thioflavin S (ThS) 5 µM ThS in 20 mM MOPS, pH 6.8. 

 
Recombinant protein labelling 
 
 

Sodium bicarbonate  1 M sodium bicarbonate in ddH2O, pH 

8.3. 

 

Alexa Fluor-488â Protein Labelling Kit  Molecular Probes Inc, USA. 

 

Zeba 7K MWCO 2 ml columns  Thermo Scientific, UK. 

 

Oregon Greenä 488 Iodoacetamide (IAA-

OG), mixed isomers 

Thermo Scientific, UK. 

 

 

Dithio-Bis (2-Nitrobenzoic Acid) (DTNB) assay  
 

DTNB reaction buffer 0.1 M sodium phosphate, pH 8.0 

1 mM Ethylenediaminetetraacetic acid 

(EDTA). 

 

10 mM DTNB (Ellman’s reagent)  4 mg (w/v) Ellman’s reagent (Thermo 

Scientific, UK) in 1 ml DTNB reaction 

buffer. 
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Cysteine standards  Serial dilutions of 0.26 mg/ml Cysteine 

hydrochloride monohydrate (Thermo 

Scientific, UK) in DTNB reaction buffer 

was prepared to obtain concentrations of 

0.25, 0.5, 0.75, 1, 1.25 and 1.5 mM. 

 

Protein preparation for TEM 
 

400-mesh carbon-coated grids Agar Scientific Ltd, UK. 

 

2 % uranyl acetate (UA)  2 % (w/v) UA (Agar Scientific Ltd, UK) in 

filtered ddH2O. 

 

 

2.1.2. Inhibitory compounds  
 

Methylthioninium chloride (MT) was a gift from Professor John Storey from TauRx 

therapeutics. The structure of this compound is shown in figure 2.1. The compound was 

freshly reconstituted in milliQ water at the start of every experiment at a stock 

concentration of 5 mM, diluted in 10 mM PB.  

 

 

 

 

 

 

Figure 2.1. Structure of MT compound tested in assays.  
 

 

 

2.1.3. Gel electrophoresis  
 

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) 
 

Laemmli sample buffer (4 x) 277.8 mM Tris-HCl, pH 6.8 

44.4 % (v/v) glycerol  

4.4 % LDS  
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0.02 % bromophenol blue (Bio-rad 

Laboratories, USA).  

 

Polyacrylamide gels  4-20 % Mini-PROTEANâ TGXä precast 

gels (Bio-rad Laboratories, USA). 

 

Running buffer (1 X) 25 mM Tris, pH 8.3 

192 mM glycine 

0.1 % (w/v) SDS. 

 

Protein molecular weight marker  Precision Plus Proteinä Dual Xtra 

Prestained Protein Standards (2-250 kD) 

(Bio-rad Laboratories, USA). 

 

Native gel electrophoresis  
 

Laemmli sample buffer (1 x) 62.5 mM Tris-HCl, pH 6.8. 

40 % (v/v) glycerol 

0.01 % bromophenol blue (Bio-rad 

Laboratories, USA).  

 

Polyacrylamide gels  4-20 % Mini-PROTEANâ TGXä precast 

gels (Bio-rad Laboratories, USA). 

 

Running buffer (1 X) 25 mM Tris, pH 8.3 

192 mM glycine. 

 

Acidic running buffer (1 X) 

 

0.35 M b-alanine  

0.14 M acetic acid, pH 4.5. 

 

Western blot  
 

Transfer buffer (1 X) 25 mM Tris, pH 8.3 

192 mM glycine  

20 % (v/v) methanol. 

 

Tris-buffered saline (TBS) (1 X) 50 mM Tris-HCl, pH 7.4 
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150 mM NaCl. 

 

TBS-T TBS 

0.1 % (v/v) Tween-20. 

 

Blocking solution and antibody diluent 5 % (w/v) dried skimmed milk in TBS-T. 

 

Antibody stripping buffer 

 

Restoreä PLUS Western Blot Stripping 

Buffer (Thermo Scientific, UK). 

 

Protein stains 
 

Coomassie blue stain Imperialä protein stain (Thermo 

Scientific, UK). 

 

 

Ponceau S stain  0.1 % (w/v) in 5 % acetic acid (Sigma-

Aldrich, UK). 

 

 

 

2.1.4. General cell culture reagents 
 

SH-SY5Y cell culture  
 

Culture medium  Dulbecco’s Modified Eagle Medium / 

Nutrient Mixture F-12 (DMEM/F-12) with 

L-glutamine and HEPES (Gibcoä, 

Thermo Scientific, UK) supplemented 

with:  

10 % (v/v) foetal calf serum (FCS) 

1 % (v/v) penicillin/streptomycin 

1 % (v/v) L-glutamine.  

 

Low serum culture medium DMEM/F-12 with L-glutamine and 

HEPES (Gibcoä) supplemented with: 

1 % (v/v) FCS 

1 % (v/v) penicillin/streptomycin 

1 % (v/v) L-glutamine.  
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Serum-free culture medium DMEM/F-12 with L-glutamine and 

HEPES (Gibcoä) supplemented with: 

1 % (v/v) penicillin/streptomycin 

1% (v/v) L-glutamine. 

 

Trypsin Trypsin-EDTA (0.25 %), phenol red 

(Gibcoä). 

 

All-trans retinoic acid (RA) 33 mM RA (Sigma-Aldrich, UK) in 95 % 

ethanol. Kept in the dark at 4 ºC. Used 

at 10 mM 

 

Brain-derived neurotrophic factor (BDNF) 10 µg/ml BDNF (STEMCELL 

Technologies, UK) in serum-free culture 

medium. Used at 50 ng/ml (1:200 

dilution).  

 

Coverslips 

 

Menzel-Gläser cover glasses 12 mm 

(Thermo Scientific, UK).  

 

Glass bottom culture dishes  

 

35 mm petri dish, 14 mm microwell. 

No.1.5 coverglass, (0.16-0.19 mm), 

poly-d-lysine coated (MatTek 

Corporation, USA). 

 

Cell culture plates 

 

CostarÒ cell culture plates, non-

pyrogenic, polystyrene (Corning 

Incorporated). 
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2.1.4. General cell biology reagents 
 

Protein buffering and lysis 
 

Phosphate-buffered saline (PBS) (1X) 137 mM NaCl 

2.7 mM KCl 

8 mM Na2HPO4  

2 mM KH2PO4. 

pH 7.4. 

 

Bovine serum albumin (BSA) protein 

standards 

Serial dilutions of 2 mg/ml BSA in ddH2O 

were prepared in the appropriate lysis 

buffer to obtain concentrations of 0.125, 

0.25, 0.5, 0.75, 1, 1.5 and 2 mg/ml. 

 

Radioimmunoprecipitation assay (RIPA) 

buffer (1 X) 

25 mM Tris HCl pH 7.6 

150 mM NaCl  

1 % NP-40 

1 % sodium deoxycholate  

0.1 % SDS. 

 

Triton lysis buffer 1 % Triton X-100 (Tx-100) (v/v) in: 

50 mM Tris HCl pH 7.6  

150 mM NaCl. 

 

SDS lysis buffer 

 

 

1 % SDS (w/v) in: 

50 mM Tris HCl pH 7.6  

150 mM NaCl. 

 

HaltÔ Protease inhibitor cocktail (100 X) (Thermo Scientific, UK). Diluted to 1 X in 

lysis buffer. 

 

Phosphatase inhibitor cocktail 1 (100 X) 

 

(Sigma-Aldrich, UK). Diluted to 1 X in 

lysis buffer. 

 

 

 



2.1. Materials 
 

 66 
 

 
 

 
Bicinchroninic acid (BCA) protein assay  
 

Pierceä BCA Protein Assay Kit  BCA reagent A, containing sodium 

carbonate, sodium bicarbonate, 

bicinchoninic acid, sodium tartrate in 0.1 

M sodium hydroxide.  

BCA reagent B, containing 4 % cupric 

sulphate. (Thermo Scientific, UK). 

 

Bovine serum albumin (BSA) protein 

standards 

Serial dilutions of 2 mg/ml BSA in H2O 

were prepared in the appropriate lysis 

buffer to obtain concentrations of 0.125, 

0.25, 0.5, 0.75, 1, 1.5 and 2 mg/ml. 

 

Cell toxicity assay 
 

LIVE/DEAD assay ReadyProbesä Cell Viability Imaging Kit 

(Thermo Scientific, UK). 

  

Cellular probes 
 

LysoTracker Red DND-99 LysoTracker (Thermofisher 

Scientific, UK). 
 

Immunofluorescence  
 

Fixing solution 4 % (v/v) paraformaldehyde (PFA) in 

PBS. 

 

Permeabilisation solution 0.25 % (v/v) Tx-100 in PBS.  

 

Blocking solution and antibody diluent 2 % BSA (w/v) in PBS. 
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Mounting medium ProLong Gold Antifade Mountant with 

DAPI (Thermo Scientific, UK). 

 

ThS counter stain 0.005% ThS (Sigma-Aldrich) (w/v) in 

ddH2O. 

 

 

Immunogold-TEM 
 

Fixing solution 4 % (v/v) PFA and 0.1 % (v/v) 

glutaraldehyde (GA) in 0.1 M PB, pH 7.4. 

  

Pre-embedding solution 4 % (w/v) low-melting point agarose in 

0.1 M cacodylate buffer, pH 7.4.  

 

Post-fixation solution  

(contrast enhancement)  

 

1 % (v/v) osmium tetroxide and 1.5 % 

(w/v) potassium ferrocyanide in 0.1 M 

cacodylate buffer, pH 7.4. 

 

Dehydration solutions 

 

30 %, 50 %, 75 %, 90 %, 95 %, 100 % 

(v/v) ethanol in ddH2O. 

 

Unicrylä resin embedding medium 2:1 100 % ethanol:Unicrylä. 

1:2 100 % ethanol:Unicrylä.  

Complete Unicryl ä (BBI Solutions, UK). 

  

Toluidine blue  0.1 % toluidine blue O (Sigma-Aldrich, 

UK) in 1 % sodium tetraborate.  

 

Grids 

 

 

300 Mesh Hexagon Nickel 3.05 mm 

grids (Agar Scientific Ltd, UK). 

 

PBST +  

 

1 % (w/v) BSA 

0.05 % (v/v) Tween20  

3.7 mM Na2HPO4 

676 µM KH2PO4 
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150 mM NaCl 

1.1 mM NaEDTA 

3 mM NaN3 

pH 8.2.  

 

Normal goat serum 

 

(Sigma-Aldrich, UK). 

 

 

2.1.5. Antibodies 
 

A full list of primary and secondary antibodies used are shown in table 2.2, 2.3 and 2.4.  
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Table 2.2. Primary monoclonal and polyclonal antibodies used for western blot, dot blot, immunofluorescence and immunogold TEM. 
WB: Western blot; DB: Dot blot; IF: Immunofluorescence; I-TEM; Immunogold TEM. 

 

Antibody Epitope / specificity Species / type 
 
Dilution for WB 
and DB 

Dilution for IF Dilution for I-
TEM Source 

Anti-Tau Total tau   Rabbit polyclonal 1:2500 1:250 
 Sigma-Aldrich, UK 

 

T22 Oligomeric tau Rabbit polyclonal 1:1000  
 Merck Millipore, 

Germany 
 

PHF-6 Phosphorylated-Tau 
(Thr231) Mouse monoclonal 1:1000 1:50 

 Thermo Scientific, 
UK  

Tau-1 

 
Unphosphorylated-Tau 
(Ser195-202) 
 

Mouse monoclonal  1:200 

 
Merck Millipore, 
Germany 

b-actin b isoform of actin Rabbit polyclonal 1:5000  
 

Abcam, UK 

bIII-tubulin b chain of tubulin Mouse monoclonal 1:1000 1:250  Santa Cruz, USA 

MAP2 Microtubule-associated 
protein 2 

Mouse monoclonal  1:250  Santa Cruz, USA 

GAPDH Glyceraldehyde 3-
phosphate dehydrogenase  
 

Rabbit polyclonal 1:5000 1:250  Abcam, UK 

Anti-Alexa FluorÒ 
488  

Alexa FluorÒ 488 Rabbit polyclonal   1:50 Thermo Scientific, 
UK 
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Table 2.3. Single-chain antibodies (scAb(s)) provided by Janet Rickard (TauRx 
Therapeutics, UK) used for western blots and dot blots. 
 
Antibody  Epitope / specificity Dilution for western blot and dot bot 

C-E3 Tau 297 – 336  1:2500 

C-E2 Tau 319 - 331 1:1000 

s-1D12 Tau 337 – 355 1:1000 

C-A4 Tau 355 - 367  1:1000 

1G2  Tau 367 - 379 1:15,000 

E2E8 Tau 379 - 391 1:15,000 
CB3 Conformational 360 – 391  1:1000 

 

 

Table 2.4. Secondary antibodies for western blots, dot blots, immunofluorescence 
and immunogold TEM. 
WB: Western blot; DB: Dot blot; IF: Immunofluorescence; I-TEM; Immunogold TEM. 
 

Antibody Dilution for 
WB and DB 

Dilution for 
IF 

Dilution for 
I-TEM 

Source/ 
reference 

Horseradish peroxidase (HRP)-
linked goat anti-mouse 1:1000   Sigma-Aldrich, 

UK 

HRP-linked goat anti-rabbit 1:10,000   Sigma-Aldrich, 
UK 

HRP-linked ant-humani κ light 
chain 1:1000 1:250  Sigma-Aldrich, 

UK 

Alexa Fluor® 555 goat anti-
mouse  1:1000  Thermo 

Scientific, UK 

Alexa Fluor® 555 goat anti-
rabbit  1:1000  Thermo 

Scientific, UK 

Alexa Fluor® 488 goat anti-
mouse  1:1000  Thermo 

Scientific, UK 

Alexa Fluor® 488 goat anti-
rabbit  1:1000  Thermo 

Scientific, UK 

Goat anti-rabbit IgG 10 nm gold   1:50 BBI Solutions, 
UK 
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2.1.7. Equipment and microscopes  
 

Equipment and machines  
 

Shaker  Thermomixerâ C (Eppendorf, UK). 

 

Benchtop centrifuge Centrifuge 5424 (Eppendorf, UK).  

Benchtop ultracentrifuge OptimaÔ MAX ultracentrifuge (Beckman 

Coulter, USA). 

 

Spectrophotometer  SpectraMaxâ i3x Multi-Mode Microplate 

Reader (Molecular Devices, USA).  

 

Gel and membrane scanner  F-ChemiBIS 3.2M fitted with camera 

3.24 Mio. Pixel with fixed objective 

F0.95. Includes 3 drawers for UV, white 

light and chemiluminescence. Control of 

the system via acquisition software 

GelCapture Version 7.3.1 (DNR Bio 

Imaging Systems Ltd, Israel).  

 

Light polymerisation for EM embedding  

 

12 V, 100 W type 6834 Philips projection 

lamp.  

Ultramicrotome  Leica EM UC7 ultramicrotome fitted with 

a Leica M80 microscope (Leica 

Microsystems, Germany). 

 
Microscopes  
 

Transmission electron microscope  JEM1400-Plus (Jeol, USA) fitted with a 

Gatan Orius SC100 camera. 

 

Confocal microscope TCS SP8 (Leica Microsystems, 

Germany).  
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CO microscope  Zeiss Cell Observer axiovert 200M 

widefield microscope fitted with a 

Hamamatsu ORCA camera and Nikon 

Plan Fluor 10X NA 0.3 air objective.  
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2.2. Methods 
 

2.2.1. Preparation of recombinant tau protein  
 
Tau constructs 
 
Purified recombinant truncated tau (dGAE, amino acids 297 – 391) and the cysteine 

variant of dGAE (dGAE-C322A) (table 2.1) (provided by Dr Janet Rickard, TauRx 

Therapeutics Ltd) were used throughout this project. Recombinant protein expression in 

bacteria and purification was performed by Dr Janet Rickard as described elsewhere (Al-

Hilaly et al., 2017, 2018).  
 

In vitro fibrillisation of tau protein 
 
In vitro aggregation of dGAE and dGAE-C322A was induced by incubating the protein 

at 37 °C whilst agitating with a speed of 700 rpm on an Eppendorf ThermoMixerÒ for the 

various time points indicated. Negative stain TEM was used to visualise assembly 

mixtures at various time points. Protein concentration of the supernatant after 

centrifuging at 14,000 rpm for 30 minutes (min(s)) was measured using the BCA protein 

assay (concentration at time 0). 

Tau compound incubation  
 
Prior to fibrillisation, 100 µM stock tau protein was diluted in 10 mM PB (pH 7.4) in the 

presence or absence of MT. Where indicated, the samples were incubated with 10 mM 

DTT prior to agitation at 700 rpm, at 37 °C. The concentration of MT varied, with different 

molar ratios of tau protein to MT (1:0.1, 1:0.5, 1:1, 1:5) incubated for different lengths of 

time (0-72 hours (h)).  

 
Alexa Fluor-488 labelling of tau protein  
 
To generate fluorescently tagged tau protein (dGAE-AF488), dGAE was covalently 

labelled with Alexa Fluor-488â (AF488) using a modified protocol. Briefly, 200 µl protein 

was mixed with 20 µl 1 M sodium bicarbonate and 10 µl Alexa Fluor TFP ester. The 

protein/dye mixture was left to incubate in the dark for 15 mins at room temperature. 

Zeba 7K MWCO columns were equilibrated by adding 1 ml 10 mM PB and centrifuging 

at 1000 x g for 2 mins at 4 °C. The eluate was discarded and the process was repeated 

three times. This procedure removes azide from the column and equilibrates it with 10 
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mM PB. Following the final centrifugation, 200 µl protein/dye mixture was introduced 

drop-wise onto the tip of the column immediately followed by 40 µl PB. A cap-less 

microcentrifuge tube was placed under the column and was centrifuged at 1000 x g for 

2 mins at 4 °C. Immediately following centrifugation, the absorbance measurement at 

280 nm (A280) was measured using a spectrophotometer. Using the A280, absorbance 

of the dye (A494) and the molar extinction coefficient of dGAE (1490 cm-1M-1), the protein 

concentration was calculated as follows:  

 

protein	concentration	(M)=
[A280-(A494	x	0.11)]

1490
 

 

The A494 was multiplied by 0.11, which is a correction factor to account for the 

absorption of the dye at 280 nm.  

 

 

2.2.2. Assessment of tau filament formation  
 

Negative Stain TEM  
 
Negative stain TEM was used to visualise assembly mixtures at various time points. 

Aliquots (4 µl) of dGAE assembly mixtures were placed on 400-mesh carbon-coated grid 

and incubated for 1 min. After removing excess solution with filter paper, the grid was 

washed with 4 µl filtered Milli-Q water 3 x 1 min. The grids were negatively stained twice 

with 4 µl filtered 2 % UA for 1 min, blotted dry and left to air dry for at least 5 mins. Grids 

were examined on a JEOL JEM1400-Plus TEM.  

 

Sarkosyl-solubility assay  
 
Aliquots (25 µl) of assembly mixtures were removed and added to 125 µl 10 mM PB, 

containing 1% sarkosyl, and left at room temperature for 1 h. The mixtures were then 

spun at 150,000 x g for 30 mins. The resulting supernatants (sarkosyl-soluble tau) were 

separated from the pellets (sarkosyl-insoluble tau) and the pellets were resuspended in 

an equal volume of 10 mM PB. Both the supernatant and pellet fractions were used for 

SDS-PAGE. Following staining the gel with Coomassie, the intensities of sarkosyl-

insoluble tau bands were quantified by scanning densitometry (see section 2.2.14).  
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2.2.3. Fluorescence spectroscopy 
 
ThS fluorescence  
 

dGAE (10 µl) was mixed with ThS (140 µl, 5 µM) in MOPS buffer (pH 6.8), in a black-

walled 96-well plate. An emission scan between 450 and 600 nm was obtained and the 

SpectraMaxâ compartment was set to 21 °C with a scan rate of 600 nm/min. The 

average of three spectra was used to generate a graph. 

 
 

2.2.4. SDS-PAGE gel electrophoresis  
 

SDS-PAGE gel electrophoresis was used to separate assembly mixtures by molecular 

weight to detect changes in size distribution. For recombinant protein, 3 µg protein was 

mixed with 4 X sample buffer prior to loading on the gel. To investigate the effect of 

reducing samples on dGAE electrophoretic mobility, samples were run with or without 

10 mM DTT. For cell lysate, 15 µg (unless otherwise stated) of protein was mixed with 4 

x sample buffer and 100 mM DTT and heated at 95°C for 5 mins. All samples were 

centrifuged for 5 mins at 1000 x g. Samples were loaded onto 4-20 % gradient gels and 

run at 120 V for about 1 h in 1 X SDS-PAGE running buffer, or until the sample buffer 

reached the end of the gel. The gel was either used for western blotting (section 2.2.5) 

or stained with Coomassie blue to visualise total protein.  

 

Coomassie blue staining 
 
Prior to staining with Coomassie, the gel was washed in ddH2O (3 x 5 mins) to ensure 

complete removal of running buffer. The separated proteins were stained for 1 h using 

Imperial™ Protein Stain before washing in ddH2O overnight and scanning the following 

day.  

 

 

2.2.5. Western blotting 
  
Western blotting was used to analyse the immunoreactivity of separated proteins to 

different antibodies. Following SDS-PAGE, the separated proteins on the gel were 

transferred to nitrocellulose membrane (0.45 µm pore size) at 200 mA for 90 mins. The 

membranes were blocked in 5 % milk in TBS-T (0.1 % Tween-20) for 1 h rocking at room 

temperature. Membranes were incubated in primary antibody in 5 % milk in TBS-T 
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overnight at 4 °C (table 2.2, table 2.3). The next day, membranes were incubated in 

secondary antibody HRP-anti-rabbit or mouse antibody (table 2.4) in 5 % milk in TBS-T 

(1:1000) for 1 h at room temperature. The membranes were washed 3 x 10 mins in TBS-

T between antibody incubations. Protein bands were detected using ECL substrate 

(Clarity™, Bio-Rad) and films were scanned on a F-ChemiBIS 3.2M membrane scanner. 

Where indicated, membranes were stained with Ponceau S to visualise total protein.  

 

Ponceau S staining 
 
The membrane was washed in ddH2O (3 x 5 mins) and the separated proteins were 

stained for 1 h using Ponceau S solution before washing in ddH2O overnight and 

scanning the following day.  

 

 

2.2.6. Native-PAGE 
 
Native-PAGE gel electrophoresis was used to visualise proteins with maintained 

secondary structure and native charge density. Prior to loading the gel, 3 µg protein was 

mixed with 1 X native sample buffer. The samples were loaded onto 4-20 % gradient 

gels and run at 200 V for 1 h in Tris/Glycine running buffer or b-alanine/acetic acid 

running buffer. The cathode and anode were reversed before running the native gel for 

the basic protein to migrate. The gel was stained with Coomassie blue to visualise total 

protein.  

 

 

2.2.7. Analysis of free thiols  
 

Quantifying sulfhydryl groups using DTNB 
 
The concentration of free sulfhydryl groups present in the dGAE assembly mixture was 

measured using DTNB (Ellman’s reagent) following the manufacturer’s protocol, which 

was modified for a 96-well plate. Each unknown sample was mixed with 100 µl DTNB 

reaction buffer, 2 µl Ellman’s reagent and 10 µl cysteine standard or unknown sample. 

The mixtures were incubated for 15 mins at room temperature and the absorbance was 

measured at 412 nm using a spectrophotometer. The values obtained for the cysteine 

standards were obtained to generate a standard curve and the unknown sample 

concentrations were extrapolated from this curve.  
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Oregon Green-Iodoacetamide labelling of tau protein     
 

For the analysis of free thiols using the DTNB assay, experimental samples containing 

DTT could not be analysed due to the DTT in the samples interacting with the DTNB 

measurement, creating false positives. The IAA-OG assay labels the protein’s free thiols 

but ensures removal of the DTT from the assembly mixture using electrophoresis. For 

pre-reduced and pre-oxidised controls, 100 µM dGAE was prepared in 10 mM PB (pH 

7.4) and either reduced with 1 mM DTT or oxidised using 20 % (v/v) DMSO at 37 °C for 

2 h. Prior to separation by electrophoresis, 20 µl protein mixture was mixed with 1 µl IAA-

OG dye reagent and incubated for 30 mins at room temperature. Samples were 

separated by gel electrophoresis followed by western blotting (see section ‘SDS-PAGE 

gel electrophoresis’). The separated IAA-OG-labelled protein was scanned using a F-

ChemiBIS 3.2M scanner with a pre-existing 488 filter. The membrane was stained with 

Ponceau S to confirm equal protein loading between samples. Bands were quantified 

using ImageJ and the intensity of the bands were compared to the pre-reduced control. 

 

 

 2.2.8. Cell culture methods  
 
SH-SY5Y human neuroblastoma cell culture and passage 
 
Undifferentiated SH-SY5Y human neuroblastoma cells were grown in Dulbecco’s 

Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12) supplemented with 10% 

Fetal Calf Serum (FCS), 1% Penicillin/Streptomycin and 1% L-glutamine. Maintenance 

cultures were split when cells reached 70-90 % confluency and did not exceed 10 

passages. For passaging cells from a T-25 flask, media was aspirated and 0.5 ml 0.25 

% trypsin-EDTA was incubated on cells. The flask was tipped gently to release cells form 

the surface. Cells were triturated 1-2 times in 5 ml culture media and were diluted to 1:5 

in a total volume of 7 ml for normal plating in a T-25 flask.  

 
Differentiating SH-SY5Y neuroblastoma cells 
 

For differentiation, SH-SY5Y cells were counted using a haemocytometer and plated at 

50,000 cells per well in a 24-well plate or 300,000 cells per well in a 6-well plate before 

placing back into the incubator. For immunofluorescence, cells were plated on coverslips 

in 24-well plates. Cells were plated on 35 mm dishes on a 1.5 coverslip (Mattek) for live-
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cell imaging. For all other experiments, cells were plated without coverslips. On the first 

day of differentiation, old media was aspirated and pre-warmed low-serum culture media 

containing 10 µM RA was immediately added to cells and incubated for 48 h. On day 3, 

this process was repeated and cells were incubated for a further 48 h. On day 5, the 

media was aspirated and cells were washed once in serum-free culture media to remove 

traces of serum. Serum-free culture media containing 50 ng/ml BDNF was added to the 

cells and incubated for 48 h. Differentiated SH-SY5Y cells were ready to use for 

experiments on day 7. The cells could be cultured for a further 10 days with fresh serum-

free media containing BDNF added to cells every 48 h.  

 
Incubation with tau protein 
 

For dGAE transduction, cells were exposed to varying concentrations of dGAE that had 

been agitated for various time points, and were incubated for 24 h. For dGAE-AF488 

transduction, freshly-tagged dGAE or dGAE that had been agitated for various time 

points was added to cells for 24 h. The concentration of the protein added to cells is 

indicated for each experiment. Cells were then imaged live or fixed for 

immunofluorescence (see section 2.3.11) or lysed (see section 2.2.9) and separated by 

SDS-PAGE gel electrophoresis for western blotting (see sections 2.2.4 and 2.2.5).   

 
Cell viability assay  
 
 
Following the addition of dGAE, cell viability was measured using ReadyProbes® Cell 

Viability Imaging Kit. One drop of each reagent was added to cells in 500 µl media. The 

kit contains a NucBlue® reagent to label total cells (blue) and a NucGreen® reagent to 

label dead cells only (green). Cells were incubated with the reagents at 37 °C for 15 mins 

and imaged on a Zeiss Cell Observer axiovert 200M microscope. DAPI fluorescence 

was captured using a G 365 excitation filter and a LP 420 emission filter with a FT 395 

dichroic. Green fluorescence was captured using a FITC filter set (BP 450-490 excitation 

filter, BP 515-565 emission filter and FT 510 dichroic). Identical acquisition settings were 

used for all replicates and images were analysed using FIJI. TEM grids were prepared 

of the dGAE assembly mixture added to the cells.  
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2.2.9. Protein extraction and fractionation  
 
SH-SY5Y total cell lysis 
 

For cell lysis, cells in 6-well plates were incubated in 200 μl 0.25 % trypsin-EDTA to 

detach the cells and resuspended in 1 ml culture media. The cells were centrifuged at 

500 x g for 5 mins and the supernatant was discarded. The cell pellet was resuspended 

in ice-cold PBS and centrifuged at 500 x g at 4 °C. Cells were lysed in 50 μl 1 X RIPA 

buffer containing protease inhibitors for 15 mins on ice before centrifuging at 16,000 x g 

for 15 mins at 4 °C. The supernatant was collected and protein concentration was 

measured using the BCA assay. 

 
SH-SY5Y sequential cell lysis 
 
For analysis of soluble and insoluble lysates, cells were trypsinised as above. Cells were 

lysed in 1 % Triton lysis buffer containing protease inhibitors for 15 mins on ice. The 

samples were centrifuged at 16,000 x g for 30 mins at 4 °C, and the supernatant was 

collected (“Triton fraction”). Finally, the pellet was solubilised in SDS lysis buffer 

containing protease inhibitors to form the SDS fraction, centrifuged at 16,000 x g for 30 

mins at 22 °C and the supernatant was collected (“SDS fraction”). The different fractions 

were separated by SDS-PAGE gel electrophoresis for western blotting (see sections 

2.2.4 and 2.2.5).  

 
Bicinchoninic acid (BCA) protein assay  
 
Protein concentrations of recombinant protein or cell lysates were determined using the 

BCA Protein Assay Kit according to the manufacturer’s instructions. Briefly, 10 μl of BSA 

protein standard or sample diluted in lysis buffer were pipetted in duplicate into a 96-well 

plate. Reagent A was mixed with Reagent B at a ratio of 1:50, and 100 μl of this solution 

was added to each well. The plate was incubated at 37 °C for 30 mins and the 

absorbance was read at 595 nm.  

 

 

 



2.2. Methods 
 

 80 
 

 
 

2.2.10. Immunofluorescence  
 
Cell culture medium was aspirated from SH-SY5Y cells and washed once with PBS. 

Cells were fixed in 4 % (w/v) PFA in PBS for 15 mins followed by three washes in PBS. 

For permeabilisation, the cells were incubated in 0.25 % (v/v) Triton X-100 in PBS for 15 

mins. Cells were blocked in 2 % (w/v) BSA in PBS for 1 h, followed by three washes in 

PBS. Primary antibodies (table 2.2) diluted in 2 % (w/v) BSA in PBS were incubated with 

the cells for 1 h. Following three washes in PBS, secondary antibodies anti-rabbit or anti-

mouse-Alexa-Fluor 488 or 555 (table 2.4) were diluted in 2 % (w/v) BSA in PBS and 

incubated with the cells for 1 h in the dark. Cells were washed three times in PBS and 

mounted onto glass slides using Prolong Gold mounting medium containing DAPI. 

Mounted slides were stored in the dark at room temperature for 24 – 48 h to cure before 

imaging and kept at 4 °C for long term storage. Cells were imaged using Leica SP8 

confocal microscope (section 2.2.12). 

 
2.2.11. Labelling of acidic organelles 
 

Cells were plated onto 35 mm dishes on a 1.5 coverslip (Mattek). Following 

differentiation, fluorescently tagged dGAE (5 μM) was added to the cells for 3 hours. 

LysoTracker red (Life Technologies) was added at 50 nM and incubated for 1.5 hours. 

Live cells were imaged for 4 hours as described below (section 2.2.12).  

 
2.2.12. Confocal microscopy and live imaging  
 

All confocal microscopy imaging was carried out on a Leica SP8 confocal microscope. 

The instrument setting used PMT 3 and PMT Trans channels/lasers and images were 

acquired with a HC PLAPoCs2 63 x/1.40 oil-immersion objective lens. Samples were 

scanned sequentially to prevent spectral bleed-through when multiple fluorescent probes 

were imaged. All images were collected as Z-stacks for all channels using a step size of 

0.5 µm. Five to ten Z-stacks were taken for each sample and each experiment was 

repeated at least twice. For live imaging, the environment was maintained at 37 °C with 

humidified CO2 and the Adaptive Focus Control feature was used to maintain constant 

focal planes throughout the course of the experiment. All confocal image processing was 

carried out using FIJI (section 2.2.14). 
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2.2.13. Immunogold-EM 
 
Fixation and pre-embedding 
 

Differentiated SH-SY5Y cells were treated with AF-488 containing buffer, or 10 μM 

freshly prepared dGAE-AF488 for 24 h. The cells were washed once in PBS, scraped 

into a tube and centrifuged at 500 x g for 5 mins. The media was removed and the cells 

were resuspended in a 1:1 mixture of pre-warmed culture media:4% PFA for 15 mins in 

the incubator and centrifuged at 500 x g for 5 mins followed by fresh 4 % PFA and 0.1 

% GA in 0.1 M PB (pH 7.4) for 3 h at room temperature. The fixed cells were centrifuged 

at 1000 x g for 5 mins. The supernatant was discarded and the pellet was resuspended 

in 50 mM glycine in PBS for 10 mins at room temperature. The cells were centrifuged at 

1000 x g for 5 mins and the pellet was washed with 0.1 M cacodylate buffer, leaving 

about 200 μl in the tube. The cells were stained with 200 μl of 2 mg/ml Evans Blue for 

20 mins followed by three washes with 0.1 M cacodyladate buffer in order to stain cells 

with a blue colour to help localise the cell pellet following pre-embedding. Around 200 μl 

4% low melting point agarose was added to the cells and immediately centrifuged at 

1000 x g for 10 mins at 30 °C. The tube was immediately transferred to 4 °C or on ice 

for 20 mins to solidify the agarose. The cell pellet was localised and the pellet was cut 

away from the solidified agarose. The agarose-embedded cell pellet was transferred to 

a new tube and washed 2-3 times with 0.1 M cacodyladate buffer.  

 

Post-fixation and dehydration 
 
The agarose-embedded cell pellet was post-fixed in 1 % reduced osmium for 1 h at 4 °C 

followed by washing three times in 0.1 M cacodyladate and three times in ddH2O for 5 

mins each. The pellet was dehydrated in 30, 50, 75, 90 and 95 % ethanol for 15 mins 

each at 4 °C followed by three incubations in 100 % ethanol for 20 mins each at 4 °C. 

 

Infiltration and polymerisation 
 
The agarose-embedded, dehydrated cell pellet was infiltrated in a 2:1 mixture of 100 % 

ethanol:Unicrylä resin for 30 mins following by a 1:2 mixture of 100 % ethanol:Unicryl 

resin for 30 mins. Finally, the pellet was transferred to a Beem capsule and infiltrated in 

complete Unicrylä resin overnight at 4 °C. The resin was cured using light-

polymerisation for 48 h by illumination from the underside of the Beem capsules from a 

12 V, 100 W type 6834 Philips projection lamp at a distance of 35 cm.  
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Ultrathin micrometry sectioning  
 
The block of Unicrylä-embedded cell pellet was trimmed into a trapezoid block face to 

make orienting the block to the knife easier. Semi-thin sections (0.5 μm) were taken with 

a glass knife and stained with Toluidine Blue to determine the area of interest and further 

trimming of embedded blocks. Briefly, sections were transferred to a drop of distilled 

water on a glass slide and dried on a heat block. After the sections were completely 

dried, 1 % Toluidine Blue was added to the section on the heat block for 1 – 2 mins. 

Excess stain was rinsed off with distilled water and allowed to air dry before viewing on 

a light microscope. Subsequently, ultrathin sections (70 nm) were taken using a diamond 

knife on an ultramicrotome and placed on 300 mesh nickel grids before proceeding with 

immunogold labelling.  

 

Immunogold labelling 
 

A modified PBS (pH 8.2) (termed PBS+) was used throughout the following procedures 

for all dilutions of antibodies and gold probes. The ultrathin sections were initially blocked 

in normal goat serum (1:10 dilution in PBS +) for 30 mins at room temperature and then 

incubated with anti-488 primary antibody. The sections were washed three times in 

PBS+ for 2 mins each followed by incubation with 10 nm gold particle-conjugated goat 

anti-rabbit IgG secondary probes at a 1:10 dilution in PBS + for 1 h at room temperature. 

The sections were washed three times in PBS+ for 10 mins each and four times in 

distilled water for 5 mins each. Immunogold-labelled thin sections were subsequently 

post-stained in 2 % UA for 1 h before imaging on a TEM.  

  

2.2.14. Image analysis  
 
FIJI (https://fiji.sc) imaging processing package (Schindelin et al., 2012) was used for all 

image analysis.  

 
Fluorescence microscopy image analysis 
 
For the ReadyProbes cell viability assay, percentage of control dead cells was quantified 

by converting the images to grayscale followed by manually adjusting the threshold and 

converting it into a binary image to highlight live DAPI-stained cells. The number of cells 

was automatically counted. The dead FITC cells were counted in the same way and cell 

viability was expressed as a percentage of control dead cells. 
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The number of cells with internalised dGAE-AF488 was quantified by selecting a focal 

plane in the middle of the cell that contained maximal DAPI fluorescence. Using the DIC 

image, cells containing dGAE-AF488 were counted and expressed as a percentage of 

total cells in the image.  

 

For all quantifications of total fluorescence intensities, images were Z-projected to 

maximal intensity. Five to ten images from each condition and an average of 15 cells per 

condition (35 cells per experiment) were subjected to analysis. Firstly, a region of interest 

was drawn around an individual cell, excluding cells that had fused nuclei or those at the 

edges. Area integrated intensity and mean grey value were measured as well as three 

selections from around the cell with no fluorescence (background). The corrected total 

cell fluorescence (CTCF) was then calculated as: 

	

CTCF	=	Integrated	Density	–	(Area	of	selected	cell	×	Mean	fluorescence	of	background	

readings)	

 

Neurite lengths using DIC images were quantified using the ‘Simple Neurite Tracer’ 

ImageJ plugin designed for semi-automatic tracing of neurites. 

 
 
Western blot and SDS-PAGE image analysis  
 
To compare the density of bands on an SDS-PAGE gel or western blot, the image was 

converted to grayscale and the relative density of the bands were measured and 

expressed as a fold change from a control group. For the quantification of sarkosyl-

insoluble and triton-insoluble protein, the density of the bands were quantified and the 

percentage of insoluble tau was calculated as: 

 

Percentage	of	Insoluble	tau =	
Density	of	insoluble	tau

Density	of	soluble + Density	of	insoluble	tau
	× 	100 

 

 

2.2.15. Data and statistical analysis  
 
Data and statistical analyses were performed using Microsoft Excel and GraphPad Prism 

7. All data is expressed as the mean +/- standard deviation. When comparing two 

groups, Student’s unpaired t-test was used to determine statistical significance. When 
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comparing more than two groups, one-way analysis of variance (ANOVA) with Tukey’s 

post-hoc test was used to determine differences between groups and Dunnet’s post-hoc 

test was used to determine differences between experimental groups compared with a 

control group. For the fluorescence intensity quantification, the data were grouped by 

experiment (mean, standard deviation and n number) and a two-way ANOVA was used 

to account for the different standard deviations for each experiment. Differences were 

considered to be statistically significant if p < 0.05.  
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Chapter 3          Self-assembly of truncated tau protein 
 

 
Our understanding of the mechanism of tau assembly into PHFs has mainly relied on in 

vitro aggregation studies, however progress has been slow. This is largely due to tau 

protein’s high solubility, making aggregation particularly difficult to induce or monitor. 

Several groups have investigated the assembly of full-length tau in vitro using the 

addition of polyanionic molecules in solution, such as heparin, RNA, or proteoglycans, 

to nucleate assembly (Wilson and Binder, 1995, 1997; Goedert et al., 1996; Kuret et al., 

2005; Sibille et al., 2006). The formation of heparin-induced filaments have previously 

been demonstrated using recombinant tau repeat domains (Wille et al., 1992). However, 

there are increasing doubts as to the physiological relevance of heparin-induced tau 

filaments as they do not reproduce the key structural features from in AD filaments 

(Fichou et al., 2018), particularly given the recent findings from cryo-EM of PHFs isolated 

from AD brain and Pick’s disease (Fitzpatrick et al., 2017; Falcon, et al., 2018). It is 

therefore of utmost importance to develop a physiologically-relevant model of tau 

filaments in order to facilitate the study of tau aggregation into PHFs and their inhibition 

by TAIs.  

 

Whilst polyanionic molecules can dramatically increase the protein’s aggregation rate, 

the glycosaminoglycan, heparin, has been shown to be only a minor constituent of tau 

filaments (Ramachandran and Udgaonkar, 2011), despite glycosaminoglycans having 

been detected in NFTs in various tauopathies (Spillantini et al., 1999), suggesting only 

small amounts of heparin would be necessary for triggering tau fibrillisation in vivo 

(Ramachandran and Udgaonkar, 2011). Furthermore, the addition of such molecules 

makes it difficult to study the effect of disulphide links on assembly as it is unclear how 

heparin interferes with disulphide formation. Assembly of tau in the presence of 

polyanionic cofactors has been shown to require disulphide cross-linking since it could 

be prevented by reducing agents such as dithiothreitol (Kampers et al., 1996). Other 

studies using three-repeat tau containing one cysteine, have observed a promotion in 

PHF assembly by covalent dimerisation of tau via Cys-322, whereas replacing the 

cysteine with alanine by site-directed mutagenesis inhibited PHF assembly (Schweers 

et al., 1995).  

 

In this chapter, we have investigated the self-assembly of a truncated tau fragment in 

the absence of such additives. Given the importance of the PHF-core tau in tau 
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aggregation, we have used the truncated PHF-core tau fragment, based on the core of 

the PHF (Crowther and Wischik, 1985; Wischik et al., 1985) and which includes the PHF 

core region identified in the reported PHF structure (Fitzpatrick et al., 2017). The 

truncated fragment comprises 95-amino acids corresponding to residues 297-391 from 

the 441-residue tau isoform (4R2N) (figure 3.1). It is termed dGAE; where d identifies 

the N-terminal residue 297 and GAE, the three C-terminal residues terminating at Glu-

391, as described in detail by Novak et al (1993). Our overall aim was to examine the 

conformational changes that occur in the absence of heparin at an ultrastructural and 

biochemical level. The rate of heparin-induced three-repeat tau assembly has shown to 

be enhanced by intermolecular disulphide bonds (Schweers et al., 1995; Bhattacharya 

et al., 2001; Sahara et al., 2007). We therefore sought to examine the contribution of 

disulphide crosslink formation in mediating these changes in dGAE assembly. We used 

TEM to assess the ultrastructure morphology of fibrils in solution, and gel electrophoresis 

to evaluate changes in gel mobility during aggregation.  

 

 

 

 

 

 

 

 

 

 

 



3. Self-assembly of truncated tau protein 
 

 87 
 

 
 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1. Relationship of dGAE fragment to the full-length tau molecule and the 
PHF-core.  
 
A. Full-length tau with two N-terminal inserts (purple) and 4 C-terminal repeats (4R2N). 
The numbering corresponds to amino acid residues of the largest 441-residue tau 
isoform. dGAE (lilac) is restricted to 3 repeats in length that originates from repeats 2, 3 
and 4. The PHF-core established by Fitzpatrick et al (2017) is shown in grey. B. The 
sequence of dGAE derived from 4-repeat tau. The tubulin-binding domains are shown in 
blue boxes C. The sequence of normal tau for the repeat domain separated by 
intervening linker segments. The N-terminus of dGAE is midway through the tubulin-
binding segment and extends C-terminally by 15 residues to the end of the repeats in 
such a way that the N- and C-termini are exactly equivalent to 3 repeats in length. 
Adapted from Wischik et al. (2016). 
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3.1. Results 
 

3.1.1. Morphological analysis of dGAE self-assembly  
 
The ability for dGAE to self-assemble was monitored using a number of structural and 

biophysical techniques. Recombinant truncated dGAE tau was expressed in bacteria 

and purified by ion-exchange chromatography as described elsewhere (Al-Hilaly et al., 

2017, 2018). To investigate the effect of concentration and incubation time on dGAE self-

assembly, soluble dGAE was incubated at 50 µM, 100 µM, 200 µM and 400 µM and 

agitated at 700 rpm in 10 mM PB at 37°C, and assembly into aggregates or filaments 

was monitored at intervals up to 72 h (figure 3.2. A).  By TEM, all concentrations of dGAE 

were visualised between 0 to 4 h as small round particles, which develop into elongated 

and laterally associated fibres by 10 h. For 50 µM and 100 µM dGAE, the elongated 

fibres remained relatively short and did not appear to elongate further (figure 3.2. B I-II). 

However, increasing the concentration of dGAE to 200 µM and 400 µM showed a change 

in the lateral association and twisting of the filaments (figure 3.2. B III-IV). At these 

concentrations, longer fibrils were observed, whilst the smaller elongated particles were 

absent. At the highest concentration of dGAE tested, (400 µM), highly ordered filaments 

with a clearly paired arrangement and a regular twist were observed (figure 3.2. B IV, 

purple arrowheads).  
 

These morphological observations agree with the more thorough TEM analysis of fibril 

length distribution. The fibril lengths for each concentration were measured from the TEM 

images taken at 72 h agitation, which revealed no statistical difference in fibril length 

between 50 µM and 100 µM, however there were differences between these lower 

concentrations and 200 µM and 400 µM (figure 3.3 A). Whilst there is a concentration-

dependent effect leading to the formation of longer fibrils, there is a large amount of 

variation in fibril length at 200 µM and 400 µM. The fibril length measurements for each 

initial concentration condition can also be summarised in a length distribution histogram 

(figure 3.3. B). The distributions display a tail toward longer fibril lengths that becomes 

more pronounced at higher concentrations. These findings demonstrate the 

heterogeneity in lengths of fibrils formed from a relatively uniform mixture of spherical 

particles at 0 h, which increases in length depending on the initial concentration of dGAE. 
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Figure 3.2. Transmission electron micrographs of dGAE incubated at different 
concentrations.  
 
A. Experimental workflow to characterise dGAE assembly. dGAE was agitated at 
different concentrations (2-fold increases from 50 - 400 µM). Assembly mixtures were 
analysed by TEM, SDS-PAGE and immunoblotting at different timepoints. B. Negative 
stain transmission electron micrographs of dGAE assembly mixtures taken at different 
timepoints. (I) 50 µM, (II) 100 µM, (III) 200 µM, (IV) 400 µM. Magnification: X 20 K. For 
each concentration, the black outlined images represent the white outlines regions. 
Purple arrowheads indicate helical filaments. Scale bar: 500 nm, inset; 200 nm. 

200µMIII 400µMIV

72h

4h

0h

10h

24h



3.1. Results 
 

 91 
 

 
 

 
 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.3. Quantification of fibril lengths after 72 h agitation dGAE from a range 
of initial protein concentrations (50, 100, 200, 400 µM).  
 
A. Fibril lengths were quantified from a population of 100 fibrils from 5 electron 
micrographs for each concentration. A one-way ANOVA test showed a significant effect 
of dGAE concentration on fibril length, (F (3, 371) = 45.87, p<0.0001, r2 = 0.2706). 
Tukey’s multiple comparisons test indicated that fibril length was significantly higher in 
200 µM (89.92 +/- 42.13 nm) and 400 µM (118 +/- 82.44 nm) dGAE samples compared 
to 50 µM (44.68 +/- 17.43 nm) and 100 µM (49.33 +/- 21.08 nm). There was no 
statistically significant difference between 50 µM and 100 µM (p = 0.9279). The table to 
the right of the graph summarises the results of the multiple comparisons test. B. The 
data from A plotted as a histogram of relative frequency (percentage of fibrils measured) 
versus fibril length, summarising TEM data for 100 fibrils per concentration in 20 nm/bin.  
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Further TEM analysis was conducted to examine the morphology of dGAE filaments 

assembled at 400 µM for 72 h, since these filaments displayed paired twisting similar to 

PHFs observed in AD brain tissue (Spillantini et al., 1996). Electron micrographs of these 

‘PHFs’ are displayed in figure 3.4. A. The mean (+/- SD) width of the fibrils was 16.18 +/-

1.59 nm and 7.61 +/- 1.24 nm and displayed an approximate periodicity of 73.3 +/- 4.37 

nm (figure 3.4. B). This helical periodicity is similar to the helical periodicity observed for 

PHFs isolated from AD tissue (Crowther and Wischik, 1985; Wischik et al., 1985; Wille 

et al., 1992; Spillantini et al., 1996), and those obtained for cryo-EM structure of PHFs 

(Fitzpatrick et al., 2017). Fitzpatrick et al. (2017) observed a periodicity of 65-80 nm and 

width of 15 nm at the widest part and 7 nm at the narrowest, which is comparable to the 

values obtained in the present study. Under the condition described here, dGAE was 

able to form straight, paired filaments as well, although these were less common than 

the ‘PHF’ morphology (approximately 90 % of ‘PHFs’ rather than 10 % of ‘SFs’) (figure 

3.4. C). This is similar to that observed in the literature, as SFs extracted from AD brain 

tissue constitute 5 % of filaments (Crowther, 1991).     
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Figure 3.4. TEM analysis of dGAE filaments assembled at 400 µM for 24h. 
 
A. Electron micrographs showing the detailed morphology of dGAE filaments assembled 
at 400 µM for 24 h, which yields PHFs and SFs. White arrows point to helical periodicity. 
Magnification: X 20 K. B. Graphical representation showing the distribution of measured 
widths from micrographs for PHFs formed by dGAE at 400 µM (large width: n = 42; short 
width: n = 13). Nine micrographs were analysed with 20-100 filaments per image. Below 
the distribution graph is a table displaying the width and periodicity measurements of 
PHF-like fibrils. C. The relative occurrence of PHFs versus SFs. An unpaired t-test 
showed a significant difference in percentage relative occurrence of fibrils between PHFs 
(86.97 +/- 2.107, n = 3) and SFs (11 +/- 3.32, n = 3) (t = 19.32, df = 4, p = <.0001). 
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3.1.2. Characterisation of dGAE self-assembly by ThS and CD  
 

dGAE self-assembly was monitored using ThS fluorescence at intervals up to 72 h 

(figure 3.5 A). ThS has been previously shown to give an enhanced intensity when 

measuring tau assembly and used to quantify PHFs (Santa-Maria et al., 2006). At 100 

µM, ThS fluorescence intensity increased over time, indicating the gradual assembly into 

oligomers and filaments, confirmed by TEM. The elongation of the fibrils correlates with 

an increase in fluorescence intensity and so we examined ThS signal at 483 nm over 

time in order to compare signals across different starting concentrations. This increase 

in ThS signal over time is consistent at other starting concentrations examined (figure 

3.5. B). Each spectrum showed a similar lag-phase length; the final intensity of ThS 

fluorescence increases with increasing concentration, suggesting that elongation rate 

increased with increased starting protein concentration. In terms of secondary structure, 

dGAE transitioned from a mainly random coil conformation to one of increasing b-sheet 

conformation and reduced random coil as shown using CD spectroscopy performed by 

Dr Youssra Al-Hilaly (data not shown here) (Al-Hilaly et al., 2017).  

 

 

 

 

 

 

 

 

 

 

 
 
Figure 3.5. Monitoring assembly of dGAE by Thioflavin S fluorescence. 
 
A. dGAE (100 µM) ThS fluorescence intensity over 72 h incubation. Intensity was 
measured at 0, 4, 10, 24 and 72 h. B. dGAE ThS fluorescence intensity at 483 nm over 
time. Different starting concentrations of dGAE (50, 100, 200 and 400 µM) were 
measured over time. N = 3 independent experiments.  
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3.1.3. Electrophoretic mobility of dGAE under self-assembly conditions 
 

To investigate the electrophoretic mobility of dGAE under self-assembly conditions, 

aliquots of assembly mixtures were taken for SDS-PAGE and native PAGE 

electrophoresis. Under SDS-PAGE conditions, dGAE is expected to run at ~10 kDa, 

given its molecular weight of 10.27 kDa. However, at 0 h, dGAE predominantly runs as 

two sets of doublet bands at (~10 - 12 kDa) and (~20 - 25 kDa) (figure 3.6. A). Since the 

dGAE fragment has a theoretical molecular weight of 10.27 kDa, 10 kDa is likely to 

represent the monomer and 20 kDa, the corresponding dimer. The 12 and 24 kDa 

species are likely to represent alternative folding configurations of the dGAE monomer 

and dimer, respectively. Whilst both monomer bands and the 20 kDa dimer band appear 

to decrease with incubation time, the 24 kDa dimer band remains unchanged over 72 h. 

This occurs with the formation of higher species around 40 - 50 kDa, which may 

correspond to tetramers, and SDS-insoluble species stuck in the wells of the gel. These 

species can be detected by western blotting using the polyclonal total tau antibody, 

confirming that the higher molecular weight (HMW) species are tau and not derived from 

any contaminant (figure 3.6. B). Together these blots show that between 10 – 24 h 

incubation, dGAE transitions from a mixture containing mainly SDS-soluble monomers 

and dimers to that of a mixture containing mainly dimers and HMW species. 

Immunoreactivity of dGAE was also assessed using the conformational antibody, T22, 

which recognises oligomeric tau. The dot blot below the western blot in figure 3.6. B 

shows that T22 is immunoreactive from 0 h, which is consistent with SDS-PAGE, 

showing that 0 h dGAE does not just contain monomers, but also dimers and potentially 

small oligomers as observed by TEM. Between 4 – 24 h agitation, T22 loses 

immunoreactivity, consistent with the formation of longer fibrils at these timepoints.  
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Figure 3.6. dGAE electrophoretic mobility and T22 immunoreactivity.  
 
A. Non-reducing SDS-PAGE of dGAE whole assembly mixtures. dGAE was agitated 
with an initial concentration of 100 µM for 72 h. Aliquots of assembly mixture (3 µl, about 
3 µg) was run on a non-reducing SDS-PAGE gel. Purple-filled arrowheads point to 
monomer, dimer, tetramer bands and purple outlined arrowheads point to faster 
migrating bands that also correspond to monomer and dimer.  B. Western blot of dGAE 
aliquots from A using total tau antibody. Below the western blot is a dot blot of the same 
aliquots using oligomeric tau antibody, T22. Hrs = Hours.  
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Some information about dGAE size and mobility may be masked when analysing whole-

assembly mixtures by SDS-PAGE. To observe changes in the soluble and insoluble 

fraction of dGAE over time, aliquots were centrifuged to separate the supernatant from 

the pellet. The pellet was resuspended and solubilised in SDS and both supernatant and 

pellets were run on the gel (figure 3.7 A). There is an enrichment of the 24 kDa dimer in 

the pellet over time, suggesting that this species is assembly-competent. Similar to the 

findings observed for the whole assembly mixture, there is a shift of equal amounts of 

protein in the supernatant and pellet to a complete loss of protein in the supernatant 

between 10 and 24 h agitation. To confirm this loss of protein in the supernatant, the 

concentration of protein was measured using the BCA assay, which shows a significant 

decrease in protein concentration at 24 h and 72 h compared to 0 h. Whilst western 

blotting shows a complete loss of total tau immunoreactivity in the supernatant at 72 h, 

the BCA assay shows that at 72 h the concentration is about a 2-fold lower than 0 h, and 

not completely consumed in the pellet. This discrepancy may be due to the detection 

limit of the western blot or ECL. These findings suggest that we do retain some protein 

in the supernatant, perhaps due to incomplete assembly. These findings are consistent 

with CD measurements, showing that the pellet contains protein with a strong b-sheet 

signal, while the supernatant contains protein that is predominantly random coil, 

suggesting that a proportion of protein remains in solution (Al-Hilaly et al., 2017). This 

was a trend when different starting concentrations were used and therefore 100 µM 

dGAE was used for the remainder of this chapter.  

 

The binding of SDS to dGAE removes any secondary, tertiary and quaternary structures 

from the protein and can induce non-native behaviour of the protein. Therefore, to detect 

more native aggregation and conformational changes of dGAE over time, the assembly 

mixtures were analysed by native gel electrophoresis using varied buffer systems (figure 

3.8. A, B). In a standard native PAGE buffer system (pH 8.3), very little protein migrated 

through the gel (figure 3.6. A). Since dGAE is basic and therefore positively charged 

(theoretical pI of 9.59), a more acidic buffer was used to reduce the charge of the protein, 

whilst keeping low conductivity and maintaining similar electrical conditions. Under these 

conditions, dGAE migrated through the gel into two main species of dGAE, perhaps 

corresponding to monomer and dimer (figure 3.6. B). These species are still able to 

migrate in their native state over the course of self-assembly. However, it is possible that 

the mobility of dGAE may not reflect the conformation at physiological pH due to some 

extent of acidic denaturation.  
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Figure 3.7. Analysis of protein content in separated supernatants and pellets. 
 
A. Non-reducing SDS-PAGE of separated dGAE supernatant (S) and pellets (P) with an 
initial concentration of 100 µM. Aliquots of assembly mixture (3 µl, about 3 µg) was run 
on a non-reducing SDS-PAGE gel and then was used for western blotting using total tau 
antibody. N = 1 independent experiment. B. Protein concentration of dGAE remaining in 
the supernatant over time using the BCA assay. Values are expressed as a fold change 
of protein at 0 h. A one-way ANOVA shows a significant effect of incubation time on 
protein concentration. F (6, 14) = 60.06, p < .0001. Dunnett’s multiple comparisons test 
showed a significant difference in protein concentration between 0 h (1 +/- 0.02) and 24 
h (0.76 +/- 0.007) (p = .0001) and between 0 h and 72 h (0.56 +/- 0.08) (p = .0001), but 
not between 0 h and 2 h (0.96 +/- 0.01) (p = .6914), 4 h (0.99 +/- 0.04) (p = .9998), 6 h 
(0.98 +/- 0.02) (p = 0.9969) and 10 h (0.96 +/- 0.02) (p = 0.6915). N = 3 independent 
experiments.  
 

 

 
 

 
 
 

 
 

 
 

 
Figure 3.8. Electrophoretic mobility of dGAE under native conditions  
 
Non-reducing native PAGE of dGAE whole assembly mixtures with an initial 
concentration of 100 µM. Aliquots of assembly mixture (3 µl, about 3 µg) was run on a 
non-reducing gel at different pHs, using A. Tris/glycine buffer (pH 8.3), or B. b-
alanine/acetic acid buffer (pH 4.4). 
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3.1.4. Sarkosyl-solubility of dGAE under self-assembly conditions 
 
Sarkosyl extraction is a standard protocol for isolating insoluble tau aggregates from 

brain tissue, and sarkosyl-insoluble tau correlates with the pathological features of 

tauopathy. In order to investigate whether the assembly mixtures are insoluble in 

sarkosyl, 100 µM dGAE was incubated for 72 h. An aliquot of assembly mixture was 

removed at certain time points and incubated with 1% sarkosyl in 10 mM PB for 1 h 

before ultracentrifugation at 150,000 x g to separate the sarkosyl-soluble supernatant 

from the sarkosyl-insoluble pellet (figure 3.9. A). The resulting sarkosyl-soluble and 

sarkosyl-insoluble fractions were assessed by SDS-PAGE, which showed a decrease in 

sarkosyl-soluble protein and an increase in sarkosyl-insoluble protein over time. From 8 

h, protein could be observed stuck in the wells. The fact that most of the protein still runs 

as monomers and dimers suggests that a proportion of the dGAE sample is SDS soluble. 

The percentage of dGAE in the sarkosyl-insoluble fraction was quantified, which showed 

a significant increase in the percentage of dGAE in the sarkosyl-insoluble fraction from 

8 h – 72 h agitation compared to 0 h (figure 3.9. B). 
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Figure 3.9. Sarkosyl-solubility of dGAE aggregates. 
 
A. Experimental workflow to investigate the proportion of dGAE that becomes sarkosyl-
insoluble over time. B. Non-reducing SDS-PAGE gels stained with Coomassie blue, 
showing both sarkosyl-soluble supernatants and sarkosyl-insoluble pellets. 
Quantification of the bands on the gel are shown on the right. The fraction of dGAE in 
the insoluble fraction was calculated using the equation: band intensity of insoluble 
tau/(band intensity of soluble tau + insoluble tau). Whole lanes on the gel were quantified 
to include all species of dGAE. A one-way ANOVA showed a significant difference 
between timepoints F(3, 8) = 77.01, p = <0.0001, r2: 0.9665. Dunnett’s multiple 
comparisons revealed a significant difference between 0 h (11.65 +/- 4.656) and 8h 
(39.48 +/- 7.79) (p = 0.0007), 0 h and 24 h (62.56 +/- 4.505) (p = 0.0001) and 0 h and 72 
h (74,49 +/- 4.121) (p = 0.0001). N = 3 independent experiments. 
 
 
 
 
 
 
 
 
 

Time (hours) 



3.1. Results 
 

 101 
 

 
 

3.1.5. Importance of disulphide cross-links in dGAE self-assembly 
 

dGAE contains a single cysteine at position 322, that can only form inter-molecular 

disulphide bonds. The gel and buffer system used in the experiments presented in this 

chapter did not contain any reducing agent such as DTT or b-mercaptoethanol prior to 

running the gel in order to visualise cross-linked species under non-reducing conditions. 

However, analysis of reducing and non-reducing gel conditions is indicative of disulphide 

bond-dependent oligomerisation and the differences in electrophoretic mobility between 

assembly mixtures incubated with and without reducing agent could provide more detail 

as to whether the species detected on the gel are disulphide cross-linked or not. A 

concentration of 10 mM DTT was used for subsequent studies, based on the observation 

that 10 mM DTT in the sample showed maximal reduction of non-agitated dGAE (figure 

3.10. A). Assembly mixtures at different time points were analysed by SDS-PAGE in the 

absence (non-reducing) or presence of 10 mM DTT (reducing) in the sample buffer 

added just prior to running the gel. The presence of DTT in the same buffer, and thus 

breaking of disulphide bonds, had a subtle effect on dGAE electrophoretic mobility 

(figure 3.10. B). Not all of the bands are reduced and some stability in the dimer still 

remains after agitation, particularly the 24 kDa dimer, suggesting the involvement of 

other covalent crosslinking occurring. The lack of involvement of Cys-322 in dGAE self-

assembly was confirmed by examining free sulfhydryl content using the DTNB assay. In 

this assay, DTNB reacts with free (reduced) sulfhydryl groups to yield 2-nitro-5-

thiobenzoic acid (TNB). The absorbance of TNB is measured using a spectrophotometer 

and the amount of sulfhydryl groups can be estimated by comparing the absorbance 

values to a standard curve composed of known concentrations of sulfhydryls, such as 

cysteine. This assay revealed no change in free sulfhydryl content during dGAE self-

assembly (figure 3.10. C).  

 

The lack of effect of reducing assembled dGAE on electrophoretic mobility does not rule 

out the involvement of disulphide links early on in assembly. We investigated this by 

preventing the formation of disulphide bonds by the addition of 10 mM DTT to the 

assembly mixture (reduced) prior to agitation and compared this with non-reduced 

dGAE. We also compared the assembly of dGAE with a variant in which the cysteine 

residue has been substituted with alanine (dGAE-C322A), since alanine is the most 

common substitution and is the simplest amino acid as it contains just the CH3 R-group. 

To confirm the abolishment of disulphide formation, the free sulfhydryl content was 

examined after 48 h agitation using the IAA-OG assay. IAA-OG is a reagent that reacts 

with and labels free sulfhyrfryls to generate green fluorescence, which can be separated 
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by SDS-PAGE, detected and quantified using a fluorescent scanner. This assay was 

used because DTT interferes with the DTNB assay and the IAA-OG assay process 

removes DTT from the mixture by electrophoresis (figure 3.11. A). There was no change 

in dGAE sulfhydryl content, whereas dGAE incubated in the presence of DTT remains 

reduced over 48 h, albeit showing a slight reduction in free sulfhydryls by 48 h. On the 

other hand, dGAE-C322A did not react in the assay due to the absence of cysteines for 

the IAA-OG to label. Using non-reducing and reducing gel electrophoresis, we found that 

DTT does not have other effects besides the effect on disulphide bond formation (figure 

3.11. B).  

 

 

 

 

 
Figure 3.10. Effect of reducing dGAE on electrophoretic mobility and 
concentration of free sulfhydryls over time. 
 
A. SDS-PAGE gel stained with Coomassie blue. Non-agitated dGAE (20 µM) was 
incubated with varying concentrations of DTT (0 – 50 mM) in the loading buffer before 
loading onto an SDS-PAGE gel. B. SDS-PAGE gel stained with Coomassie blue. dGAE 
(100 µM) was incubated for 72 h and aliquots at different timepoints were loaded onto 
an SDS-PAGE gel in the presence or absence of 10 mM DTT in the loading buffer. B. 
DTNB assay using an initial concentration of 400 µM. The concentration of free 
sulfhydryls was measured at different timepoints over 72 h. N = 1 experimental repeat 
(graph is from 3 biological repeats).  
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Figure 3.11. Preventing disulphide formation prior to dGAE self-assembly. 
 
A. IAA-OG assay: Non-reducing SDS-PAGE gel of Iodoacetamide labelled dGAE, 
dGAE+DTT and C322A at 0 h and 48 h assembly time. Intensity of bands was compared 
to a pre-reduced control. A high signal signifies reduction of dGAE and a low signal 
signifies oxidation (or no cysteines present for dGAE-C322A). R = pre-reduced control 
(dGAE + 1 mM DTT), O = pre-oxidised control (dGAE + 20 % DMSO). B. Non-reducing 
SDS-PAGE Coomassie stained gels of dGAE-C322A with and without DTT. 
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To investigate the effect of reducing conditions on dGAE self-assembly, dGAE, dGAE + 

DTT and dGAE-C322A assembly was monitored after 48 h agitation using ThS 

fluorescence, CD, XRFD, TEM and SDS-PAGE of the whole mixture and of the 

separated supernatant and pellet fractions (figure 3.12. A). ThS fluorescence, CD and 

XRFD was performed by Dr Youssra Al-Hilaly, showing that non-reduced and reduced 

dGAE gave similar spectral profiles (Al-Hilaly et al., 2017). However, dGAE-C322A 

variant appeared to assemble more quickly, with less protein remaining in the 

supernatant, than dGAE under reducing conditions and both dGAE-C322A and reduced 

dGAE assemble more quickly than dGAE alone. XRFD also revealed that all three 

proteins were able to form cross-b structures characteristic of amyloid fibrils. TEM was 

performed on whole samples to compare the morphology of the dGAE samples after 48 

h agitation, which showed differences in elongation of the fibrils (figure 3.12. B). 

Assembly of dGAE under non-reducing conditions showed the formation of slightly 

elongated and laterally associated fibrils, which did not elongate further. In contrast, 

dGAE incubated under reducing conditions formed distinct elongated fibrillary structures. 

These morphological differences under non-reducing and reducing conditions are 

comparable to the findings observed at low concentrations and high concentrations of 

dGAE, respectively. In contrast to dGAE, dGAE-C322A formed elongated structures, 

which associated laterally.   
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Figure 3.12. Effect of preventing disulphide formation on fibril morphology.  
 
A. Experimental workflow to examine the self-assembly of dGAE under reducing and 
non-reducing conditions. The whole assembly mixture was subject to low-speed 
centrifugation to isolate the supernatant and pellet. B. Electron micrographs of dGAE 
(100 µM) incubated under non-reducing and reducing conditions (with 10 mM DTT) and 
dGAE-C322A (100 µM) in PB (10 mM; pH 7.4) for 48 h at 37 °C.  
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SDS-PAGE was conducted on samples prepared in the same way as for TEM. The 

whole sample was compared with separated supernatant and pellet fractions. As shown 

previously in this chapter, dGAE ran as a doublet with mobilities of 10/12 kDa and a 

doublet with mobilities of 20/24 kDa, which may represent the dGAE monomer and 

dimer, respectively (figure 3.13. A, I). After 48 h, the intensity of the monomer in the 

whole sample was decreased. Whilst the bands in the supernatant have a markedly 

decreased dimer content, the pellet was enriched selectively for the 12 and 24 kDa 

species as well as some weaker bands migrating at 37-50 kDa. The data suggest that 

the dGAE fragment is able to exist in two SDS-resistant conformations with different gel 

mobilities both as monomers and as dimers. The selective enrichment in the pellet of the 

12 and 24 kDa species suggests that only one of the two conformations of dGAE is 

competent to aggregate into fibrils. Immunoblotting was conducted using T22 antibody, 

to gain more information about the different mobility species. T22 bound selectively to 

the 12 kDa and 24 kDa species in the pellet but not to the 10kDa monomer present in 

the supernatant (figure 3.13. A, II). T22 also labelled HMW species at around 50 kDa in 

the pellet.   

 

Under reducing conditions, dGAE produces intense 10 and 12 kDa monomer bands at 

0 h and 48 h, but less of the corresponding dimers than seen in the absence of DTT 

(figure 3.13. B, I). There were also non-migrating species in the wells, which are either 

SDS insoluble or too large to enter the gel. The intensity of the monomer band remaining 

in the supernatant was substantially reduced and restricted to the species with 10 kDa 

mobility. The pellet contained both monomeric and dimeric species, corresponding 

exclusively to the 12 and 24 kDa variant. Immunoblotting revealed preferential binding 

of T22 to the 12 and 24 kDa species but not the 10 and 20 kDa variants seen by 

Coomassie staining in the whole preparation and in the supernatant fraction (figure 3.13. 

B, II).  

 

dGAE-C322A showed a predominant 12 kDa monomer and a less intense 10 kDa 

monomer band at 0 h (figure 3.13. C, I). After 48 h, the 12 kDa species was enriched in 

the pellet and the 10 kDa species enriched in the supernatant. However, 24 kDa dimer 

formation was much less than observed for native dGAE fragment or following incubation 

with DTT, whereas the 20 kDa species was not observed. Immunoblotting showed that 

T22 reactivity was restricted to the 12 kDa species in the pellet with no binding to the 10 

kDa species predominating in the supernatant fraction at 48 h (figure 3.13. C, II). 
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In contrast to samples separated by SDS-PAGE, dot blotting showed reactivity with T22 

in all three samples at 0 h, and this is likely to correspond to the 12 kDa species (figure 

3.13. D). The intensity of T22 binding reduces after 48 h incubation in the whole and 

supernatant sample, and there was no binding of T22 to the pellet. This suggests that 

the 12 kDa band is in an oligomer-like conformation and that, following filament 

assembly, there is occlusion of the T22 epitope(s) leading to loss of T22 binding. The 

reduction in immunoreactivity after 48 h by dot blot but not by western blot may be 

explained by the fact that the protein on a dot blot is in its native state and has not been 

denatured by SDS, therefore the T22 epitope is masked.  
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Figure 3.13. SDS-PAGE and immunoblots of dGAE, dGAE incubated with DTT and 
dGAE-C322A.  
 
A. dGAE (100 µM), B. dGAE (100 µM) + 10 mM DTT, C. dGAE-C322A (100 µM). Each 
set of panels (A-C) shows the results of (I) Coomassie blue-stained SDS-PAGE gels and 
(II) western blots, using T22 anti-tau oligomer antibody, for the whole sample (W) and 
the fractionated supernatant (S) and pellet (P). D. Dot immunoblot for the same protein 
samples developed using T22 antibody.  
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3.2. Discussion 
 

In this chapter, we have shown that a truncated form of tau corresponding to a 95-amino-

acid region of the C-terminal domain (dGAE) is able to form filaments at physiological 

pH in the absence of any additives and that these closely resemble the PHFs found in 

NFTs in AD brain tissue. The dGAE fragment matches two of the species making up the 

structural core of the PHFs isolated from AD brain tissues (Crowther and Wischik, 1985; 

Wischik et al., 1985; Fitzpatrick et al., 2017). The in vitro ‘PHFs’ formed from dGAE have 

similar width and periodicity measurements to those extracted from AD brain tissue 

(figure 3.14). Whilst heparin-induced ‘PHFs’ formed from K18, K19 and full-length tau 

have a well-defined composition and often a helical structure (Barghorn and Mandelkow, 

2002), they cannot represent the complete core structure of PHFs and may differ in their 

atomic structure (Fitzpatrick et al., 2017). The findings presented in this chapter suggest 

that ‘PHFs’ formed by dGAE may represent more structurally relevant tau fibrils.   

 

 

 
Figure 3.14. A comparison of PHFs isolated from AD brain and in vitro polymerised 
PHFs.  
 
Negative stain electron microscopy of PHFs. From left to right: Ex vivo purified tau 
filaments with PHFs indicated by the blue arrow (adapted from Fitzpatrick et al. (2017)), 
in vitro heparin-induced ‘PHFs’ assembled from recombinant K18, K19 and full-length 
tau after pelleting (adapted from Barghorn and Mandelkow, (2002)), in vitro ‘PHFs’ 
assembled from recombinant dGAE from the present study.  
 
 
 
Combining TEM and SDS-PAGE electrophoresis, we have shown that dGAE assembles 

in a concentration-dependent manner, and that small variations in concentration of the 

protein lead to changes in the overall morphology of the fibrils. It has been shown that 

tau forms different morphologies when isolated from brain from different tauopathies, 
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giving rise to different structural ‘strains’ (Spillantini et al., 1996). At high concentrations, 

dGAE forms long twisted fibrils, however even with large, long filaments, the protein still 

runs as monomers and dimers on SDS-PAGE gels, suggesting that either some dGAE 

still remains in solution, or that dGAE filaments we observe by TEM are SDS soluble, or 

at least partially SDS soluble. These features of dGAE makes it distinct from other self-

assembling proteins. For example, Ab peptide assembles into long filaments but do not 

enter the gel effectively or run as a smear (Pryor et al., 2012; Marshall et al., 2016). An 

overview of the results from this section of the chapter are summarised graphically in 

figure 3.15. 

 

The role for disulphide links in assembly has previously remained unclear as it has been 

impossible to study the effect of disulphide links on assembly in the absence of 

polyanionic additives, such as heparin, using full-length recombinant tau preparations 

(Sahara et al., 2007). To explore the contribution of disulphide bond formation in dGAE 

assembly, we prevented disulphide bond formation using DTT and dGAE-C322A, which 

revealed that dGAE assembly is enhanced under reducing conditions and the protein is 

able to form longer fibrils at the same concentration. Furthermore, dGAE-C322A 

assembles to form long, twisted filaments, showing that Cys-322 is unnecessary for 

filament assembly. In addition to the clear morphological effects of preventing disulphide 

bond formation, SDS-PAGE gel electrophoresis revealed that dGAE exists in two 

alternative forms: one with a gel mobility of 10 kDa and a corresponding dimer of 20 kDa, 

and another with a gel mobility of 12 kDa and a corresponding dimer of 24 kDa. This 

doublet has previously been identified in protein extracts from the PHF-core which first 

permitted the identification of a truncated tau protein fragment as a structural constituent 

of the PHFs formed in AD (Wischik, et al., 1988b). Further analysis under reducing and 

non-reducing conditions shows that dGAE is able to form two types of dimer, one 

cysteine dependent and one cysteine-independent. The formation of a dimer under 

reducing conditions is suggestive of an alternative SDS-soluble bond being formed in 

dGAE (Reynolds et al., 2005) and further work will be carried out to identify this cysteine-

independent dimer. In our studies, the 20 kDa dimer was only seen in preparations 

favourable to disulphide bridge formation using native preparations of the dGAE 

fragment, and this species is enriched in the residual supernatant fraction left after 

filament assembly. On the other hand, the 24 kDa dimer is enriched selectively from the 

preparations of large aggregates isolated from slow-speed pellets. 

 

Previous studies have shown that heparin-induced oligomerisation of full-length tau can 

produce cysteine-dependent and independent dimers, and variants of the peptide that 
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do not contain cysteines are still able to form fibrils (Sahara et al., 2007). In contrast, 

other studies argue that disulphide-linked tau assembles more readily (Furukawa et al., 

2011), however TEM analysis showed that the filaments formed with disulphide bonds 

were shorter than those formed in the presence of DTT, similar to the findings outlined 

here. In our studies, the shorter filaments observed at low concentration of dGAE also 

favoured the formation of the cysteine-dependent 20 kDa dimer, however increasing the 

concentration leads to the formation of long twisted fibrils, suggesting that at sufficiently 

high concentration, species with disulphide crosslinks no longer affect the elongation 

step of self-assembly and that it is possible to overcome the inhibition associated with 

the formation of disulphide crosslinking.   

 

Overall, our findings lead to a hypothesis that the dGAE fragment is able to form two 

different species in solution under non-reducing conditions, an assembly-competent 

form and an incompetent form (via disulphide bonds). These findings are presented 

schematically in figure 3.16. The structure of the PHF-core elucidated using cryo-EM 

shows that the position of the Cys side chain is buried between two sheets and would 

not be available for disulphide linking with Cys from another molecule (Fitzpatrick et al., 

2017). Given the similarity between the fibrils assembled from dGAE and native PHFs 

isolated from AD brain tissue, this reinforces our findings that the disulphide-linked 

species is assembly-incompetent. Our findings are at odds with the proposal that the 

TAI, MT, acts by preventing disulphide bridge formation (Akoury et al., 2013; Crowe et 

al., 2013). The results suggest that if MT acted by impeding disulphide bond formation, 

it would have the effect of enhancing PHF core filament formation, which is not the case 

in cell-free or cell based models or in disaggregation of PHFs isolated from AD brain 

tissue (Wischik et al., 1996; Harrington et al., 2015). In Chapter 4, we have explored the 

effect of MT on these cysteine-dependent and independent species of dGAE.  
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Figure 3.15. Schematic summary of time course studies following dGAE 
assembly. 
 
Data from time course studies of dGAE (100 µM, non-reducing conditions) presented as 
a schematic graph. The grey dotted lines indicate the time points taken for each assay. 
The different coloured curved lines represent a schematic overview of the changes 
observed in each assay; red: ThS fluorescence, orange: TEM, green: Sarkosyl-solubility, 
turquoise: HMW species, blue: free sulfhydryls, purple: concentration, magenta: 12 and 
20 kDa dimer, pink: T22 immunoreactivity. The findings show a clear rapid increase in 
ThS fluorescence, fibril length and sarkosyl-insolubility, which plateaus over time. This 
corresponds to a rapid decrease in T22 immunoreactivity and gradual decrease in 12 
kDa monomer and 20 kDa dimer and supernatant protein concentration.  
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Figure 3.16. Schematic diagram showing the effect of concentration and 
disulphide crosslinks on dGAE assembly.  
 
At low concentrations, dGAE is able to form disulphide bonds and with agitation, forms 
short filaments which do not elongate further. The presence of DTT in the solution 
prevents disulphide bond formation and leads to the formation of elongated fibrils and a 
cysteine-independent dimer. At high concentration under non-reducing conditions, 
dGAE forms long filaments. dGAE-C322A is unable to form disulphide bonds and is able 
to assemble into long filaments.  
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Chapter 4          Inhibition of truncated tau protein self-
assembly by methylthioninium chloride  
 
A variety of different therapeutic strategies for the treatment of tauopathies have been 

examined, some of which are described in Chapter 1. The use of TAIs offers a potentially 

promising therapeutic approach for AD (Wischik et al., 2017). The methylthioninium (MT) 

moiety, which can exist in oxidised (MT+) and reduced form (LMT) has shown promise 

in vitro (Wischik et al., 1996; Harrington et al., 2015), in vivo (Melis et al., 2015) and in 

the clinic (Gauthier et al., 2016; Wilcock et al., 2018). The mechanism by which MT 

prevents tau aggregation and slows the disease process is unclear. Understanding the 

mechanism by which MT might disassemble tau fibrils or prevent tau fibrils from forming 

may also help us understand the mechanism underlying the conversion of soluble tau 

into insoluble fibrils.  

 

As with our understanding of tau aggregation, attempts to understand the mechanism of 

action of MT have been based on heparin-induced filament formation using the repeat-

domain tau fragments, K19 and K18 and have yielded conflicting results. It has been 

hypothesised that the mechanism of action of tau aggregation inhibition by MT is through 

the modulation of cysteine residues by oxidising cysteine sulfhydryl groups. When 

incubated with MT, the K19 fragment (which contains a single cysteine at 322) produces 

an intermolecular disulphide cross-linked dimer in non-reducing conditions, but not in 

reducing conditions (Bulic et al., 2007; Crowe et al., 2013). Inhibition of the K18 fragment 

(which contains two cysteine residues) by MT could be observed under non-reducing 

conditions, with the formation of intramolecular disulphide cross-linked dimer formation 

(Akoury et al., 2013). It was suggested that disulphide cross-link formation renders the 

K18 fragment assembly incompetent, however, the formation of disulphide dimers has 

been shown to enhance, not delay, tau aggregation. Therefore, because a reducing 

intracellular environment is normally maintained by high concentrations of reduced 

sulfhydryl groups, it was concluded that if MT acted solely through this mechanism of 

oxidising cysteine sulfhydryl groups, it will have low potency and efficacy in vivo. 

However, this does not support the observations observed in cells and transgenic mouse 

models of MT as an effective tau aggregation inhibitor (Harrington et al., 2015; Melis et 

al., 2015).  The ease at which dGAE self-assembles and the lack of involvement of Cys-

322 in ‘PHF’ filament formation, allows us to study the effect of MT on the cysteine-

dependent and independent species identified previously. 
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In this chapter, we have investigated the inhibition of truncated tau self-assembly to 

access additional insights on the efficacy of MT on tau aggregation. Utilising the 

recombinant truncated tau fragment (amino acids 297-391), dGAE, characterised in 

Chapter 3, the potential inhibition of fibril assembly was assessed using TEM, gel 

electrophoresis and the conformational changes following incubation with MT were 

examined.  
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4.1. Results 
 

4.1.1. MT inhibits dGAE fibril formation under self-assembly conditions  
 
MT was initially tested for its ability to inhibit dGAE assembly into filaments by monitoring 

changes in morphology of tau assemblies using TEM. Using the self-assembly 

conditions established for dGAE in Chapter 3, under non-reducing conditions (in the 

absence of DTT), dGAE (100 µM) was incubated with MT at different molar ratios of 

dGAE to MT from 1:0.1 to 1:5 (figure 4.1. A). In the absence of MT, dGAE assembled 

slowly and formed short filaments, as previously shown in Chapter 3. In the presence of 

MT, there was a large reduction in the number of tau filaments observed, however the 

appearance of globular structures was observed, which ranged in size (figure 4.1. B). 

The lengths of fibrils were measured, which revealed a large shift in fibril length in the 

presence of MT towards a much shorter species (figure 4.1. C). It is not clear from this 

data that MT is having an inhibitory effect. Whilst there is a large increase in the 

percentage of smaller species (0 – 50 nm) compared to dGAE alone, clumping of short 

filaments (51 - 200 nm) and some elongated filaments (200+ nm) became apparent with 

all molar ratios (figure 4.1. C).  
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Figure 4.1. Transmission electron micrograph analysis of dGAE assembled in the 
presence of MT.  
 
A. Experimental workflow for testing the effect of MT on dGAE self-assembly at different 
molar ratios of dGAE to MT. B. Electron micrographs of dGAE incubated with different 
molar ratios of dGAE to MT after 24 h incubation. Images were taken at x20 K 
magnification. Insets are zoomed images of the regions in the white box. Top panel scale 
bar: 500 nm, bottom panel scale bar: 200 nm. C. Quantification of fibril lengths from 10 
micrographs per condition. Lengths were categorised into 50 nm bins and expressed as 
a percentage of total fibrils measured. N = 3-4 independent experiments per condition. 
6-9 micrographs and 25-80 fibrils measured per experiment. 
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4.1.2. Changes in electrophoretic mobility following incubation of dGAE 
with MT 

 

As established in Chapter 3, dGAE runs on the gel as a mixture of monomers (10-15 

kDa) and dimers (20-25 kDa) at 0 h. After 24 h agitation, these dimer bands are stronger, 

along with the faint appearance of a tetramer (40 kDa). Non-reducing SDS-PAGE of the 

whole assembly mixture was carried out after incubation of MT with dGAE for 24 h. There 

appears to be no difference in band intensity of the monomer, however there is a slight 

reduction in the intensity of the dimer bands (figure 4.2. A). Interestingly, there was an 

increase in HMW species (~40 kDa) perhaps corresponding to oligomers, in the samples 

incubated with MT. Quantification of the monomer band (10-12 kDa), dimer bands (20-

24 kDa) and oligomers (>25 kDa) shows that there is a significant increase in HMW 

species in the samples of dGAE incubated with MT (figure 4.2. B). However, this does 

not follow a clear concentration dependence. These changes are accompanied by a 

pellet formed following low-speed centrifugation in all samples (figure 4.2. C).  

 

As shown in Chapter 3, the mobility of dGAE changes between 6 h and 24 h agitation, 

and there is a shift of protein from the supernatant fraction to the pellet. To investigate 

how MT affects the amount of protein that gets shifted to the pellet in the same 

timeframe, the assembly mixture was centrifuged and the supernatant and pellet were 

separated (figure 4.2. D). A larger range of molar ratios were examined in order to 

establish low concentration effects of MT on dGAE self-assembly and mobility. Whilst 

there do not appear to be any differences in electrophoretic mobility between dGAE and 

dGAE incubated with MT, there are subtle decreases in dimer protein amount in the 

pellet across molar ratios, with 1:5 showing the largest reduction, and an increase in 

monomer band in the supernatant of samples incubated with MT. In addition, there is 

protein stuck in almost all of the wells containing protein from the pellet, suggesting that 

these are large species of protein.   
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Figure 4.2. Electrophoretic mobility of dGAE following incubation with MT at 
different molar ratios.  
 
A. Non-reducing SDS-PAGE Coomassie blue-stained gel of whole assembly mixtures 
after 24 h incubation. The purple arrowhead points to a 40 kDa species that appears with 
higher molar ratios. B. Quantification of monomers (10-12 kDa), dimers (20-24 kDa) and 
oligomers (>25 kD) showing an increase in HMW species in the samples of dGAE 
incubated with MT. A two-way ANOVA shows a significant main effect of the presence 
of MT on species band intensity (F (6,23) = 6.763, p = 0.0003). Dunnett’s multiple 
comparisons test showed a significant difference between control (1 +/- 0) and 1:0.1 
(1.45 +/- 1.3) (p = 0.0002), 1:1 (1.28 +/- 0.74) (p=0.0098), and 1:5 (1.78 +/- 1.42) 
(p=0.0001) in oligomer band intensity but not monomer or dimer band intensity. C. 
Photograph of dGAE pellets after 24 h incubation and centrifugation at 14,000 x g for 30 
mins. D. Non-reducing SDS-PAGE Coomassie blue-stained gel of separated 
supernatant (S) and pellet (P) after 24 h incubation with MT at different molar ratios. Ctrl 
= Control (no MT). 
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4.1.3. dGAE assembly in the presence of MT under reducing conditions 
 

To explore whether the electrophoretic mobility and stability of dGAE bands on the gel 

are affected by the presence of reducing agent after self-assembly, dGAE and MT were 

agitated for 24 h and assembly mixtures were run on a non-reducing gel (no DTT) or a 

reducing gel (100 mM DTT). All bands observed on the non-reducing gel, including the 

disulphide-linked dimer are only partially reduced to mainly monomer and dimers when 

run on a reducing gel (figure 4.3 A). This suggests that either the disulphide-linked dimer 

is not reduced under these conditions, or that the remaining bands are DTT-stable and 

may represent an alternative, non-disulphide cross-linked species.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.3. Electrophoretic mobility of dGAE under reducing gel conditions 
following incubation with MT.  
 
Non-reducing (no DTT) and reducing (100 mM DTT) SDS-PAGE Coomassie blue-
stained gel of whole assembly mixtures after 24 h incubation. Ctrl = Control (no MT). 
 
 

 

The previous experiment provides information on whether the species formed in the 

presence of MT are affected by a reducing environment post self-assembly, however it 

does not indicate whether a reducing environment would affect the mechanism of action 

of MT during assembly. To further investigate this, dGAE and MT were incubated in the 

presence of 10 mM DTT added at 0 h just prior to self-assembly (figure 4.4. A). Following 

the addition of 10 mM DTT to the samples, there was an instant colour change, from 
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dark blue to light blue (figure 4.4. B). This colour change results from the oxidation-

reduction reaction of MT and suggests that under these conditions, MT has been 

reduced from the blue (oxidised) form to the colourless (reduced) form that is LMT. In 

the presence of DTT, dGAE forms long filaments, as previously shown in Chapter 3. 

However, when MT is present, small spherical assemblies are formed and no filaments 

were apparent where the dGAE:MT ratio was greater than 1:0.1 (figure 4.4 C). Figure 

4.4. D shows the small spherical assemblies formed at 1:5 in more detail. 

 

In addition to these clear morphological changes, there was a marked loss of protein in 

the pellet at dGAE:MT molar ratios greater than 1:0.1, with elimination of the 

predominant 12 kDa monomeric species from the pellet, and a transfer to the 

supernatant (figure 4.5 A). At above 1:0.1 molar ratio, the 24 and 48 kDa species became 

weak and then absent from either pellet and supernatant. Quantification of the monomer 

bands in the supernatant and pellet fractions shows a clear increase in monomer after 

incubation with MT, particularly with ratios 1:1 and higher. There is also a marked 

decrease in monomer in the pellet fraction, which is apparent from 1:0.02 and higher 

(figure 4.5. B). In contrast to dGAE and MT incubated under non-reducing conditions, 

MT shows a clear concentration dependent effect on the morphology and electrophoretic 

mobility of the assembly mixtures under reducing conditions.  
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Figure 4.4. The effect of MT on dGAE morphology by TEM.  
 
A. Schematic diagram of the experimental protocol. dGAE and MT were incubated at 
different molar ratios in the presence of 10 mM DTT for 24 h. B. Photograph of tubes 
displaying the colour of the mixture before and after the addition of DTT. C. Transmission 
electron micrographs of dGAE incubated with different molar concentrations of dGAE:MT 
in the presence of DTT. Scale bar: 200 nm. D. Zoomed in electron micrographs to show 
the formation of spherical assemblies formed in 1:5 in more detail. Scale bar: 30 nm.  
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Figure 4.5. Electrophoretic mobility of dGAE incubated with MT under reducing 
conditions. 
 
A. Non-reducing SDS-PAGE Coomassie blue-stained gel of separated supernatant (S) 
and pellet (P) after 24 h incubation with MT at different molar ratios in the presence of 
10 mM DTT. B. Quantification of the monomer band (purple dotted box, 10 kDa) in the 
supernatant and pellet fractions, expressed as a fold change from control (n = 3 
independent experiments). Ctrl = Control (no MT). 
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4.1.4. Sarkosyl-solubility of dGAE incubated in the presence of MT 
 

Whilst separating the supernatant and pellet fractions by centrifugation reveals 

information about the size of species being formed, it is a relatively crude way of showing 

this. Given that sarkosyl insolubility is usually used as a read-out of pathological tau 

filament formation, the solubility of MT-treated dGAE in sarkosyl followed by 

ultracentrifugation was performed followed by SDS-PAGE of the insoluble pellets. Under 

non-reducing conditions (no DTT), MT has no clear effect on the formation of sarkosyl-

insoluble dGAE (figure 4.6). There is a molar ratio-dependent increase in the amount of 

sarkosyl-insoluble protein in the pellet, and at higher molar ratios (1:5), MT appears to 

enhance the formation of sarkosyl-insoluble dGAE. In contrast, there was a large 

decrease in the amount of sarkosyl-insoluble protein in the pellet under reducing 

conditions, particularly in the presence of MT at higher molar ratios. However, incubation 

with 1:0.1 molar ratio of dGAE to MT produced a ladder on SDS-PAGE. These findings 

show that MT is more effective in inhibiting sarkosyl-insoluble dGAE formation under 

reducing conditions. However, the mechanism by which oxidised MT may enhance the 

formation of sarkosyl-insoluble protein in these experiments is unclear.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 4.6. Sarkosyl-insolubility of dGAE incubated with MT under non-reducing 
and reducing conditions.  
 
Non-reducing SDS-PAGE gels of sarkosyl-insoluble pellets from dGAE incubated with 
MT at different molar ratios under non-reducing (no DTT) or reducing (10 mM DTT) 
conditions.  
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4.1.5. Assembly of the dGAE-C322A variant in the presence of MT   
 
In Chapter 3 we have shown that dGAE+DTT and the dGAE-C322A variant lacking 

cysteine has a greater propensity to form filaments than the native form of dGAE (non-

reducing conditions), and the above studies indicate that MT inhibits assembly under 

these same conditions. Therefore, it is likely that the presence of DTT under these 

conditions causes the chemical reduction of dGAE and MT. To isolate whether it is 

necessary that the MT is chemically reduced for its inhibitory activity, we used the dGAE-

C322A variant and monitored its assembly in the presence of MT under reducing and 

non-reducing conditions. Examining dGAE-C322A assembly under reducing conditions 

also controlled for the possibility that DTT may have other effects besides disulphide 

bond formation, e.g. affecting tyrosine dimerisation (which is also a redox reaction). In 

the presence of MT, short filaments can be observed at all molar ratios (1:0.1 – 1:5) 

under non-reducing conditions (figure 4.7. A). In contrast, these filaments could only be 

observed at a dGAE:MT molar ratio of 1:0.1 under reducing conditions. At higher molar 

ratios, only the small spherical particles ranging in size from 2 – 20 nm were observed. 

Non-reducing SDS-PAGE gels were carried out on the separated supernatant and 

pellets. Under non-reducing conditions, the majority of the protein is in the pellet, 

migrating at 12 kDa and 24 kDa in all samples (figure 4.8. B). The amount of protein in 

the pellet appears to increase with higher molar ratios of dGAE:MT. When dGAE-C322A 

is incubated under reducing conditions, the majority of the protein is in the pellet (figure 

4.7. C). At a dGAE:MT molar ratio of 1:0.1, there is increased protein in the supernatant 

and a ladder extending to 60 kDa in multiples of 12 kDa in the pellet. At higher molar 

ratios of MT, the pellet was largely eliminated with protein transferred to the supernatant. 

Together, the findings from TEM and SDS-PAGE suggests that it is the reducing 

conditions (presence of DTT) that are affecting the MT moiety itself, by converting to the 

reduced form of MT, which is inhibiting dGAE filament formation. However, the 

mechanism by which the reduced form of MT might interact with dGAE is not from these 

studies.  
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Figure 4.7. The effect of MT on dGAE-C322A self-assembly and gel electrophoretic 
mobility.  
 
dGAE-C322A (100 µM) was incubated in the presence of MT at different molar ratios 
(1:0.1 – 1:5) under reducing (10 mM DTT) or non-reducing conditions (no DTT) for 24 h. 
A. Transmission electron micrographs of dGAE-C322A incubated with different molar 
concentrations of dGAE:MT in the presence or absence of DTT. Scale bar: 200 nm. B. 
Non-reducing SDS-PAGE Coomassie blue-stained gel of separated dGAE-C322A  
supernatant (S) and pellet (P) after 24 h incubation with MT at different molar ratios in 
the B. absence (no DTT) or C. presence of 10 mM DTT. 
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4.1.6. Analysing conformational changes using epitope-specific 
antibodies  

 
As shown in section 4.1.6., MTs inhibitory activity is stronger and more consistent in the 

presence of DTT. The formation of SDS-soluble, small spherical species is observed, 

which is correlated with a marked reduction of protein in the pellet and an increase in the 

supernatant. To investigate the conformational changes occurring following incubation 

of dGAE with MT under reducing conditions, we used a library of single-chain antibodies 

(scAbs) to assess the protein folding in the absence and presence of MT. A scAb is a 

fusion protein consisting of the smallest functional domain of immunoglobulins, 

connected with a short linker peptide, and they are much smaller in size than full 

immunoglobulins (Maynard and Georgiou, 2000). The scAbs used here were raised 

against full-length tau, however they were screened using a library of 13mer peptides 

corresponding to dGAE. Seven scAbs with epitopes in the dGAE sequences were 

selected for further analysis and to try to map conformational differences in assembling 

species and MT-inhibited species.  

 

The reactivity of dGAE before (0 h) and after (24 h) incubation with MT (1:5) was 

examined using dot blotting and western blotting with the scAbs (figure 4.8). Non-

agitated, 0 h dGAE was detected by all scAbs examined and their affinities showed a 

decrease with increasing fibrillisation time (24 h) but at different rates (figure 4.9. A). 

These findings suggest that at 0 h, dGAE is in a conformation whose epitopes are readily 

accessible to the scAbs but after fibrillisation these epitopes are more hidden when 

presented on a dot blot. All antibodies had been previously titrated and optimised, so the 

varying intensities after 24 h suggest that epitopes 337-355, 367-379, 379-391 and 360-

391 are more exposed than others. This is consistent with where the epitopes are located 

on the structure by Fitzpatrick et al. (2017) when two molecules dimerise at the hairpin. 

In contrast to the dot blot data, the epitopes become visible when fibrillar dGAE (24 h) is 

separated on SDS-PAGE and subjected to western blotting, suggesting that the species 

formed at 24 h are less reactive in its native state but are more reactive and SDS-soluble 

by electrophoresis. 

 

When dGAE was incubated in the presence of MT, the loss of immunoreactivity observed 

for dGAE fibirls was not observed. Instead, all epitopes were recognised by the scAbs 

on dot blot. This is consistent with the observation of the formation of conformationally 

distinct species observed in the presence of MT. However, this reactivity was lost when 

run on SDS-PAGE. An explanation for this discrepancy between dot blot and western 
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blot immunoreactivity might be that the conformations are being altered when separated 

by SDS-PAGE compared to the dot blot, which retains the native structure. The dimer 

recognised by the scAbs in the untreated sample may correspond to the 24 kDa 

assembly-competent conformation of dGAE observed in Chapter 3, whereas following 

incubation with MT, this assembly-competent dimer is diminished, suggesting perhaps 

that MT arrests dGAE in a conformation that is no longer able to self-assemble.  
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Figure 4.8. scAb immunoreactivity of dGAE and dGAE incubated with MT in the presence of 10 mM DTT. 
 
dGAE (100 µM) was incubated with MT (1:5) in the presence of 10 mM DTT for 24 h. Aliquots (3 µl) were taken at 0 h and 24 h to run on a non-
reducing SDS-PAGE gel or for dot blotting. Far left: Non-reducing Coomassie stained gel and ponceau S-stained membrane of total protein. Each 
column shows a dot blot and non-reducing western blot from each scAb, with their corresponding epitope location in the dGAE sequence above 
each blot. For simplicity, the epitopes are superimposed onto the core-PHF model developed by (Fitzpatrick et al., 2017). 
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4.2. Discussion  
 
In this chapter we have used the native core PHF fragment, dGAE, and a C322A variant, 

that were characterised in Chapter 3, to investigate the inhibitory properties of MT. The 

studies show that there is no clear inhibitory activity of MT under non-reducing 

conditions. The formation of filaments and sarkosyl-insoluble protein, comparable to that 

of dGAE alone and at high molar ratios (1:5), MT appears to enhance aggregation. It is 

unclear from this data why MT is not an effective inhibitor of dGAE assembly under these 

conditions, or why it might promote assembly. In contrast, MT is significantly more 

effective in blocking dGAE assembly into fibrils under reducing conditions. SDS-PAGE 

analysis showed a dose-dependent reduction of protein in the pellet and a transfer of 

protein into the supernatant and this was correlated with the formation of small spherical 

particles observed by TEM. Further work carried out by Dr Youssra Al-Hilaly showed that 

there was a decrease in b-sheet content and an increase in random coil with increasing 

amounts of MT, suggesting an increase in the amount of soluble random coil protein (Al-

Hilaly et al., 2018). These effects were observed for both wild-type dGAE and the dGAE-

C322A variant, suggesting that the inhibitory effect of MT on dGAE fibrillisation is not 

dependent on cysteine or disulphide bond formation. The present findings are 

summarised in figure 4.10.  

 

 

 

 

 

 

 

 

 

 
Figure 4.9. Schematic summary of results presented in this chapter.  
 
Incubating dGAE or dGAE-C322A with 10 mM DTT leads to elongated fibrils. The 
presence of MT inhibits the formation of these fibrils and instead produces small 
particles. In the absence of DTT in the assembly mixture, MT is less efficient at inhibiting 
fibril formation.  
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The findings presented in this chapter are comparable but distinct from previous reports 

on TAIs, which have shown a reduction of monomeric tau and an increase in SDS-stable, 

HMW tau in the presence of phenothiazines and polyphenols (Taniguchi et al., 2005; 

Chua et al., 2017). Another study showed that a polyphenol (-)-epigallocatechin gallate 

drives the formation of unstructured, globular, nontoxic oligomers of a new type but 

inhibits fibrillogenesis of a-synuclein and Ab (Ehrnhoefer et al., 2008). Whilst we also 

observed the formation of SDS-stable, conformationally distinct species by TEM, we only 

observe the formation of HMW tau in the presence of MT under non-reducing conditions 

but not under reducing conditions. More work is needed to establish the precise 

molecular nature and mechanisms underlying the formation of these MT-treated species 

and to investigate whether these species are off-pathway or on-pathway.  

 

The studies on native dGAE did not distinguish whether the enhancement of the 

inhibitory effect of MT in reducing conditions is due to an effect on the dGAE species 

decreasing its propensity to fibrillise or an effect on the MT moiety itself. In Chapter 3, 

we observed that dGAE filament formation is enhanced under reducing conditions, 

therefore these conditions must affect MT itself. To confirm this, we examined the 

assembly of the dGAE-C322A variant under reducing conditions in the presence of MT, 

which still produced an inhibitory effect, suggesting the reducing conditions were having 

an effect on MT. As previously mentioned, MT can exist in oxidised (MT+) (blue) or 

reduced (LMT) (colourless) state, depending on the pH and reducing potential (see 

figure 1.8). In these studies, DTT was used in 10-100 fold molar excess relative to MT, 

and further studies conducted by TauRx and the Serpell group showed that the LMT 

form is the major species present in these conditions (Al-Hilaly et al., 2018). This 

suggests LMT is the active compound required for inhibition of dGAE self-assembly. 

However, it is yet to be determined why the oxidised form of MT is not effective as an 

inhibitor of dGAE assembly. Although we have shown that dGAE remains reduced in the 

presence of DTT in Chapter 3, it is also likely that DTT converts from reduced (red-DTT) 

to oxidised (ox-DTT) in the timeframe of our experiment. However, the effect of ox-DTT 

on the mechanism of action of MT is unclear.  

 

We sought to examine any conformational changes following incubation with MT. In light 

of experiments discussed in Chapter 3, the 12 kDa species observed on SDS-PAGE 

gels is assembly competent and is selectively enriched in the pellet fraction, however 

the same species appears to be transferred to the supernatant when assembly is 

conducted in the presence of LMT. Therefore, the inhibitory effect might be to interfere 

with the assembly competence of this species rather than disruption of the conformation 
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per se. Further studies using scAbs with epitopes spanning the entire dGAE sequence, 

suggest that conformational changes undergone by dGAE as it assembles into fibrils can 

be detected immunochemically. These scAbs could also detect conformational changes 

between dGAE and dGAE incubated with MT. Importantly, these changes might produce 

conflicting results depending on the assay used to measure immunoreactivity (dot blot 

vs western blot). Concluding information from SDS-PAGE as a tool to monitor different 

species of protein has to be done with caution, as highlighted previously (Bitan et al., 

2005). This is particularly true for natively unfolded proteins that may become folded in 

the presence of SDS (Bitan et al., 2005; Watt et al., 2013). 

 

The studies presented in this chapter show that the molar ratio at which MT becomes 

effective as an inhibitor of dGAE assembly is 1:0.1, which is approximately the same 

required to reverse the proteolytic stability of PHFs isolated from AD brain tissues 

(Wischik et al., 1996; Harrington et al., 2015). These findings support the clinical 

evidence that the stable reduced form of MT, LMTM, appears to be effective at a dose 

20-fold less than the minimum effective dose previously identified using the oxidised 

MT+ form (Wilcock et al., 2017; Wischik et al., 2017). The findings presented here differ 

from studies that have used heparin-induced fibrillisation of repeat-domain tau 

fragments, K19 and K18. The inhibitory effect of MT on K19 fibrillisation was minimal 

and evident only at protein:MT ratio of 1:100 (Akoury et al., 2013). Previous studies 

observed the formation of an intramolecular disulphide bond formation within the K18 

fragment in the presence of MT (Akoury et al., 2013; Crowe et al., 2013), however this 

is in contrast to our findings, which shows that inhibitory activity is optimal in reducing 

conditions where disulphide bond formation is prevented and MT is reduced to the LMT 

form.  
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Chapter 5          Truncated tau (dGAE) internalisation 
and seeding in neuronal cells 
 
As discussed in Chapter 1, the molecular basis of the cell-to-cell spreading of tau 

pathology has been a matter of debate. It is evident from in vitro studies that exogenously 

applied tau can induce tau pathology in cellular and rodent models, however it is still 

unknown which species of tau is the most efficient in triggering aggregation, propagation 

and spreading of tau pathology in AD. Many of these studies have used tau seeds 

prepared from recombinant mutant tau (Guo and Lee, 2011; Iba et al., 2013) or brain 

homogenates from human tauopathies and tau mutant transgenic mice (Clavaguera et 

al., 2009, 2013).  

 

Although the cellular and animal models used to study tau aggregation have been useful, 

there are numerous issues that arise. Firstly, the aggregation behaviour of the tau seeds 

that are being exogenously applied is rarely taken into consideration and a more in-depth 

structural analysis of the tau seeds are warranted, particularly if they are being tagged 

with a fluorescent probe. Secondly, studies have used non-neuronal or neuronal in vitro 

models that overexpress wild-type or mutant tau (Clavaguera et al., 2009, 2013; Guo 

and Lee, 2011; Kfoury et al., 2012; Falcon et al., 2015; Pickhardt et al., 2017), to allow 

the model more susceptible to endogenous tau aggregation. However, there are no 

reported MAPT mutations in AD or evidence of increased expression of tau during the 

progression of AD pathology (Ghetti et al., 2015). Thirdly, as with our understanding of 

tau aggregation and inhibition of tau aggregation, many of the tau seeds used in these 

studies use heparin-induced fibrillisation of tau-repeat domains such as K18 or K19 as 

seeds to overcome the low aggregation propensity and the lack of cytotoxicity of full-

length tau (Lim et al., 2014). In light of the findings by cryo-EM showing that these 

domains miss large portions of the PHF core, these models may not accurately predict 

the molecular mechanisms that drive tau pathology in AD. Finally, the methods used so 

far have not allowed for ultrastructural analysis of the aggregation state in these cellular 

models. This information is crucial for an understanding of tau aggregation in a cellular 

environment and a more comprehensive analysis of seeded tau fibrils within cells is 

warranted, using immunogold labelling to demonstrate that the aggregates observed by 

fluorescence microscopy are fibrillar and to what extent they model the phosphorylation, 

periodicity and length of filamentous tau found in human tauopathies. We have therefore 

focused our research on utilising a more relevant tau species, that we have characterised 



5. Truncated tau (dGAE) internalisation and seeding in neuronal cells 
 

 134 
 

 
 

in-depth in vitro, to study its toxicity, aggregation and seeding effects in a human cell 

line.  

 

In Chapter 3, results showed that dGAE, making up the PHF core, readily assembles 

into filaments similar to PHFs under defined conditions in vitro, and that fibrillisation is 

accelerated under reducing conditions. While these in vitro studies are informative, 

whether the assembly pathway of dGAE into PHF-like fibres prevail in a cellular 

environment is unclear, since cells normally have a reduced environment maintained by 

glutathione (Smith et al., 1996; Schafer and Buettner, 2001). Here, we investigated 

dGAE internalisation and effect on endogenous tau protein expression and localisation 

in differentiated SH-SY5Y human neuroblastoma cells not overexpressing mutant tau or 

aggregation-prone tau peptides. 
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5.1. Results 
 

5.1.1. Differentiation of SH-SY5Y cells towards a neuronal phenotype 
 

Human neuroblastoma SH-SY5Y cells were differentiated using a well-established 

protocol developed in the Serpell laboratory (Maina et al., 2018). SH-SY5Y cells were 

initially plated in serum-containing media and switched to media containing retinoic acid 

for 5 days. The media was then switched to serum-free media containing BDNF and the 

cells were used for experiments two days later (figure 5.1. A).  To validate the 

differentiation procedure, SH-SY5Y morphology was assessed using phase-contrast 

(figure 5.1. B-D). When SH-SY5Y cells are undifferentiated, they have very few, short 

processes and rapidly proliferate. Over the course of the differentiation process, there is 

a strong inhibition of cell proliferation, and these cells extend long, branched processes, 

which closely resemble neurites. The presence of neuronal markers, and changes in tau 

protein expression was also examined during the differentiation process using 

immunofluorescence and western blotting (figure 5.2. A, B). We observed an increase in 

tau protein expression, particularly from the cell body to the neuritic processes (figure 

5.2. A). It has been reported that differentiation of neuroblastoma cells can lead to the 

expression of more mature tau isoforms (Uberti et al., 1997; Cheung et al., 2009; Yang 

et al., 2016). Recombinant protein consisting of all six isoforms was used as a reference 

on western blotting to determine whether differentiated SH-SY5Y cells express more 

isoforms. Whilst there was an increase in overall tau protein expression, we did not 

observe an increase in the expression of mature isoforms and tau protein expression 

was limited to the 1N3R/1N4R isoforms, however the exact isoform expression is unclear 

from the blot (figure 5.2. B). This suggests that after the differentiation protocol, these 

cells continue to express foetal splicing isoforms of tau. Both undifferentiated and 

differentiated cells express b-III tubulin, a marker of neuronal lineage, but it increases in 

expression over the course of the differentiation process. There was also an increased 

abundancy of MAP2, a neuronal cytoskeletal marker, indicative of neuronal 

differentiation.  
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Figure 5.1. Developed protocol for differentiating SH-SY5Y cells.  
 
A. Schematic of experimental procedure to differentiate SH-SY5Y cells. Cells are 
gradually starved from serum and supplemented with 10 µM retinoic acid and 50 ng/ml 
BDNF. B. DIC microscopy images of undifferentiated (UD) and differentiated (D) SH cells 
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over 9 days (5 days in RA, 4 days in BDNF). C. Quantification of cell number during the 
differentiation protocol. A two-way ANOVA test was conducted that examined the effect 
of time and differentiation on cell number. There was a statistically significant interaction 
between the effect of time and differentiation on cell number (F(4, 10) = 14.99, p = 
0.0003). Sidak’s multiple comparison test showed a significant difference in cell number 
between differentiated and undifferentiated cells at days 5 (p = 0.0077), 7 (p = 0.0004) 
and 9 (p<0.0001) (n = 3 independent experiments). D. Quantification of neurite length 
changes between undifferentiated and differentiated SH-SY5Y cells. An unpaired t-test 
(2-tailed) showed a significant difference between UD (12.5 ± 0.8675, n = 100 cells) 
and D (30.45 ± 2.156, n = 100 cells) (t = 7.723 df = 198, p < 0.0001). N = 3-6 
independent experiments. Scale bars: 50 µm. 
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Figure 5.2. Tau and neuronal marker protein expression in differentiated SH-SY5Y 
cells.  
 
A. Immunofluorescence images of total tau, b-III tubulin and MAP2 protein in 
undifferentiated (UD) and differentiated (D) SH-SY5Y cells. A single z-slice from the 
middle of the cell is shown. Scale bars: 20µm. B. Western blots of total tau, b-III tubulin 
and MAP2 protein over the course of the differentiation protocol. Recombinant tau 
protein mix consisting of all size isoforms was used as a reference (‘tau ladder’).  
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5.1.2. Structure of dGAE and dGAE-AF488 added to neuronal cells 
 
The tau fragments used in this study were dGAE and dGAE tagged with an Alexa-fluor 

488 label (dGAE-AF488), in order to distinguish the endogenous tau and exogenously 

applied dGAE. Soluble dGAE (0 h) was fluorescently labelled using an Alexa-fluor 488® 

protein labelling kit (see Chapter 2 ‘Materials and methods’ for dGAE sequence and 

preparation of tagged dGAE). The Alexa-Fluor 488® reactive dye has a TFP ester moiety 

that reacts efficiently with primary amines of proteins to form stable dye-protein 

conjugates, with excitation/emission of 495/515 nm. Since there are many lysine 

residues within the dGAE sequence at which the 488 dye can bind (figure 5.3. A), we 

verified the self-assembly of this protein, and its similarity to untagged dGAE using TEM 

and SDS-PAGE. Unlabelled and labelled dGAE produce morphologically similar fibrils 

using the fibrillisation protocol outlined in Chapter 3, however fewer fibrils could be 

observed compared to unlabelled dGAE suggesting that the tag may slow down the rate 

of self-assembly (figure 5.3. B). Both peptides showed similar electrophoretic mobility by 

SDS-PAGE, suggesting that the tag does not affect separation and SDS-solubility of 

species (figure 5.4. A). Labelled monomers and dimers of dGAE-AF488 can also be 

detected using a fluorescent scanner, showing 488 fluorescence only on the tagged 

protein (figure 5.4. B).  

 

For experiments investigating the effect of agitating dGAE on cell viability or 

internalisation, the assembly characteristics established in Chapter 3 were used to 

generate small soluble species (0 h agitation), intermediate/prefibrillar species (8 h 

agitation) and larger fibrillar species (72 h agitation). dGAE species were formed using 

250 µM dGAE in 10 mM PB because the results from Chapter 3 show that fibrils can be 

formed in these conditions without the need for DTT. TEM grids were made prior to being 

exposed to the cells in order to visualise protein content and to ensure no contamination 

were present.  
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Figure 5.3. Morphological similarity of dGAE and dGAE-488  
 
A. Locations of possible sites of AF488 binding to dGAE. B. Transmission electron 
micrographs comparing labelled dGAE and unlabelled dGAE self-assembly. 250 µM 
dGAE and dGAE-AF488 were agitated at 700 rpm, 37 °C for 72 h, in the absence of DTT 
before analysis by TEM. Scale bar: 200 nm.  
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Figure 5.4. Electrophoretic similarity of dGAE and dGAE-488  
 
200 µM dGAE and dGAE-AF488 were agitated at 700 rpm, 37 °C for 72 h. 3 µl of the 
whole assembly mixture (0 h and 72 h) was run on a non-reducing SDS-PAGE gel and 
either stained with A. Coomassie or B. visualised on a fluorescence scanner using the 
488 channel.  
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5.1.3. Effect of extracellularly-applied dGAE on neuronal cell viability 
 

To address the question of whether tau (soluble or insoluble fibrils) can exert toxic effects 

extracellularly, dGAE (100 µM) was agitated for 72 h and aliquots between 0 h and 72 h 

were taken and 1 µM dGAE was applied directly to differentiated SH-SY5Y (dSH-SY5Y) 

cells for 24 h. Cell viability was measured 24 h following the initial exposure to dGAE 

using the ReadyProbes assay (figure 5.5. A). There was a trend towards an increase in 

cell death with the length of time dGAE had been agitating. When dGAE was agitated 

for 72 h, and therefore fibrillar in morphology, cell death was significantly higher than the 

vehicle (buffer only)-treated cells. Cells exposed to fibrillar species were still adhered but 

appeared clumpier with rounded nuclei. However, there were no other significant 

differences in cell death, and there was a large variation in cell death, which could be 

due to the heterogenous population of dGAE species within the mixture (figure 5.5. B). 

There was no statistically significant effect of soluble (0 h) dGAE on cell death, even 

when varying concentrations from 0-20 µM dGAE were applied to dSH-SY5Y cells (figure 

5.5. C).  
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Figure 5.5. ReadyProbes cell viability assays: Effect of agitating dGAE and 
concentration on dSH-SY5Y cell viability.  
 
A. Representative images of dSH-SY5Y cells exposed to dGAE agitated for different 
lengths of time (0 h – 72 h) for 24 h. Overlaid images are shown of total nuclei (blue) and 
nuclei of cells with compromised membrane permeability (green), as well as the 
corresponding DIC image. B. Quantification of cell viability, expressed as a percentage 
of vehicle (buffer) cell death. A one-way ANOVA was conducted which showed a 
significant difference between groups (F (7, 28) = 3.578, p = 0.0071, R2 = 0.4722). 
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Dunnett’s multiple comparisons test showed a significant difference between the vehicle 
and 72 h dGAE (p = 0.001) but not between the vehicle and other dGAE groups. N=3-6. 
C. Readyprobes assay was conducted on differentiated SH-SY5Y cells following 
exposure to 0 h dGAE at varying concentrations for 24 h. Quantification of dead cells 
over total cells, expressed as a percentage of 0 µM (vehicle) cell death. There was no 
significant difference between groups (n = 3 – 6 individual experiments). Veh: Vehicle 
(phosphate buffer). Scale bar: 50 µm.  
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5.1.4. Internalisation of dGAE-AF488 in neuronal cell lines  
 
To investigate the internalisation of dGAE-AF488 and the effect of dGAE-AF488 species 

size on internalisation in dSH-SY5Y cells, the protein was agitated at 200 µM for 0 h, 24 

h and 72 h before incubating at 1 µM with differentiated SH-SY5Y cells. Following 

exposure to dGAE-AF488 for 24 h, cells were fixed and visualised by confocal 

microscopy. Soluble, unagitated dGAE (1 µM) was shown to be non-toxic to cells, so this 

allowed for internalisation to be monitored over 24 h without the loss of cells. As 

expected, cells exposed to AF488 containing buffer shows no fluorescence, indicating 

specificity of labelling to protein. After 24 h incubation, dGAE-AF488 could be observed 

within cells as punctate staining, irrespective of agitation time (figure 5.6. A). Unlike 0 h 

dGAE-AF488, 24 h and 72 h dGAE-AF488 could also be observed accumulating around 

the cells. The percentage of cells with internalised dGAE-AF488 was quantified, showing 

that almost 100 % of cells internalised 0 h dGAE-AF488, whereas approximately 60 % 

of cells internalised 24 h and 72 h dGAE-AF488 (figure 5.6. A, right). This suggests that 

the larger fibrillar species formed by agitation are not as efficiently internalised, yet it is 

possible that the assembly mixture contains a heterogenous population of species, and 

only a proportion of these species are internalised. When cells were incubated with 0 h 

dGAE-AF488, we observed various patterns of accumulation within the cells, some of 

which were displayed as distinct punctate staining pattern but also as larger 

accumulations (figure 5.6 B).  

 

The first 14 h of incubation with dGAE-AF488 was monitored by live-cell imaging (figure 

5.8. A). Internalised dGAE-AF488 can be detected within the intracellular milieu of cells 

by 2 hours of incubation and accumulates within cells over time. In some cases, 

internalisation of dGAE-AF488 led to morphological changes, including rounding of the 

cell body and retraction of neuritic processes. Although the time-intervals of the live-cell 

imaging do not allow for detailed examination of intracellular transport, the internalised 

dGAE-AF488 could be observed being trafficked along the processes (figure 5.8. B).  

 

Internalised dGAE-AF488 was also positive for the polyclonal total tau antibody, 

confirming the labelled protein is tau protein and not another protein (figure 5.8. Ai). 

However, there was no significant difference in total tau fluorescence intensity between 

vehicle treated and dGAE-AF488-treated cells (figure 5.8. Aii). This was also confirmed 

by western blotting of whole cell lysates. The predominant bands present for total tau at 

55-100 kDa appear to be unchanged between conditions (figure 5.8. B). However, the 

appearance of smaller fragments at about 10 kDa and 24 kDa in the conditioned 
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samples, which decreased with dGAE agitation time, but not in the buffer only-treated 

control. This finding suggests that these may be fragments associated with exogenously 

applied dGAE since it correlates with the MW of dGAE species identified in Chapter 3.  
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Figure 5.6. Internalisation of dGAE-AF488 after 24h incubation.  
 
dSH-SY5Y cells were incubated with 1 µM dGAE-AF488 or AF488 containing buffer for 
24 h, fixed and visualised by confocal microscopy. A. Representative images of cells, 
incubated with 0 h, 24 h, or 72 h agitated dGAE-AF488. The percentage of cells with 
internalised dGAE-AF488 was quantified and is presented on the right. A one-way 
ANOVA showed a significant interaction between groups (F (2,6) = 5.858, p = 0.0388, 
R2 = 0.6613). Tukey’s multiple comparisons test showed a significant difference between 
0 h dGAE-488 (90.28 +/- 8.86, n = 6 independent experiments (52 cells total)) and 72 h 
dGAE-488 (60.58 +/- 19.76, n = 3 independent experiments (30 cells total), p = 0.0416), 
but not between 0h dGAE-488 and 24 h dGAE-488 (71.5 +/- 5.05, n = 3 independent 
experiments (30 cells total), p = 0.1846) or 24 h dGAE-488 and 72 h dGAE-488 (p = 
0.61). Scale bar: 20 µm. B. Higher magnification images of cells incubated with 0 h 
dGAE-AF488, showing puncate labeling (top panel, scale bar: 20 µm) and larger 
accumulations (bottom panel, scale bar: 10 µm). The cell edge was outlined using the 
DIC image and a single slice through the cells are shown from one position. 
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Figure 5.7. Live-cell imaging of dGAE-AF488 internalisation at early time points. 
 
dSH-SY5Y cells were incubated with 1 µM dGAE-AF488 and images were acquired by 
confocal microscopy. A series of 90 z-stacks were acquired at 10-minute intervals for 14 
h. A. Selected movie frames and single slices through the cells are shown from three 
different positions. B. Selected movie frames from a single slice of a z-stack showing a 
neuritic process. These movies and additional movies can be found in the appendix.  
Scale bar: 10µm. 
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Figure 5.8. Total tau changes following dGAE-AF488 exposure. 
 
dSH-SY5Y cells were incubated with 1 µM dGAE-AF488 or AF488 containing buffer 
(vehicle) for 24 h. The cells were fixed and immunostained with the polyclonal antibody 
total tau. Ai. Immunostained images of vehicle-treated and dGAE-AF488-treated cells 
showing colabelling of dGAE-AF488 with total tau. A single slice from the middle of the 
cell is shown. Aii. Quantification of total tau fluorescence. A two-way ANOVA was 
performed which showed no significant interaction between groups (F (1,6) = 0.08, p = 
0.7844, n = 2 individual experiments. B. Western blot of RIPA-lysed cells treated with 
vehicle (buffer only), and dGAE agitated for 0 h, 10 h and 72 h. The blot was probed for 
total tau. The black arrow indicates the main tau isoforms detected. The purple 
arrowhead indicates shorter fragment detected, which may correspond to dGAE. Scale 
bars: 10 µm. 
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5.1.5. Effect of exogenously applied dGAE on endogenous tau protein 
expression and distribution 

 

The total tau antibody detects both exogenous and endogenous tau and so it is not clear 

whether these changes are due to endogenous tau or exogenously applied dGAE. To 

overcome this issue, we used an antibody, which has been raised against 

phosphorylated tau at position Threonine 231 (pThr231), and therefore, recognises an 

epitope outside of the dGAE sequence. Following 24 h exposure to vehicle or 0 h dGAE-

AF488, dSH-SY5Y cells were labelled with pThr231 antibody. Whilst the vehicle-treated 

cells showed diffuse cytoplasmic staining, dGAE-AF488-treated cells exhibited more 

punctate labelling. This labelling showed co-labelling with dGAE-AF488, with some cells 

showing more or less colocalisation (figure 5.9. Ai). Although there is a change in 

distribution of pThr231 staining, quantification from three independent experiments 

showed no difference in fluorescence intensity (figure 5.9. Aii). Western blotting using 

the same antibody showed an increase in the amount of pThr231 detected in cells 

exposed to 0 h, 10 h and 72 h dGAE, including an increased intensity of smaller 

fragments of 15 – 25 kDa in size, however this was not quantified due to lack of repeats. 

These findings suggest that whilst there are no overall changes in total tau protein 

expression levels, there is a change in the distribution of phosphorylated endogenous 

tau and perhaps an increase in fragmentation. 

 

We were interested to observe any changes to endogenous dephosphorylated tau using 

an antibody (Tau1) raised against dephosphorylated tau at positions Serine 192-204 

(dpSer192-204), which recognises an epitope outside of the dGAE sequence. Cells 

immunostained with dpSer192-204 mainly labels tau as punctate staining in the nucleus 

(Maina et al., 2018) (figure 5.10 Ai). The labelling intensity appears to increase in dGAE-

AF488-treated cells compared to vehicle-treated cells, however, the overall fluorescence 

intensity does not differ (figure 5.10. Aii). A further experimental repeat is necessary to 

confirm these findings. Unlike with phosphorylated tau, internalised dGAE-AF488 does 

not co-localise with dpSer192-204.  
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Figure 5.9. Immunolabelling dGAE-AF488 with endogenous phosphorylated tau.  
 
dSH-SY5Y cells were incubated with 1 µM dGAE-AF488 or vehicle (10 mM PB) for 24 
h. The cells were fixed and immunostained with an antibody directed to pThr231. Ai. 
Immunostained images of vehicle-treated and dGAE-AF488-treated cells showing 
colabelling of dGAE-AF488 with pThr231. A single slice from the middle of the cell is 
shown. White arrows point to a cell with strong colocalisation (i) and little colocolisation 
(ii). Orthogonal views are shown in the bottom panel, showing co-labelling of dGAE-
AF488 with pThr231. Scale bar: 20 µm. Aii. Quantification of pThr231 fluorescence. A 
two-way ANOVA was performed which showed no significant interaction between groups 
(F (2, 72) = 1.442, p = 0.2432, n = 3 independent experiments. B. Western blot of RIPA-
lysed cells treated with vehicle (buffer only), and dGAE agitated for 0 h, 10 h and 72 h. 
The blot was probed for pThr231 (n = 2 independent experiments).  



5.1. Results 
 

 152 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.10. Immunolabelling dGAE-AF488 with endogenous dephosphorylated 
tau.  
 
dSH-SY5Y cells were incubated with 1 µM dGAE-AF488 or vehicle (10 mM PB) for 24 
h. The cells were fixed and immunostained with an antibody directed to dpSer192-204. 
Ai. Immunostained images of vehicle-treated and dGAE-AF488-treated cells. A single 
slice from the middle of the z-stack is shown. Orthogonal views are shown in the bottom 
panel, showing a lack of co-labelling of dGAE-AF488 with dpSer192-204. Aii. 
Quantification of dpSer192-204 fluorescence. A two-way ANOVA was performed which 
showed no significant interaction between groups (F (1, 57) = 1.668, p = 0.2018, n = 2 
independent experiments). Scale bar: 20 µm. 
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Changes in tau protein solubility due to aggregation or accumulation of tau protein 

cannot be delineated easily by analysing whole cell fluorescence or whole cell lysates. 

We therefore performed a sequential extraction of the soluble and insoluble fractions of 

tau protein in the cell lysate. Following exposure to soluble dGAE (as this species is 

more efficiently internalised) for 24 h, the Tx-100 soluble fraction and Tx-100 insoluble 

fraction (solubilised in SDS) were run on a gel and probed for total tau (figure 5.11 A). 

Whilst the total amount of tau in the soluble fraction (S1) did not appear to differ between 

control and 0 h dGAE-treated cells, there was more protein detected in the insoluble 

fraction (S1) in 0h dGAE-treated cells compared to control (figure 5.11. Bi). This did not 

show statistical significance; however further repeats may show significance. These 

findings suggest that exposure to extracellular 0 h dGAE results in the accumulation of 

detergent-insoluble tau within cells. Further experiments are necessary to delineate 

whether this insoluble tau is composed of endogenous tau, dGAE, or a mixture of the 

two.  
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Figure 5.11. Biochemical analysis of soluble and insoluble tau fractions in cells 
following exposure to exogenously-applied dGAE.  
 
A. Schematic diagram of the experimental procedure. dSH-SY5Y cells were exposed to 
0 h dGAE (soluble) for 24 h and then lysed in Tx-100, followed by centrifugation to isolate 
the Tx-100 soluble fraction (S1). The pellet was solubilised in SDS and the resulting 
supernatant was kept as the Tx-100 insoluble fraction (S2). Bi. Western blots of each 
fraction. The fractions were run on a gel and the blots were probed for total tau and b-
actin, and were stripped between each antibody incubation. Bii. The band intensity of 
the main tau isoform detected at 55 kDa was measured for each fraction. The percentage 
of tau in the insoluble fraction was calculated using the equation: band intensity of 
insoluble tau/(band intensity of soluble tau + insoluble tau) x 100. The percentage of tau 
in the soluble fraction was calculated by measuring the band intensity of soluble tau 
normalised to b-actin x 100. An unpaired t-test showed no significant difference in 
percentage of tau in the insoluble fraction between control (100 +/- 0) and 0h dGAE 
(273.3 +/- 142.8) (t = 2.427, df = 6, R2 = 0.5, p = 0.0514, n = 4 independent experiments). 
An unpaired t-test also showed no significant difference in percentage of tau in the 
soluble fraction between control (100 +/- 0) and 0h dGAE (110.1 +/- 25.8) (t = 0.782, df 
= 6, R2 = 0.78, p = 0.4639, n = 4 independent experiments).  
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5.1.6. Visualising cells with tau accumulations using Thioflavin S 
 

Having shown that exogenously applied dGAE-AF488 is internalised by dSH-SY5Y cells 

and is followed by changes to the phosphorylation state of endogenous tau, we further 

investigated the effect of exogenous dGAE on the presence of misfolded protein 

aggregates. The presence of protein aggregates was monitored using ThS fluorescence, 

which binds to b sheet-rich structures, such as those in amyloid aggregates. dSH-SY5Y 

cells were incubated for 24 h with 1 µM dGAE that had been agitated for 0, 10 or 72 h. 

Following a media change, cells were stained with ThS and visualised by confocal 

microscopy. There was an increase in ThS-positive cells in those treated with dGAE that 

had been agitated for 10 h and 72 h compared with buffer-treated cells (figure 5.12. Ai). 

Whilst we saw almost all the cells internalise 0 h dGAE-AF488, only a small proportion 

of cells were ThS-positive when 0 h dGAE was added, suggesting that not all of the 

internalised protein was aggregated before or after entry. However, at higher 

magnification, the ThS staining appears to be accumulated around the nuclei of cells 

(figure 5.12. Aii). The results obtained in Chapter 3 show that at 0 h, dGAE does not 

display a signal for ThS binding (Al-Hilaly et al., 2017), therefore the ThS signal observed 

within cells must be due to dGAE aggregation. However, it is unclear whether ThS is 

binding to extracellular and/or intracellular protein and so quantitative measurements of 

the percentage of ThS within cells were not made.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 



5.1. Results 
 

 156 
 

 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
Figure 5.12. Thioflavin S (ThS) staining of protein aggregates following dGAE 
exposure.  
 
dSH-SY5Y cells were exposed to 1 µM dGAE (0, 10, 72 h) for 24 h followed by fixation 
and counterstaining with 0.005 % ThS before imaging on the confocal microscope (n = 
2 independent experiments). Ai. Low magnification images of ThS-stained cells showing 
ThS in green. Scale bar: 100 µm. Aii. Higher magnification images of ThS-stained cells. 
The white arrow points to a rounded cell with accumulated ThS. Scale bar: 20 µm.  
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5.1.7. Localisation of internalised dGAE-AF488 to lysosomes 
 
Intracellular fluorescence puncta were observed within the cytoplasm after 24 h of 

exposure of dSH-SY5Y cells to soluble, 0 h dGAE-AF488. This staining pattern is 

suggestive of localisation to cytosolic vesicles. We therefore examined whether 

internalised dGAE-AF488 was localised to endosomal or lysosomal compartments. 

Soluble 0 h dGAE-AF488 was incubated with cells for 24 h and then the media was 

replaced with lysotracker, a dye that labels acidic organelles such as lysosomes, for 30 

mins and then fixed and visualised by confocal microscopy. Most of the internalised 

dGAE-AF488 was co-labelled with lysotracker (figure 5.13).  

 
 
 

 
Figure 5.13. Internalised dGAE-AF488 is localised to acidic compartments.  
 
dSH-SY5Y cells were incubated with 1 µM dGAE-AF488 for 24 h. The cells were 
incubated with lysotracker, a dye that labels acidic organelles such as lysosomes, for 30 
mins and then imaged live by confocal microscopy. Scale bars: 20 µm. 
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5.1.8. Localisation of internalised dGAE-AF488 using immunogold TEM  
 

The aforementioned findings, including the accumulation of dGAE-AF488 within the 

cytoplasm and within acidic compartments, in addition to the accumulation of tau protein 

in the Tx-100 insoluble fraction, prompted us to examine the ultrastructure and 

localisation of internalised dGAE-AF488 at higher resolution using TEM. dSH-SY5Y cells 

were exposed to 5 µM dGAE-AF488 for 24 h and were fixed and pelleted before 

embedding into resin. Ultrathin sections of the pellet were taken and subjected to 

immunogold TEM using an antibody against Alexa-Fluor 488 to label dGAE (figure 5.14. 

A). Cells containing 488-labeled structures were examined by TEM. Initial examination 

of the sectioned cells showed that the protocol for processing cells for TEM preserved 

the ultrastructure of cells and the major organelles appeared intact (figure 5.14. B). It 

was expected that there would be electron-dense cytoplasmic inclusions containing gold 

labelled particles within the cells, however these were not observed in this initial analysis. 

Examination at higher magnifications revealed the presence of 488-labelled particles 

within membrane-bound vesicular structures, which may correspond to structures along 

the degradation pathway (figure 5.15 Ai, Aiii). The diameter of vesicles containing gold 

particles was 488.3 +/- 157.4 nm, with the largest vesicles being 700-800 nm and 

smallest being 200-300 nm (figure 5.15. Aii). The anti-488 labelling in each vesicle also 

varied, with 26.4 +/- 15.4 particles measured per vesicle (figure 5.15. Aii). Most vesicles 

were electron-dense and the gold labelling was arranged in clusters. Whilst gold labelling 

was observed in many vesicular structures, there were few vesicles that did not contain 

any gold labelling (figure 5.15. Aiii, XI, XII). As this preliminary TEM study did not include 

a vehicle-treated control, the quantifications are descriptive only for the 0 h dGAE-AF488 

treated condition. Additional examples of 488 gold-labelled vesicular structures as well 

as instances where gold particles were detected in the cytoplasm are displayed in figure 

5.16.  

 

 

 

 

 

 



5.1. Results 
 

 159 
 

 
 

 

 

 

 

 

 

 

 

 

Figure 5.14. Embedding dSH-SY5Y cells for immunogold labelling TEM 
 
A. Schematic summary of protocol for processing a cell pellet for immunogold labelling 
TEM. dSH-SY5Y cells were exposed to 5 µM 0 h dGAE-AF488 for 24 h. The following 
day the cells were fixed, pelleted and processed for immunogold labelling TEM. B. Low 
magnification electron micrographs showing preserved ultrastructure of cells, with the 
main cellular compartments labelled: n, nucleus; nu, nucleolus; m, mitochondria; v, 
vesicular structure. The inset images represent zoomed in images of the black boxes. 
Scale bar: 5 µm. Inset scale bar: 1 µm. 
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Figure 5.15. 488-labelled particles are localised within vesicular structures. 
 
dSH-SY5Y cells were exposed to 5 µM 0h dGAE-AF488 for 24 h. The following day the 
cells were fixed, pelleted and processed for immunogold labelling TEM. The gold 
secondary antibody used was 10 nm. Ai. Electron micrographs showing anti-488-
labelled particles within vesicular structures. The vesicles outlined by black boxes 
correspond to the zoomed in images in Aiii. Scale bar: 1 µm. Aii. Relative frequencies of 
vesicle diameter and gold particles per vesicle, expressed as percentages. The mean 
vesicle diameter was 488.3 +/- 157.4 nm (n = 26 vesicles) and the mean number of gold 
particles per vesicle was 26.4 +/- 15.4 particles (n = 26 particles). Aiii. Zoomed in electron 
micrographs from Ai, showing variation in electron density and size of vesicles. Images 
XI and XII are vesicles that do not contain any gold particles. N = 1 independent 
experiment. Scale bar: 200 nm. 
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Figure 5.15. Continued. 
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Figure 5.16. Vesicular structures containing 488 gold-labelled particles.  
 
Electron micrographs of vesicular structures containing gold particles (10 nm) against 
anti-488 antibody. The bottom three micrographs show regions of the cytoplasm where 
gold particles were observed. Scale bar: 200 nm. 
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5.2. Discussion 
 

Previous studies investigating whether exogenously applied tau can induce tau 

pathology have been hampered by the use of non-neuronal or neuronal in vitro models 

that overexpress wild-type or mutant tau, often using  non-physiological fragments or 

preparations of tau to initiate aggregation, which may mislead and limit the exploration 

of these processes (Guo and Lee, 2011; Kfoury et al., 2012; Falcon et al., 2015). Given 

the structural similarities between dGAE and endogenous PHFs in AD brain (see 

Chapter 3), this tau fragment may provide a more useful model to study tau aggregation 

in cultured cells. We therefore made use of the ease at which dGAE aggregates into 

fibrils, and the lack of additives required for fibrillisation into PHF-like filaments, to 

investigate its internalisation, cytotoxicity and effect on endogenous tau in human 

neuronal cells not overexpressing mutant tau or aggregation-prone tau peptides, by 

combining fluorescence microscopy, biochemical analyses and electron microscopy.   

 

We first characterised the cell line and the tau peptides used for this study. We used a 

reliable method of differentiating SH-SY5Y human neuroblastoma cells into cells with a 

more neuronal phenotype that is characterised by neuronal markers. In contrast to 

primary neuronal cultures from rats and mice that lack a human component, this cell 

system has the potential to obtain viable human neuronal cultures for studying human 

tau aggregation. We carried out an initial analysis of unlabelled and labelled dGAE, 

which showed that the 488 tag on the labelled dGAE does not affect its ability to self-

assemble, but may affect the kinetics of self-assembly. This is consistent with previous 

studies showing that fluorescently labelled K18 or P301S tau produces morphologically 

similar fibrils after incubation with heparin than unlabelled K18 or P301S tau (Michel et 

al., 2014; Evans et al., 2018).  

 

Following the establishment of the cell line and the tau peptides used, we investigated 

the effect of exogenously applied dGAE on cell viability. In the timeframe of this 

experiment (24 h), we observed no differences in the viability of differentiated SH-SY5Y 

cells treated with dGAE, whether it was in a soluble non-agitated state, or agitated fibrillar 

state. Similar findings have been reported for full-length tau, mutated tau and tau 

aggregates in different phosphorylation states (Kumar et al., 2014; Tepper et al., 2014; 

Kaniyappan et al., 2017). For instance, Kaniyappan et al (2017) observed that TauRDDK 

oligomers are selectively toxic to dendritic spines without affecting cell viability. In 

contrast, other studies have shown that toxicity is dependent on the domains of tau, 
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particularly TauRDDK oligomers (Lasagna-Reeves et al., 2010, 2011; Flach et al., 2012; 

Tian et al., 2013). It is unclear why there are discrepancies in extracellular tau toxicity, 

however this could be related to the different models and methods of tau preparation.  

 

Whilst we observe no effect of non-agitated dGAE on cell viability, using labelled dGAE, 

we are able to monitor its internalisation into differentiated SH-SY5Y cells. In contrast to 

previous studies from HEK cells and primary rodent neurons (Frost et al., 2009; Holmes 

et al., 2013; Wu et al., 2013), we have shown that monomeric/dimeric form of dGAE-

AF488 that is prone to aggregate is efficiently and rapidly internalised by healthy human 

neuronal cells without tau mutations or overexpression, and that inducing aggregation in 

the conditions established in Chapter 3 is not necessary prior to entry. This is consistent 

with previous studies using fluorescently labelled K18 and P301L tau (Michel et al., 2014; 

Evans et al., 2018). Agitated dGAE-AF488 is not as efficiently internalised as 0 h dGAE-

AF488, with protein presumably consisting of fibrillar species accumulating around the 

cells. This is consistent with initial findings that tau fibrils are not readily taken up by cells 

(Wu et al., 2013). However, in our studies we find that more than 50 % of cells contain 

internalised dGAE-AF488 when agitated prior adding to cells. It is likely that the agitated 

dGAE-AF488 contains a mixture of tau assemblies, some of which are internalised and 

some of which are not. Previous studies have often sonicated fibrils in seeding and 

propagation experiments (Guo and Lee, 2013; Iba et al., 2013; Mirbaha et al., 2015), 

and it is likely that these sonicated fibrils also contain smaller species of tau, which might 

explain the seeding and propagation of tau observed in these studies. 

 

It has been reported that internalised tau aggregates colocalise with endosomal and 

lysosomal markers (Wu et al., 2013). Here, we show that the majority of dGAE that is 

internalised by cells is localised to acidic compartments. This suggests that the 

autophagy pathway may be implicated in its degradation, which is consistent with 

previous studies (Wu et al., 2013; Michel et al., 2014; Evans et al., 2018). The remaining 

cytosolic punctate staining might reflect the localisation of internalised tau with non-

vesicular cellular bodies, particularly stress granules, which have been shown to be 

formed and localised to internalised tau (Brunello et al., 2016).  

 

We have investigated whether endogenous tau could be recruited and converted into 

insoluble forms with features typical of intracellular tangles after the introduction of dGAE 

into the cytoplasm. The interaction of endocytosed tau with cytosolic tau has previously 

been investigated in various cell models that have required an overexpression of tau 
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(Frost et al., 2009; Guo and Lee, 2011; Kfoury et al., 2012), or by introducing exogenous 

tau with the help of protein delivery reagents (Guo and Lee, 2011). Using labelled dGAE 

together with antibodies to probe the conformation and phosphorylation state of 

endogenous tau protein we have shown that phosphorylated tau at this site co-labels 

with internalised dGAE-AF488. Dephosphorylated tau at epitopes 194-204 did not co-

label with internalised dGAE-AF488 yet displayed an apparent increased staining pattern 

in the nucleus. These findings were accompanied by an accumulation of insoluble tau 

protein after sequential extraction. However, the whole cell population was lysed in these 

experiments, including cells with different levels of tau accumulation, and so we cannot 

infer the percentage of cells with accumulated insoluble tau.  

 

Previously, methods used to investigate induction of tau aggregation in neuronal cells 

have not allowed for ultrastructural analysis of the aggregation state of internalised tau. 

This information is crucial for an understanding of tau aggregation in a cellular 

environment. Here, preliminary electron microscopy analysis of cells exposed to dGAE-

AF488 show localisation of dGAE to vesicular structures, containing electron-dense 

protein. Further studies are necessary to explore whether these vesicles contain 

endogenous tau, and whether aggregates can be detected that might represent the 

insoluble tau fraction observed in the previous biochemical analyses.  
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Chapter 6          Discussion and future directions 
 
 
The primary aims of this thesis were to investigate and characterise truncated PHF-core 

tau (dGAE) self-assembly, inhibition of dGAE self-assembly by the small molecule, MT, 

and explore how exogenous dGAE affects neuronal cell viability and endogenous tau 

protein expression and localisation.  

 

In recent years, there has been considerable progress in our understanding of the roles 

of tau in physiology and disease, particularly due to its presence in the form of NFTs in 

tauopathies and its correlation with cognitive decline in AD (Perl, 2010). Consequently, 

there has been a great effort to understand how the deposition of NFTs causes 

neurodegeneration, the role of different PTMs in tau aggregation and the structure and 

formation of PHFs. Specifically, in vitro studies have helped identify certain conditions in 

which tau filaments can be produced (Goedert et al., 1996; Friedhoff et al., 1998, 2000; 

von Bergen et al., 2000), as well at which residues contribute to the PHF core (Fitzpatrick 

et al., 2017; Falcon, Zhang, Murzin, Murshudov, Garringer, Vidal, R. Anthony Crowther, 

et al., 2018). The seed competence of tau within neuronal and non-neuronal cell lines 

has also been explored, suggesting size and conformation is important for inducing 

propagation (Clavaguera et al., 2009; Frost et al., 2009; Kfoury et al., 2012; Falcon et 

al., 2015). Understanding these processes will be important for developing tau-based 

therapeutics. However, despite mounting progress, there are currently no disease-

modifying treatments available for tauopathies. Moreover, a reliable model for tau 

aggregation into PHFs under physiological conditions is lacking and the multiple factors 

and tau species used to induce aggregation have led to discrepancies. Thus, 

investigating the self-assembly of the more physiologically relevant PHF core tau, dGAE, 

under more physiological conditions will aid in understanding the process leading to PHF 

formation. The primary findings of the work presented in this thesis are summarised in 

figure 6.1, highlighting that: 

 

• dGAE self-assembles into filaments that resemble PHFs from AD brain, but this 

process does not depend on Cys-322 and is inhibited by disulphide bond 

formation.  

• The small molecule, MT, must be chemically reduced to LMT to efficiently 

inhibit dGAE self-assembly and forms small spherical particles of protein with 

an altered conformation.  
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• dGAE is efficiently internalised by neuronal cells and accumulates within the 

cytoplasm, colocalising with and potentially seeding endogenous tau 

aggregation.  

 

This chapter presents a discussion of the above-mentioned findings and how they 

extend the existing literature. Suggestions for further work are stated throughout the 

discussion to address any unanswered questions that have been revealed from the 

results of this thesis.   
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Figure 6.1. A schematic summary of the findings presented in this thesis.  
 
The key findings from each chapter and how each fit together in this thesis. Arrows 1. 
and 2. describe the conditions leading to self-assembly of dGAE into fibrils (Chapter 3). 
Arrow 3. describes the inhibition of dGAE assembly by MT (Chapter 4). Arrows 4. and 5. 
highlight that soluble, non-agitated dGAE is internalised into SH-SY5Y cells more 
efficiently than agitated, fibrillar dGAE, however this could be due to a mixture of species 
being added (Chapter 5). Arrow 6. Indicates that the internalisation of MT-stabilised 
dGAE species is not known (as shown by the question mark). The left inset shows diffuse 
endogenous tau localisation (red). Arrow 7. shows that dGAE-488 (green) accumulates 
within cells following internalisation leading to an increase in detergent insoluble tau. 
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Following internalisation, endogenous tau (pThr231 but not dp192-204) displays more 
punctate tau fluorescence, with some co-labelling (yellow) with dGAE-488 as shown in 
the right inset. Some dGAE-488 is also localised within acidic vesicles (Chapter 5).  
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6.1. Tau self-assembly in vitro  
 
 
Tau protein is highly soluble and charged, with a predominantly random coil structure in 

solution (Jeganathan et al., 2008), so aggregation of full-length tau is difficult to induce 

in vitro (Barghorn and Mandelkow, 2002). Studies characterising tau aggregation have 

therefore focused on constructs formed from the aggregation-prone repeat domain of 

the microtubule-binding domain (namely K18 and K19) (von Bergen et al., 2000; Daebel 

et al., 2012) or have used polyanion cofactors such as heparin and RNA to accelerate 

aggregation (Kampers et al., 1996; Goedert et al., 1996; Ramachandran and Udgaonkar, 

2011). There are increasing doubts as to the physiological relevance of the tau fragments 

and conditions used in these studies, particularly given the recent atomic-resolution 

structures of tau filaments isolated from AD and Pick’s disease brains (Fitzpatrick et al., 

2017; Falcon, Zhang, Murzin, Murshudov, Garringer, Vidal, R. Anthony Crowther, et al., 

2018). It was recently shown that heparin-induced filaments do not reproduce the key 

structural features found in AD filaments (Fichou et al., 2018). Specifically, the tau 

filaments formed in the presence of heparin generate polymorphic tau aggregates rather 

than a unique tau strain. Therefore, the use of a structurally relevant and defined 

template will prove necessary to understand the aggregation processes.  

 

In this thesis, the self-assembly and aggregation behaviour of the PHF-core tau 

fragment, dGAE, was characterised using SDS-PAGE electrophoresis and TEM to 

investigate changes to dGAE size and morphology over the course of assembly and the 

role of disulphide bonds in this process (figure 6.1. 1). The data presented in Chapter 3 

show that dGAE self-assembles in a concentration-dependent manner and forms 

filaments that closely resemble PHFs and SFs in AD brain (figure 6.1. 2.). Importantly, 

dGAE does not require the presence of any additives such as heparin to induce self-

assembly. Whilst dGAE fibrils are sarkosyl-insoluble, the assembly mixture remains 

soluble in SDS. Studies to examine the structural features of dGAE filaments at the cryo-

EM level are in progress. Since dGAE fibrils produced at a high concentration are 

morphologically similar to those found in the AD brain, it would be of interest to 

investigate whether these fibrils retain the main structural features of AD brain-extracted 

tau filaments determined in 2017 (Fitzpatrick et al., 2017). In particular, to establish 

whether these fibrils consist of the C-shape in the filament core and the cross-b structure 

between 303-347 and 349-378. This would confirm how useful dGAE is as a more 

relevant model of studying PHF formation in AD. Alternatively, it may provide information 

regarding alternative strains of tau that can be produced from the core. 
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6.1.1. The role of Cys-322 in truncated tau self-assembly  
 
 

Previous reports have shown a requirement of intermolecular disulphide bridging of Cys-

322 in the third repeat domain for the nucleation of tau fragment filament formation 

(Schweers et al., 1995; Barghorn and Mandelkow, 2002). Further studies confirmed that 

the formation of intermolecular disulphide bridge is a determining factor for heparin-

induced full-length tau fibre formation (Bhattacharya et al., 2001) and that disulphide 

crosslinking increases the rate of tau self-assembly (Sahara et al., 2007). Further 

attributing the importance of disulphide bridge formation in the nucleation process, a 

mechanistic basis for MT as a TAI suggested that in the model of heparin-induced 

aggregation, MT induced modifications to the native cysteines of Tau411, K18 and K19 

by promoting disulphide bridge formation via oxidation (Akoury et al., 2013; Crowe et al., 

2013). In contrast to these studies, heparin-induced filaments of a fragment of tau (208-

324) lacking cysteines could be observed (Huvent et al., 2014). Furthermore there are 

no disulphide bridges present in the filaments extracted from AD (Fitzpatrick et al., 2017) 

or Pick’s disease (Falcon, Zhang, Murzin, Murshudov, Garringer, Vidal, R. Anthony 

Crowther, et al., 2018) and their structures show Cys-322 to be buried and inaccessible. 

Therefore, disulphide linking would be impossible for these structures and, based upon 

our work, disulphide bonds would inhibit assembly.  

 

To investigate the role of Cys-322 in dGAE self-assembly, we followed dGAE self-

assembly under reducing conditions, thereby preventing disulphide formation. The 

results in Chapter 3 show that dGAE can still self-assemble to form long filaments in the 

presence of 10 mM DTT, which was used to prevent disulphide bridges from forming 

(figure 6.1. 2.). The amount of DTT used was 100-fold molar excess of dGAE and 

enough to fully reduce the protein. However, the intracellular environment of living cells 

is maintained by a high level of glutathione (GSH), a major antioxidant and reducing 

agent (Schafer and Buettner, 2001; Schmidt and Dringen, 2012). The average 

concentration of GSH within the cell cytosol is 1-11 mM (Smith et al., 1996) and the 

concentration of tau within neurons is approximately 2 µM. Although a relatively crude 

comparison, it could be anticipated that the findings presented in Chapter 3 could be 

replicated using these more physiological concentrations of reducing agent and tau 

protein. The self-assembly of the variant dGAE-C322A was followed to further clarify the 

above findings, leading to the hypothesis that Cys-322 is unnecessary for the formation 

of dGAE filaments.   
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The results presented in this thesis show that dGAE forms a cysteine-dependent and 

cysteine-independent dimer under self-assembly conditions, and that the cysteine-

independent dimer is non-reducible. This suggests that an alternative form of 

intermolecular bridging between tau molecules might be present and further 

investigation will be required to determine the core region responsible for cysteine-

independent dimer formation. One possibility is the formation of dityrosine crosslinks, 

which remain stable in reducing conditions (Al-Hilaly et al., 2016). In oxidative conditions, 

tyrosine residues can oxidise to nitrotyrosine and dityrosine. In AD, this modification has 

been observed in Ab plaques, which may play a role to further stabilise the fibrils (Al-

Hilaly et al., 2013). However, the relationship between dityrosine formation and tau self-

assembly remains more elusive. It has previously been shown that peroxynitrate-

mediated tau oligomerisation can result in the formation of  nitrotyrosine-dependent 

oligomers and HMW species containing dityrosine (Reynolds et al., 2005). To clarify the 

importance of tyrosine in tau filament formation, Nishiura et al. (2010) investigated the 

role of Tyr310 residue located within the fibrillogenic hexapeptide sequence 
306VQIVYK312. The authors show that the Y310A variant prevents this short peptide from 

forming fibrils, highlighting the potential importance of this residue in self-assembly. 

Although dityrosine formation was not explored in this thesis, it is possible that the 

stabilisation of a cysteine-independent covalent modification may occur via dityrosine 

crosslink formation via p-p stacking of aromatic rings. Preliminary work in the Serpell lab 

has found dityrosine immunoreactivity within NFTs in AD brain. Further work could be 

carried out to determine the importance of dityrosine on PHF core tau self-assembly. For 

example, the self-assembly of dGAE could be compared with the variant, dGAE-Y310A, 

that has a tyrosine replaced with alanine, using a number of different biophysical 

techniques, including TEM, CD, and ThS fluorescence, in order to investigate how a loss 

of the ability to form dityrosine crosslinks affects tau self-assembly. Furthermore, the 

intrinsic fluorescence of tyrosine can be monitored and mass spectrometry can be used 

to examine the formation of dityrosine over time.    

 
 
6.1.2. The PHF-core tau as a model for studying tau aggregation  
 
 
Fragments limited to the microtubule binding repeats such as K18 and K19 do not 

completely capture the physiological or pathological aspects of tau aggregation. The 

PHF-core tau fragment, dGAE, identified prior to the fragment identified by Fitzpatrick et 

al. (2017) was shown to exhibit auto-catalytic and self-propagating properties (Wischik, 

Novak, Edwards, et al., 1988; Wischik et al., 1988b; Novak et al., 1993), which was later 
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confirmed in a stable cellular model system, whereby induction of full-length tau led to 

its templated conversion to the core unit with the characteristic 10-12 kDa gel mobility 

(Harrington et al., 2015). Since then, the sequence of this core structure has been 

confirmed by cryo-EM, which corresponds almost exactly to the sequence first isolated 

from the PHF core almost 30 years ago (Wischik, et al., 1988b) but is extended by 8 

residues N-terminal and 13 residues C-terminal. The results presented in Chapter 3 
extend previous findings to show that the PHF-core assembles into PHF-like fibrils, 

indicating the same C-shaped subunit identified in PHFs but in the absence of any 

additives or PTMs. These features make the core-PHF peptide a suitable model for 

studying tau aggregation in vitro, and has implications for understanding how TAIs are 

able to disassemble the PHF core and reverse the proteolytic stability of the repeat 

domain in its assembly-competent configuration (Wischik et al., 1996). However, these 

findings cannot be extended to pre-existing tau fragments found in the brain, as the PHF-

core is only isolated after pronase treatment of PHFs. Therefore, utilising dGAE as a 

model for identifying novel TAIs is based on the hypothesis that PHF-core fragments are 

produced prior to tau aggregation, which is less clear.  
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6.2. Inhibiting PHF-core tau self-assembly  
 
 
The finding that it is feasible to inhibit tau aggregation without impairing the normal tau-

tubulin interaction has important pharmaceutical implications (Wischik et al., 1996). This 

was found to be possible with MT as a TAI (Wischik et al., 1996). The findings presented 

in Chapter 4 show that the reduced form of MT (LMT) is necessary for effective inhibition 

of dGAE filament formation. Inhibition of filament assembly can be demonstrated at MT 

concentrations approximately 1/10th that of the concentration of dGAE. This suggests 

that MT acts in a catalytic manner rather than a competitive manner. However, the 

disaggregation of preformed tau aggregates by MT was not investigated here. The 

inhibition of fibril formation and the formation of conformationally distinct species by LMT 

suggests that compound stabilises dGAE into a form which is assembly-incompetent 

(figure 6.1. 3.). The use of NMR or X-ray crystallography will help identify whether there 

is a physical interaction between dGAE and LMT. Further work in the lab has shown that 

this structure is more susceptible to proteolytic digestion than the assembly-competent 

structure. However, it would be useful to discern how these LMT-stabilised species differ 

from on-pathway dGAE species by using cryo-EM and epitope-specific antibodies to 

detect conformational changes that distinguish between the two species. This was 

partially addressed in this thesis, suggesting a more open conformation of dGAE in the 

presence of LMT, as revealed by higher exposure of the epitopes to antibodies.  

 

An important area of consideration is the use of DTT in the assembly mixture in these 

studies. As mentioned previously, DTT is non-physiological, and when used in high-

throughput screening assays, redox cycling compounds have been shown to generate 

µM concentrations of hydrogen peroxide (H2O2) but not in buffers containing weaker 

reducing agents such as GSH, cysteine or b-mercaptoethanol (Johnston, 2011). The 

presence of H2O2 can lead to multiple effects on proteins, including the oxidation of 

accessible residues. Therefore, the choice of reducing agent seriously affects the 

outcome of screening assays by altering the potency of screened compounds (IC50), and 

may lead to false positives or false negatives (Lee et al., 2012). Using UV and mass 

spectroscopy, further work in the lab in collaboration with TauRx pharmaceuticals has 

shown that the presence of DTT is enough to fully reduce MT to LMT in the conditions 

and time frame used in Chapter 4, suggesting that LMT is the active moiety for inhibition 

of dGAE fibril formation (Al-Hilaly et al., 2018). This may be part of the explanation for 

the clinical evidence suggesting that the stable, reduced form of MT appears to be 

effective at a dose 20-fold less than the minimum effective dose previously identified 
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using the oxidised MT form (Wischik et al., 2017; Wilcock et al., 2018). However, the 

precise interactions between LMT and dGAE are not known and it will be important to 

compare the TAI activity of LMT in the presence of the physiological reducing agent, 

GSH.     

 
 
6.2.1. Methylene blue: a viable therapy? 
 
 
In 1996, it was originally hypothesised that MT could disrupt tau-tau binding in the repeat 

domain by reversing the proteolytic stability of the PHF core and prevent further filament 

formation (Wischik et al., 1996). Since then, the development of MT as the first TAI for 

AD has been drawn-out due to its complex pharmacology, which is partly due to its redox 

properties. Prior to the work presented in this thesis, the mechanism of action of MT was 

unclear and whether the clinical efficacy of MT is due to its ability to dissolve filaments 

and/or to prevent further filament formation is still unknown. In two Phase III randomised 

controlled double-blind clinical trials, LMTM had failed to achieve its co-primary or 

secondary endpoints (Gauthier et al., 2016; Wilcock et al., 2018). On the other hand, 

post-hoc analyses highlighted that LMTM had an observed benefit as a monotherapy 

but not whilst patients were taking other anti-dementia treatments. One hypothesis for 

this finding is that the long-term inhibition of cholinesterase by cholinesterase inhibitors 

and the loss of inhibitory modulation of cortical pyramidal cells by memantine, may result 

in hyperactivation of pyramidal cells, which could impede the clearance of tau monomers 

released by MT (Wilcock et al., 2018). There remains no experimentally-supported 

explanation for the negative interaction with symptomatic anti-dementia treatments, yet 

these therapies do not interfere with the TAI activity of MT in vitro (unpublished data).  

 

The clinical trial and subsequent post-hoc analyses came under heavy criticism with the 

view that this analysis is subject to unintentional bias and the validity of the control group 

was questioned. In addition, there was major criticism that the presentation of data was 

unacceptable since the results hugely overstated to be made out as a success. However, 

given that there have been no other drugs developed for the treatment of AD, and MT is 

the only most advanced clinical candidate to date, it is important that LMTM should be 

trialled as a monotherapy against the correct and valid control group and TauRx 

pharmaceuticals have announced that a new trial will be underway until 2019.  
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6.2.2. Other potential tau-directed therapeutics  
 
To date, LMTM (TRx0237) is the only tau-directed therapeutic to reach phase III clinical 

trials for the treatment of AD and behavioural variant FTD. However, there are around 

14 other tau-directed compounds in phase I and II for AD in 2018, all of which have also 

shown promise as disease-modifying compounds (Cummings et al., 2018). Figure 6.2. 

illustrates some of the current tau-directed agents in clinical trials for the treatment of 

AD. Protein kinases remain potential therapeutic targets, notwithstanding the challenge 

of toxicity and specificity faced by these approaches (Schneider and Mandelkow, 2008). 

The repurposed small molecule, saracatinib (AZD0530), is a tyrosine kinase Fyn inhibitor 

and has entered phase II trials in 159 mild AD patients, however the results are yet to 

be published (Cummings et al., 2018). 

 

Of the compounds in clinical trials, a number of active and passive immunotherapies 

targeting tau protein are in phase I and II clinical trials. For example, AADvac1 is an 

active immunotherapy consisting of synthetic tau peptide of residues 294-305 derived 

from misfolded tau protein. The phase I trial in 30 mild to moderate AD subjects aged 

50-85 years showed a favourable safety profile and high anti-tau antibody titers following 

12 weeks of subcutaneous injections (Novak et al., 2017). Passive immunotherapies 

include the humanised 1gG4 monoclonal antibody, BIIB092, targets extracellular, N-

terminal tau fragments originally isolated from iPSCs obtained from a familial AD patient 

(Bright et al., 2015; Mullard, 2015). This compound has entered phase II clinical trials, 

although the results of these trials have not been published yet. In 2017, the first tau-

lowering antisense oligonucleotide (ASO) entered clinical trials for patients with mild AD 

(Mignon et al., 2018). This ASO targets pre-mRNA transcribed from the MAPT gene to 

reduce tau protein synthesis and has shown encouraging results as a therapeutic 

approach in pre-clinical trials (DeVos et al., 2017). Whilst it is important that the actions 

of LMTM are fully understood if the ongoing trial for LMTM is clinically meaningful, these 

compounds demonstrate the continuing effort to validate other tau-related targets and 

the preclinical stage, with the aim of developing new tau-targeted therapies for the 

treatment of AD. 
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Figure 6.2. Tau-directed disease-modifying immunotherapies and small molecules 
in clinical trials in 2018.   
 
Each panel lists compounds that are in phase I, II and III for a disease-modifying 
immunotherapy (purple) and a disease-modifying small molecule (teal) in 2018. The 
compound is displayed in bold and its mechanism of action and therapeutic purpose is 
displayed in brackets. Adapted from Cummings et al, (2018). 
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6.3. Cellular uptake and seeding of extracellular PHF-core tau  
 
 
There is evidence to show that tau exhibits prion-like behaviour, including cellular uptake 

and templated seeding (Clavaguera et al., 2009, 2013; Sanders et al., 2014; Falcon et 

al., 2015; Iba et al., 2015; Kaufman et al., 2016; Wu et al., 2016). In vitro studies have 

shown that extracellular tau aggregates can be taken up by neurons to induce self-

assembly of intracellular endogenous tau, which can then be released and transferred 

to neighbouring or synaptically connected neurons (Frost et al., 2009; Guo and Lee, 

2011; Kfoury et al., 2012; Wu et al., 2013). However, many of these models have used 

overexpressed human mutant tau or tau fragments that do not correspond to the more 

relevant PHF core tau.  

 

In this thesis, the effects of the self-assembly and structural features of dGAE 

characterised in Chapter 3 on neuronal cell viability, internalisation and seeding 

capabilities were examined in SH-SY5Y neuroblastoma cells which express human tau 

but do not overexpress aggregation-prone mutant tau or tau fragments. The data 

presented in Chapter 5 show that non-aggregated dGAE conjugated to an Alexa-fluor 

488 tag readily enters the cells following exogenous exposure (figure 6.1. 4.). The effect 

of conformation on cellular uptake was examined, which showed that agitated dGAE-

AF488 is less efficiently internalised than unagitated dGAE-AF488. Given the 

heterogeneity of the assembly mixture following agitation, these findings suggest smaller 

species are being internalised but not larger species (figure 6.1. 5.). 

Immunofluorescence and biochemical studies using antibodies targeting endogenous 

tau protein shows that exogenously-applied soluble and non-aggregated dGAE results 

in an accumulation of Triton-X insoluble tau in the cell lysate and changes to endogenous 

tau protein cellular localisation and expression (figure 6.1. 7). It is important that future 

work addresses the solubility of tau proteins in sarkosyl following dGAE-AF488 

internalisation, as this is a more pathological read-out of tau fibrillisation. The 

colocalisation of internalised dGAE with endogenous phosphorylated tau at Thr231 is 

suggestive of seeding taking place (figure 6.1. 7.). Further work will investigate whether 

these changes to endogenous tau are affected by fibrillar dGAE species. Whether the 

tau species introduced in the insoluble fraction of cell lysate has an abnormal 

conformation could be further explored using antibodies directed towards pathological 

tau, such as AT8 and MC-1. 
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Importantly, the findings in this thesis suggest that internalised dGAE can have 

subsequent effects on endogenous wild-type tau without having a significant effect on 

cell viability within the time frame of up to 24 h. The cell viability results may therefore 

not be reflective of the age-related pathological progression observed in AD and future 

experiments in which dGAE is exogenously applied to cells for longer than 24 h is 

warranted. The effect of dGAE-AF488 on cell viability was not explored due to the 

interference of the 488 tag on viability read-out. These studies are essential to 

investigate the effect of labelling dGAE with Alexa Fluor-488 and to ensure that it does 

not alter the assembly, internalisation or localisation of dGAE. The results presented 

here indicates that dGAE-AF488 is able to form fibrils with similar morphology to dGAE, 

however the rate of self-assembly may differ.  

 

The form of dGAE that induces these aforementioned cellular changes consist of a 

mixture of SDS-soluble monomers and dimers, including assembly competent and 

incompetent tau, with different morphology and elongation. Whilst the exact species 

being internalised remains unclear, the assembly-competence of dGAE may contribute 

to its internalisation and seeding activity. Previous studies have shown that seeded tau 

aggregation is templated and depends on sarkosyl-insolubility and aggregation 

(Clavaguera et al., 2013; Sanders et al., 2014; Falcon et al., 2015; Kaufman et al., 2016). 

For example, Falcon et al. (2015) show that native sarkosyl-insoluble tau seeds from 

P301S transgenic mouse brains exhibited greater seeding competence than that of total 

brain lysate and synthetic heparin-induced tau aggregates. It is suggested that heparin-

induced tau aggregates have a conformation that is different from that of native tau 

aggregates, which may explain the differential seeding competencies. However, this 

thesis did not examine fully whether conformation of dGAE determines seeding with 

endogenous tau and whether there is a requirement for dGAE to exhibit assembly-

competence or a requirement for dGAE to be aggregated for these studies remains 

unclear. Further studies could address this by separating assembly-competent and 

assembly-incompetent species by size or by centrifugation, however isolating a pure 

population of species is challenging due to the highly dynamic nature of the aggregation 

process. It would be worthwhile to compare these findings to a protein that is assembly-

incompetent, for example MT-stabilised dGAE species, to investigate the specificity of 

dGAE foldedness and conformation on cellular uptake and seeding activity. The 

internalisation and toxicity of MT-stabilised dGAE species from Chapter 4 was not 

examined due to time restrictions (figure 6.1. 6.). Given that MT induces an assembly-

incompetent conformation of dGAE, making it more susceptible to proteolytic 

degradation, it could be hypothesised that its alternate conformation would make it 
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available for protein clearance by the cell if internalised. It would be important for future 

studies to investigate levels of b-sheet structure and phosphorylation at certain sites, not 

just size and solubility, for determining whether the protein is able to seed endogenous 

tau.  

 

There is accumulating evidence to show that internalised tau species are localised to 

endosomal or lysosomal compartments (Frost et al., 2009; Holmes et al., 2013; Wu et 

al., 2013; Mirbaha et al., 2015; Veloria et al., 2017; Evans et al., 2018). The data 

presented in Chapter 5 suggests that whilst there is some localisation to acidic 

compartments as shown by lysotracker, the route of vesicular internalisation of dGAE 

remains unclear. There are reports that only a minority of internalised tau localised to 

punctate structures show co-localisation with vesicular organelles (Wang and 

Mandelkow, 2012; Wegmann et al., 2018). It has been shown that internalised tau 

promotes stress granule formation and stability of stress granules through an association 

with TIA-1, a stress granule marker and nucleating protein (Brunello et al., 2016). Further 

work using markers of stress granule formation may aid in characterising the cytosolic 

punctate staining observed upon internalisation.  

 

Using confocal microscopy alone is not sufficient to identify the ultrastructural localisation 

of dGAE upon internalisation and colocalisation with endogenous tau and subcellular 

compartments. For these findings to be relevant to humans, future studies would need 

to compare whether the aggregates seeded following internalisation resemble those 

found in the brains of patients with different tauopathies. Previous studies have been 

carried out at the light microscopy level and only a few studies were able to use 

ultrastructural TEM to analyse the induction of intracellular tau aggregation in their 

models (Guo and Lee, 2011, 2013; Waxman and Giasson, 2011). In this thesis, 

internalised dGAE was examined using immunogold TEM, which showed that dGAE-

AF488 was localised to vesicular structures that varied in size. These findings provide a 

novel perspective on the ultrastructure of cells following tau protein internalisation. 

However, these studies have only carried out a limited amount of TEM analysis and more 

work is needed, including comprehensive immunogold TEM studies using multiple tau 

antibodies with different tau epitopes, in particular anti-pThr231 in order to follow up the 

colocalisation studies obtained from immunofluorescence, and to document the 

structural characteristic differences between induced tau aggregates and NFT-like 

amyloid structures.  
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Previous studies investigating tau aggregation and seeding in cells have relied on 

overexpressing tau (Frost et al., 2009; Guo and Lee, 2011; Kfoury et al., 2012), or 

introducing tau directly into the cytoplasm (Guo and Lee, 2011). Whilst we have 

observed the colocalisation of dGAE-AF488 with endogenous tau at pThr231, it remains 

unclear how dGAE-AF488 packaged in vesicles are likely to interact with endogenous 

tau. One scenario could be that leakage of membrane-bound vesicles could lead to 

dGAE-AF488 being exposed to endogenous tau in the cytoplasm. Disruption of the 

membrane through permeabilisation has already been investigated as a mechanism of 

amyloidogenic protein toxicity (Quist et al., 2005; Lashuel and Lansbury, 2006; Katharina 

Flach et al., 2012). Further work is necessary to investigate this possibility in the time 

frame of our experimental set up.  
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6.4. Concluding remarks  
 
 
Research on tau protein has become central in the investigation of neurodegenerative 

diseases. Characterisation of the mechanisms leading to tau protein self-assembly and 

identification of conformational changes will ultimately lead to the development of novel 

therapeutic strategies for the treatment of tauopathies. This thesis focuses on the PHF-

core tau fragment, dGAE, and contributes novel findings to elucidate the self-assembly 

and inhibition of dGAE assembly and investigates its effect on endogenous tau in 

neuroblastoma cells. We have shown that dGAE is able to self-assemble readily without 

the addition of an inducer and disulphide bond formation is not necessary to produce 

PHF-like filaments. The self-assembly of dGAE can be efficiently inhibited by the 

reduced form of MT and produces species with an alternative conformation. dGAE can 

enter cells and induce changes to endogenous tau, including a redistribution and an 

increase in phosphorylated endogenous tau. Collectively, the work presented in this 

thesis permits further research to address questions that remain unanswered concerning 

the physiological and pathological consequences of PHF-core self-assembly.  

 

The ease at which dGAE self-assembles and internalises into neuronal cells makes it 

possible to study the effect of its self-assembly in a cellular environment, in particular its 

effect on acute toxicity and its propensity to seed endogenous tau at an ultrastructural 

level. This approach will provide a useful tool to facilitate the study of tau aggregation in 

the absence of any overexpression, PTMs, or inducers of assembly and to ultimately 

study the potential of LMT and other TAIs to target tau seeding activity via structural 

changes in a cellular environment. The results presented in this thesis is timely given the 

lack of therapeutics to treat AD and other tauopathies and further stresses the need to 

focus on tau pathology as a therapeutic target.  
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https://figshare.com/s/129222fc8ad3b25885ff 
 
 
Movie 5.7. Live-cell imaging of dGAE-AF488 internalisation at early time points 
 
The supplementary files show 7 different movies of dSH-SY5Y cells incubated with 1 
µM dGAE-AF488. Images were acquired by confocal microscopy and a series of 90 z-
stacks were acquired at 10-minute intervals for 14 h. The movies show one z-stack 
through the middle of the cell.  
 
 


	PhD Coversheet
	PhD Coversheet

	Pollack, Saskia Julie



