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Abstract 

 The microtubule-associated protein tau promotes the stabilization of the axonal 

cytoskeleton in neurons. In several neurodegenerative diseases, such as Alzheimer’s disease, 

Pick’s disease, corticobasal degeneration, chronic traumatic encephalopathy, and progressive 

supranuclear palsy, tau has been found to dissociate from microtubules leading to the formation of 

pathological aggregates that display an amyloid fibril-like structure. Recent structural studies have 

shown that the tau filaments isolated from different neurodegenerative disorders have structurally 

distinct fibril cores that are specific to the disease, or groups of diseases. These “strains” of tau 

fibrils appear to propagate between neurons in a prion-like fashion that maintains their initial 

template structure. In addition, the strains isolated from diseased tissue appear to have structures 

that are different from those made by the most commonly used in vitro modeling inducer molecule, 

heparin. The structural differences among strains in different diseases and, potentially, in vitro 

induced tau fibrils may contribute to recent failures in clinical trials of compounds designed to 

target tau pathology. Unfortunately, isolating authentic tau filaments from diseased brain tissue is 

not practical due to the large amount of protein required to conduct high-throughput drug 

screening, and studies aimed at characterizing tau aggregation dynamics and understanding the 

effects of disease related mutations.  

 

This body of work encompasses two studies that highlight the importance of developing disease 

relevant in vitro tau aggregation model systems. The first shows how different in vitro tau 

aggregation inducer molecules can have significant effects on how tau interacts with different 

classes of aggregation inhibitors. We identified an isoquinoline compound (ANTC-15) isolated 

from the fungus Aspergillus nidulans that is able to both inhibit filaments induced by arachidonic 
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acid (ARA) and also disassemble pre-formed ARA-fibrils. When compared to a phenothiazine tau 

aggregation inhibitor currently in clinical trials, LMTX (LMTM, or TRx0237), ANTC-15 and 

LMTX were found to have opposing inducer-specific activities against ARA and heparin in vitro 

induced tau filaments. These findings may help explain the disappointing results in translating 

potent pre-clinical inhibitor candidates to successful clinical treatments.  

 

The second study highlights how different inducer molecules can have fundamental disparities to 

how disease related mutations effect the aggregation dynamics of tau. Using three different classes 

of tau aggregation inducer molecules we characterized disease relevant mutations in tau’s PGGG 

motifs at positions P301S, P332S, and P364S. When comparing these mutations to wild type tau, 

we found that depending on the type of inducer molecule used we saw fundamental differences in 

total aggregation, aggregation kinetics, immunoreactivity, and filament morphology. These data 

support the hypothesis that different tau aggregation inducer molecules make different polymorphs 

and perhaps structurally distinct strains. The impact of using non-disease relevant induced 

filaments for research studies may lead to significant set-backs to research of tau-based pathology. 

Moving forward, we must prioritize identifying disease relevant aggregation inducer molecules, 

methods for propagating tau fibril folds from authentic filaments with high fidelity and 

reproducibility, or co-factor free systems that convert monomeric tau to disease relevant structures. 

Chapter 4 discusses some preliminary data, techniques, and protocols for A) comparing synthetic 

filaments using a range of different inducer molecules, B) in vitro seeding assays using authentic 

filaments isolated from Alzheimer’s disease and progressive supranuclear palsy brain tissue, C) a 

technique for mechanically inducing co-factor free aggregates of a 3R tau isoform. The importance 

of furthering our fundamental understanding of how tau aggregates in disease and how we can best 
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reproduce disease relevant structures in vitro is not to be underestimated. It is likely to have a 

critical impact on the future of treatment discovery and development of this devastating set of 

neurological disorders.  
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Chapter 1: Introduction 

1.1 An overview of the microtubule associated protein tau 

 The microtubule associated protein tau (MAPT, or tau) has been studied in the context of 

neurodegeneration for almost 35 years. The initial discovery of tau was due to its function as a 

microtubule stabilizing protein in 1975, a decade later multiple researchers identified tau as a 

major component of neurofibrillary tangles (NFTs), a histopathological hallmark found in 

Alzheimer’s disease (AD)1. The specific role of tau in disease and normal human physiology has 

yet to be fully elucidated, however significant evidence supports the hypothesis that tau plays a 

major role in neurodegeneration, cellular death, and cellular dysfunction2. Tau pathology has 

been shown to be well correlated with disease progression in AD by using tau positron emission 

topography tracers, Braak staging based clinical diagnosis, and post-mortem brain dissection3-5. 

Expression of aggregation prone tau mutations in mice has been shown to cause severe 

neurotoxicity within relatively short time frames (< 3 weeks). Interestingly, by turning off 

expression of the aggregate prone tau, neurotoxicity is reversed6. After longer periods of 

aggregation prone tau expression, mice suffer non-reversible neurodegeneration. Furthermore, 

cortical injections of tau pathology into mice results in neurodegeneration and cell to cell 

transmission of tau seeds7. Based on these findings is it thought that stopping or reversing tau 

aggregation may prevent neurodegeneration and neurotoxicity in tauopathies. 

 

Tau is expressed in the human adult brain as a combination of 6 different isoforms. These 

isoforms differ by the inclusion of either three, or four microtubule binding repeat (MTBR) 

domains (3R, 4R), or the inclusion of either zero, one, or two N-terminal domains (0N, 1N, 2N). 

The typical nomenclature for these six isoforms is 2N4R, 1N4R, 0N4R, 2N3R, 1N3R, and 
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0N3R. Often, these isoforms are grouped together as either 3R/3-repeats (2N3R, 1N3R, and 

0N3R) or 4R/4-repeats (2N4R, 1N4R, and 0N4R). Although this form of grouping suggests that 

the N-terminal inserts do not play as significant a role in tau physiology, or pathophysiology, the 

incorporation of these N-terminal repeats may have much more of an impact in tau biology than 

previously thought8. Figure 1 illustrates a schematic of the MAPT gene and each of the 6 

isoforms expressed in the adult human central nervous system (CNS). 

 

In addition to the two N-terminal and MTBR domains of tau, there are three other regions of 

interest; the phosphatase activating domain (PAD) located on the most distal point of the N-

terminus (aa. 2-18)9, two proline rich domains (PRD1 and PRD2) located between residues 151-

243, and the C-terminal domain (CTD), aa. 371-441. PRD1, or P1, consists of aa. 151-198 and 

PRD2, or P2, consists of aa. 199-24310. The PAD is thought to play a role in cell signaling and 

regulating transportation of cellular cargo along microtubules11. Although tau is primarily 

thought of as an intrinsically disordered protein (IDP), there have been several studies that have 

shown that long range electrostatic interactions and regions of secondary structure may allow tau 

to maintain a partially folded state in normal physiology either in a “hairpin” conformation or an 

“S” conformation12, 13. Exposure of the PAD is also an early marker of tau aggregation as it is 

thought to be inaccessible while tau is in a native conformation13, 14. The roles of PRDs P1 and 

P2 are still not fully understood, however there is evidence that they may play a role in tau’s 

ability to interact with RNA, actin filaments, other proteins, and potentially initiate liquid-liquid 

phase separation15, 16. In AD, paired helical filaments (PHFs) of tau are often cleaved at residue 

E391 and there have been several studies that have associated this truncation with AD-like 
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pathology both in vivo and in vitro 17-19. It is also thought that the C-terminus of tau may help in 

reducing tau toxicity, the spread of tau pathology, and total tau aggregation20-23.  

 

 

Figure 1: Schematic of the MAPT gene that encodes for the different tau isoforms with a schematic of the 6 

isoforms of tau expressed in the adult central nervous system (CNS).  
Exons 0 and 14 are transcribed, but not expressed. Exons 4a, 6, and 8 are not expressed in the (CNS). Exons 2, 3, 

and 10 are alternatively spliced depending on the isoform being expressed. Exons are not drawn to scale. 

Phosphatase activating domain (* in purple), N-terminal insert 1 (E2 in light green), N-terminal insert 2 (E3 in pink) 

proline rich domain 1 (PRD1 in dark gray), proline rich domain 2 (PRD2 in light gray), and microtubule binding 

repeat domain 1, 2, 3, and 4 (R1, R2, R3, and R4 in blue, respectively), and C-terminal domain (CTD in dark green) 

are indicated on each of the isoforms. This figure was created using Biorender.com and adapted from I. D’Souza and 

G.D. Schellenberg, 200524. 
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1.2 Tau in normal physiology 

 In normal human physiology 3-repeat and 4-repeat tau isoforms are expressed at 

approximately equal ratios. In general, the expression of N-terminal inserts appear at different 

levels, 9% (2N4R, 2N3R), 54% (1N4R, 1N3R), and 37% (0N4R, 0N3R) in the adult human 

brain, however this can vary depending on the brain region25. It is thought that the concentration 

of tau in the human brain is within the low micromolar concentration range (2-4 M) and higher 

levels of expression have been associated with disease26. The full extent for the differences in 

isoform expression has yet to be clarified, however it is widely accepted that the normal 

regulation of isoform expression plays a role in maintaining microtubule stability, managing 

cellular cargo traveling throughout the cytoskeletal network, and helps maintain normal cell 

function through various cellular communication pathways27-29. The primary function of tau is to 

bind to and stabilize microtubules to maintain the axonal cytoskeletal network.  

 

There are many post-translational modifications (PTMs) that can modulate the functions of tau, 

including phosphorylation, nitration, acetylation, ubiquitination, glycation, SUMOylation, 

methylation, oxidation, and glycosylation30. Of these PTMs, phosphorylation is by far the most 

well studied in the context of tau physiology and pathology. Phosphorylation of tau can occur 

through the action of several different kinase enzymes including glycogen synthase kinase 3 

(GSK3), cyclin dependent kinase 5 (cdk5), casein dependent kinase 1 (CK1), cyclic AMP-

dependent protein kinase (PKA) and others30. Tau phosphorylation has typically been associated 

with disease due to the isolation of hyperphosphorylated tau fibrils from diseased brain 

compared to typical phosphorylation of tau found in healthy brain tissue. In addition, the 

phosphorylation of tau increases the number of negatively charged residues of the protein, thus 
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leading to a lower affinity towards negatively charged microtubules2. However, recent studies 

have suggested that the increase in phosphorylated tau isolated from disease, may be due to an 

increase of steric hinderance and electrostatic differences between aggregated tau and 

monomeric tau, causing phosphatases to have a higher affinity towards tau monomers2, 30. In 

addition, the interaction between tau and microtubules could be much more dynamic than 

previously thought, with evidence to support a “kiss and hop” mechanism where tau spends 

relatively short dwell times associated with microtubules31. This could mean 

hyperphosphorylation and dephosphorylation occurs in normal physiology, but this highly 

dynamic process is “fixed” in samples of aggregated protein. The role of other PTMs on tau in 

pathology is less studied, however PTMs such as acetylation, ubiquitination, SUMOylation, 

glycation, and methylation are all known to act on lysine residues and therefore may be 

important factors to study when taking into account the role of specific lysines on tau filament 

structure and how modified lysines may be targeted by future therapeutic molecules32.  

 

1.3 Tau aggregation  

 The initial cause of tau aggregation in disease is still unknown, and is likely to consist of 

a complex series of cellular events that are disease dependent. However, based on in vitro and in 

vivo studies, it is generally accepted that the formation of abnormal tau accumulation occurs 

through the following sequence of events illustrated in figure 2. 1) Tau dissociates from 

microtubules, either through post-translational modifications or other cellular events. 2) Soluble 

monomeric tau undergoes a conformational change that leads to the formation of -sheet 

enriched structures allowing monomers to begin to self-associate and form dimers and 

oligomers. 3) Oligomers can then elongate through the recruitment of soluble monomeric protein 
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eventually forming larger protofilaments. 4) Protofilaments can then form filaments such as 

PHFs and SF that can further accumulate into larger aggregates such as NFTs33, 34. The details of 

these events are still unknown and heavily debated. In addition, several studies in recent years 

have also showed that the phenomenon of liquid-liquid phase separation may cause tau to 

accumulate at highly concentrated levels in the cellular environment and therefore promote 

spontaneous aggregation35-37. 

 

Due to recent advancements within the field of cryo-electron microscopy there are now high-

resolution structures of authentic filaments isolated from several different tauopathies. These 

structures includes filaments from AD38, Pick’s disease (PiD)39, corticobasal degeneration 

(CBD)40, and chronic traumatic encephalopathy (CTE)32. In addition, a recent pre-print has been 

deposited in BioRxiv that claims to have solved tau filament structures from several other 

neurodegenerative disorders41. The specific amino acid residues included within the ordered 

fibril core isolated from AD, PiD, CBD, and CTE varies depending on the disease, but in general 

encompasses the MTBR region of the protein.   
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Figure 2: Schematic of sequence of events leading to tau aggregation. 

1) Tau initially dissociates from microtubules either through post translation modifications, or other cellular events. 

2) Tau then undergoes a conformational change that allows it to go from an inert monomer to a -sheet enriched 

conformation, this allows for tau-tau binding to occur and form dimers, trimers, and larger oligomers. 3) Oligomers 

continue to recruit monomeric tau and elongate to form longer fibrils that can form as paired helical filaments, 

straight filaments, or other filamentous structures. 4) These filaments continue to aggregates forming larger 

complexes such as neurofibrillary tangles or neuropil threads. This figure was created using biorender.com. 
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1.4.1 Tauopathies and tauopathy related mutations: FTDP-17 

 The MAPT gene that encodes for the different isoforms of tau is located on the q arm of 

chromosome 17 at band 21 (17q.21). Frontotemporal dementia with parkinsonism linked to 

chromosome 17 (FTDP-17, also known as familial FTD) is a group of frontotemporal dementias 

that are associated with specific mutations on MAPT42. This subset of tauopathies can include 

Pick’s disease (PiD), corticobasal degeneration (CBD), progressive supranuclear palsy (PSP), 

and others. However, it should be noted that not all cases of the aforementioned tauopathies are 

caused by tau mutations. This has resulted in a push to retire the term FTDP-17 for familial FTD 

as these cases appear to be clinically and pathologically similar to the sporadic forms of disease, 

but are associated with an autosomal dominant mutation43. MAPT mutations can include several 

intronic mutations flanking exon 10 that lead to changes in alternative mRNA splicing patterns 

that increase the frequency of 4R isoform expression. In addition, deletions, missense and silent 

mutations of exons 1, 9, 10, 11, 12, and 13 can lead to increased dissociation from microtubules, 

increased aggregation, and changes in filament morphology and aggregation dynamics44. Based 

on recent studies showing the structural heterogeneity of tauopathies and the fact that the 

majority of FTDP-17 associated mutations occur within the MTBR domains and therefore the 

ordered fibril core (figure 3), it is probable that structures of familial cases of tauopathies will 

differ when compared to the structures isolated from sporadic cases41. This will result in a 

divergence between clinical classification and structural classification of this group of diseases. 

Although a direct link between MAPT mutations and tau aggregation is important for 

highlighting the role tau plays in neurodegeneration and neurotoxicity, most tauopathies appear 

to be sporadic. Below is a summary of several different tauopathies that illustrates the diverse 

etiology and structural pathology associated with tau in disease. 
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Figure 3: Schematic of exonic FTDP-17 mutations. 

A schematic of the MAPT gene and how it relates to the MAPT protein. Known associated exonic mutations have 

been shown using traditional form and numbering based on full length 2N4R tau isoform. For example P301S, refers 

to the proline at position 301 being mutated to a serine residue,  refers to a deletion mutation of that specific 

residue or group of residues. It should be noted that there are several intronic mutations (not shown) that have been 

shown to alter expression of different isoforms through altering alternative mRNA splicing patterns. This figure has 

been made using biorender.com and was based on information found on alzforum.org/mutations/mapt and 

Olszewska, et. al. 201642. 

 

1.4.2 Tau in Alzheimer’s disease 

 The most prevalent and extensively studied tauopathy is Alzheimer’s disease (AD). 

Although AD was first reported by Dr. Alois Alzheimer in 1906, the exact cause of the disease 

remains elusive45. The two histopathological hallmarks of AD include extracellular senile 

plaques (A plaques) formed by the amyloid  peptide, and neurofibrillary tangles (NFTs) 

formed by the intracellular accumulation of tau46. In AD, tau aggregates into both paired helical 

filaments (PHFs) and straight filaments (SFs) beginning in the entorhinal cortex followed by 
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spreading to the limbic area, and eventually the neocortex47. Aggregation occurs primarily within 

neurons leading to cell death, synapse loss, and brain atrophy48. Although both PHFs and SFs are 

made up of two protofilaments, PHFs have regular twist with a half periodicity of approximately 

80 nm and a width that ranges between 8 nm and 20 nm, unlike SFs that have no apparent 

twisting and a typical width of 15 nm49. These filaments are made up of both 3R and 4R co-

polymerized tau isoforms. Recent advances in the field of cryo-electron microscopy have led to 

the first published high-resolution structures of both PHFs and SFs isolated from Alzheimer’s 

disease50. The filament structures solved in Fitzpatrick et. al. 201750 showed fibrils from AD 

patients adopt a common C-shaped fold made up of 8 -strands. Despite differences between the 

protofilament interface of PHFs and SFs, both types of filaments appeared to be similar in 

structure. These findings are based on a relatively small sample size and therefore tau filament 

heterogeneity amongst all AD patients cannot be ruled out. However, the findings that the AD 

PHF and SF filaments were made up of residues found between V306 and F378 (R3 and R4, 

numbering based on 2N4R isoform) and that both PHFs and SFs consisted of all six isoforms, 

were consistent with previous structural studies51, 52.    

 

1.4.3 Tau in chronic traumatic encephalopathy 

 Similar to AD, filaments made up of all six tau isoforms are also a histopathological 

hallmark of chronic traumatic encephalopathy (CTE). However, the presence of Amyloid- 

plaques is not required for diagnosis of CTE, and this disorder is primarily caused by known 

environmental factors, such as single or repetitive head injuries. The distribution of tau filaments 

within CTE brain tissue differs to AD and is primarily found surrounding blood vessels and 

astrocytes53. In addition, recent cryo-EM structures have shown that although CTE tau filaments 
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adopt a C-shape fibril core made up of 8 -strands of R3 and R4, these fibrils are distinct from 

AD-PHFs and AD-SFs40. Interestingly, structures solved by cryo-EM have also shown an 

unidentified additional density within the hydrophobic core of the tau fibrils suggesting the 

presence of a hydrophobic cofactor. 

 

1.4.4 Tau in corticobasal degeneration and progressive supranuclear palsy 

 Corticobasal degeneration (CBD) and progressive supranuclear palsy (PSP) have long 

been associated with each other as they are both characterized by the formation of 4R tau fibrils 

with overlapping regional pathology of the basal ganglia and brainstem as well as overlapping 

clinical symptoms54-56. However, despite these similarities there are also distinct clinical 

symptoms and pathology that distinguish CBD and PSP. Recently, the first structure of 4R tau 

filaments isolated from CBD patients was solved using cryo-EM40. This study showed that tau 

filaments isolated from CBD brain tissue have a distinct fibril core from other tauopathies. 

Similar to fibrils isolated from CTE, the CBD filaments also contained a non-proteinaceous 

unidentified density buried within the ordered fibril-core. In contrast to the cofactor incorporated 

in the CTE fibril core, the density identified in CBD filaments interacts with three lysine residues 

at position K290, K294, K370, and is thought to be anionic. A recent pre-print has also been 

deposited on BioRxiv that shows a cryo-EM structure of filaments isolated from PSP differs to 

the previously solved CBD filament structure57. Interestingly, both filaments contain an 11 -

strand ordered fibril-core made up of residues K274 and E380, however, the PSP fibril core 

appears to have a non-proteinaceous density that interacts with a lysine at position K317 and 

appears to be similar to the lysine coordinated density found in CBD fibrils. The authors posit 
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that this may be a common negatively charged cofactor that is required to neutralize the 

positively charged lysine molecules during early stages of aggregation. 

  

1.4.5 Tau in Pick’s disease 

 In the case of Pick’s disease (PiD), tau fibrils primarily form spherical Pick bodies and 

are made up of narrow-Pick filaments (NPFs) and wide-Pick filaments (WPFs). In contrast to the 

other tauopathies discussed above, fibrils isolated from Pick’s disease are primarily formed by 

the 3R tau isoforms and result in frontotemporal atrophy58. As the only three repeat tau fibril 

structure that has been solved by cryo-EM, it is not surprising that the ordered core of filaments 

isolated from Pick’s disease is distinct from the previously solved structures39. The NPFs and 

WPFs appear to have the same basic protofilament structure, that is formed by 9 -strands 

between residues K254 and F378 (numbering based on full length 2N4R tau) with no apparent 

incorporated cofactors. The NPFs associated with PiD are made up a protofilament that has a 

single compact fold. WPFs are made up of two protofilaments that share a narrow hydrophobic 

interface that allows them to be approximately twice as wide as NPFs. 

 

1.4.6 Heparin induced tau fibrils  

 Under typical in vitro conditions recombinant tau monomer does not spontaneously 

aggregate into disease-like filaments. In order to conduct studies that aim to screen potential tau 

targeted therapeutics, characterize disease related mutations, and study aggregation dynamics, it 

is impractical to use authentic filaments isolated from diseased brain tissue. Therefore, most 

researchers within the field utilize the polyanionic glycosaminoglycan heparin to induce in vitro 

tau aggregation. It should be noted that there are many other classes of anionic molecules that 
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can also be used to induce tau aggregation, including; fatty acids, polyphosphate, nucleic acids, 

anionic detergents, and planar aromatic dyes. Specific details about  aggregation conditions, 

filament morphology, and biological relevance of the polyunsaturated fatty acid – arachidonic 

acid (ARA), polyanions – heparin (HEP), polyphosphate (PP), and ribonucleic acid (RNA), and 

two planar aromatic dyes – thiazine red (TR) and Congo red (CR) in the context of in vitro tau 

aggregation are discussed in chapter 4. To date, heparin induced filaments remain the only 

synthetic full length fibrils that have had their structure solved by high resolution cryo-electron 

microscopy59. The fibril cores formed by heparin appear to be polymorphic in nature and all 

polymorphs are structurally distinct to tau filament structures isolated from disease. It is possible 

that the structures induced by heparin differ to those from disease due to the lack of some other 

required cofactor that is present in the cellular environment. However, based on current 

structural data, it is likely that fibrils formed by heparin are not disease relevant and therefore 

may provide erroneous results when used in modeling tau aggregation.  

 

1.5 Tau based therapeutics 

 Despite the identification of tau as a major component of NFTs in AD and aggregates of 

other tauopathies, tau-based therapeutics have remained a relatively low priority for 

pharmaceutical development in the treatment of AD. Following Hardy and Higgins’ proposal of 

the “Amyloid Cascade Hypothesis” in 1992, the identification of autosomal dominant mutations 

associated with the amyloid precursor protein, presenilin I, and presenilin II provided a direct 

link between early-onset familial AD (fAD) and the amyloid  aggregation cascade60. This led to 

a wave of research interest into therapeutics targeting the pathway of A-plaques. Despite 

repeated failures of A based therapeutics and the fact that fAD accounts for <5% of AD cases, 
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there are still twice as many A based agents (19) as tau targeting agents (9) currently in clinical 

trials61. A summary of each of the tau based therapeutic agents currently in clinical trials can be 

found in Table 1. 

 

This continued effort to treat Alzheimer’s disease by targeting A plaques has now resulted in 

the first FDA approved drug to treat AD in nearly two decades. Aducanumab (or Aduhelm), is a 

monoclonal antibody that targets A fibrils and soluble oligomers that has been shown to 

significantly reduce A-plaques as well as some improvement in cognitive function as 

determined by one of two large phase III clinical trials, Emerge (NCT 0248547). However, 

during spring 2019, the trial’s sponsor, Biogen, announced that it would be halting the 

development of the drug due to poor results from another phase III clinical trial that did not show 

any improvement over the placebo group, Engage (NCT 02477800)62. Despite these conflicting 

results, the company applied for FDA approval based on the Emerge trial and positive results 

from a subset of participants from the Engage trial. The approval of aducanumab has been met 

with much controversy by some, resulting in 3 members of the FDAs scientific advisory 

committee to resign. However, Aducanumab’s approval was praised by others, especially AD 

patient and caregiver advocacy groups. Regardless of whether the positive results of the Emerge 

trial will hold true after the drug is available to the wider public, it is still clear that there is a 

need for more effective therapeutics to treat Alzheimer’s disease, but also Alzheimer’s disease 

related dementias where A pathology is not present.   

 

Of the 9 tau-based therapies currently in clinical trials only one is in phase III trials and it falls 

under the category of a disease modifying small molecule, TRx0237. TRx0237 (also known as 
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LMTX or LMTM) is discussed at length in chapter 2. Of the other 8 tau based therapeutics, 7 are 

classified as disease modifying biologics, and one is a small molecule, nicotinamide (vitamin 

B3), a known histone deacetylase inhibitor63.  

 

Disease modifying biologics is a relatively new field of study especially in the modification of 

disease within the CNS. There are currently five tau based biologic agents that are monoclonal 

antibodies that target extracellular, soluble, phosphorylated, or toxic forms of tau64. In addition, 

there is currently a phase II clinical trial of the active vaccine, ACI-35. This vaccine aims to 

elicit an immune response against phosphorylated tau65. In addition to both passive and active 

immune based therapies, a phase II trial of the antisense oligonucleotide Ionis-MAPTRx is aimed 

at reducing the expression of tau without impacting neuronal function66.   

 

Table 1 Summary of Tau based therapeutic agents used in clinical trials 

Therapeutic Agent Trial Phase Type/target 

TRx0237™ III Small molecule, tau aggregation inhibitor67 

Nicotinamide II Conjugated nanoparticle/tau phosphorylation63 

Semorinemab II monoclonal antibody/extracellular tau68 

Ionis-MATPRx II Antisense oligonucleotide/MAPT mRNA66 

Zagotenemab II monoclonal antibody/aggregated tau69 

Tilavonemab II monoclonal antibody/tau N-terminus70 

ACI-35 II Active immunization/phosphorylated tau71 

JNJ – 63733657 II monoclonal antibody/phosphorylated tau72 

Lu-AF87908 I monoclonal antibody/phosphorylated tau73 
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1.6 In vitro induced tau aggregation 

 In vitro tau aggregation studies are useful in gaining a detailed understanding of 

aggregation mechanisms, the role specific regions of tau play in aggregation, the effect of PTMs, 

and the understanding interactions with co-factors and other binding partners. High-throughput 

screening (HTS) is a common approach used to identify potential therapeutic agents. Initial 

screenings can identify potential “hit” compounds that can then be further studied and modified 

through structural activity relationship (SAR) studies. As monomeric WT tau does not 

spontaneously aggregate under normal in vitro lab conditions, an additional cofactor molecule is 

often used to induce aggregation. These inducers can include, polyanionic chains such as heparin 

(HEP) (discussed above), polyphosphate (PP), and nucleic acids (RNA and DNA), free fatty 

acids including arachidonic acid (ARA) and docosahexanoic acid (DHA), anionic detergents 

such as alkyl sulfate, and planar aromatic dyes such as Congo red (CR) and thiazine red (TR)74.  

 

In our lab we primarily use the polyunsaturated fatty acid, arachidonic acid (ARA) as an inducer 

molecule. This is due to the resulting fibrils having morphological similarities to SFs found in 

AD, reactivity towards antibodies that have a high affinity toward tau pathology in diseased 

brain tissue, and ARA’s role in oxidative stress within the cellular environment. However, as we 

do not have good structural data to compare ARA induce filaments to those identified in disease, 

we must still investigate other in vitro aggregation inducers. As part of this effort we have 

utilized 6 different in vitro tau aggregation inducer molecules to be used as potential models for 

in vivo tau aggregation (ARA, HEP, PP, RNA, TR, CR). A summary of our findings using these 

6 different inducers can be found in chapter 4. 
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1.7 Cell culture models of tauopathies 

 In addition to using cell free high-throughput screening assays, many groups also utilize 

cell culture models to screen potential tau targeting therapeutics. This can be done by adding 

compounds directly to cells at an initial screening concentration and then either isolating 

resulting tau pathology, or lack thereof, or using biosensor cell lines that display a signal of some 

sort that can be used as a reporter of tau aggregation75. Alternatively, compounds can be 

incubated with pre-formed fibrils prior to using the fibrils as seeds for inducing cell based 

seeding76. For example; one of the most common cell-based systems used for modeling tau 

aggregation is the tau RD P301S FRET biosensor cell line developed by the Diamond Lab group. 

This cell line expresses the repeat domain of tau with a P301S mutation that has been tagged 

with either a CFP or YFP fluorescent tag. Once the monomeric RD P301S tau begins to self-

associate the two fluorophores will be close enough to form a FRET (FÖrster Resonance Energy 

Transfer) signal that can then be quantified77. Many tau expressing cell lines also use the P301S, 

P301L, and K280 mutations, to drive tau into filaments and PHF-like aggregates78, 79. Other 

lines utilize other FTDP-17 related mutations that are known to decrease tau’s affinity towards 

microtubules, such as R406W.  

 

1.8 Mouse models of tauopathies 

 There are almost 30 different tau pathology displaying mouse models that are currently 

available according to AlzForum.org. Although some of these models express WT tau and still 

display AD PHF-like tau pathology, the majority of models used in therapeutic studies express a 

disease related mutation such as P301S or P301L80-83. Based on the location of these mutations 

and how they relate to recently solved tau filament structures, it is highly likely that such a 

https://www.alzforum.org/research-models/alzheimers-disease
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mutation results in structurally different tau fibrils. Therefore, an aggregation inhibitor that is 

effective in a P301S tau mouse model should not be assumed to be effective at inhibiting 

authentic fibrils isolated from human tauopathy.  

 

1.9 Summary and significance 

This body of work identifies how our understanding of small molecule tau aggregation inhibitors 

and tau aggregation dynamics can be influenced by different in vitro inducers of tau filaments. 

Previous work using aggregation inducer molecules has relied on the principle that in vitro 

induced filaments adequately represent structures found in disease. Based on recent structural 

studies, we now know that tau filaments isolated from diseased brain tissue form unique 

structures within the ordered fibril core. These structures appear to be conserved within specific 

neurodegenerative disorders and differ from structures formed by the most commonly used in 

vitro inducer molecule, heparin. The contrast between in vitro formed filaments and those found 

in disease, may be the reason for unsuccessful clinical trials aimed at targeting tau pathology. 

Developing our understanding of how different inducer molecules interact with tau aggregation 

inhibitors and effect tau aggregation dynamics is important to be able to identify disease relevant 

inducer systems. The studies discussed here identify how using non-disease relevant inducer 

systems may lead to significant setbacks in our attempts to identify tau based therapeutics and 

better understand how tau aggregates in disease.  
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Chapter 2: Fungally-derived isoquinoline demonstrates inducer-specific tau aggregation 

inhibition 

2.1 Introduction 

 Aggregation of the microtubule associated protein tau (MAPT, UniProtKB - P10636) is a 

histopathological hallmark of multiple neurodegenerative diseases such as Alzheimer’s disease 

(AD) and Alzheimer’s disease related dementias (ADRDs) including progressive supranuclear 

palsy (PSP), Pick’s disease (PD), corticobasal degeneration (CBD), chronic traumatic 

encephalopathy (CTE) and frontotemporal dementias with Parkinsonism linked to chromosome 

17 (FTDP-17). AD and ADRDs have huge impacts on the economy and healthcare in the United 

States with an estimated annual cost of more than $355 billion for 2021, that is projected to rise 

to over $1 trillion by 205084. Tau pathology has been linked to neuronal cell death, and its 

progression correlates extremely well with the advancement and severity of dementia85. Despite 

the recent FDA approval of the A targeting drug, aducanumab, there is still a need for effective 

therapeutics that can slow or prevent the development of tau pathology. 

 

Blocking or reversing tau aggregation is considered to be a viable therapeutic approach for the 

treatment of AD and ADRDs for the following reasons: tau aggregation correlates with cellular 

dysfunction and neuronal death; there is no known normal biological function of tau aggregates; 

and extensive approaches targeting other pathological structures such as beta amyloid senile 

plaques have had limited success2, 86. There have therefore been multiple studies aimed at 

identifying small-molecule tau aggregation inhibitors (TAIs)87. TAIs have traditionally been 

identified by screening large libraries of hundreds of thousands of small molecules against tau 

aggregates88. Due to the large amount of tau aggregate that is required to conduct these screens it 
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is impractical to use authentic tau filaments isolated from diseased tissue. Rather, it has been 

necessary to use recombinant tau that has been induced to form filaments in vitro. 

 

The most common inducers employed for studying tau aggregation have been polyanionic 

molecules such as the glycosaminoglycan heparin, polyphosphate, and RNA; planar aromatic 

dyes such as Congo red and thiazine red; free fatty acids such as arachidonic acid and 

docosahexaenoic acid; and anionic detergents such as alkyl sulfate74. These compounds have 

been used primarily because the tau filaments induced in their presence have gross 

morphological similarities to filaments isolated from diseased tissue. They have increased beta 

strand formation like disease filaments, many of them bind to dyes such as thioflavin S in a 

manner similar to disease filaments, and antibodies that recognize aggregated tau in disease also 

interact with many of the in vitro assembled filaments. Compounds based on a phenothiazine 

core structure, such as LMTX (leucomethylthionine, LMTM, or TRx0237), a compound that has 

had limited success in phase III clinical trials89, were identified primarily based on their 

inhibition of heparin-induced tau aggregates90. 

 

Emerging evidence has revealed that tau aggregates from disease do not all have identical 

structures91, rather, they form unique and distinct “strains” with different seeding capacities and 

three-dimensional structures32, 39, 40. This evidence strongly suggests that tau pathology between 

AD and other ADRDs is much more heterogeneous than previously thought32, 38, 39. The 

structural variability in aggregated tau conformations has important implications in the 

identification of effective TAIs.  
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Recently, multiple studies have shown the structure of heparin induced filaments differs from 

those identified in diseased tissue59, 92. As yet, there have not been any published high-resolution 

structures of arachidonic acid induced tau filaments. As is the case with filament structures 

identified from diseased tissue, it is likely that different aggregation inducer molecules may 

result in heterogeneous filament structures. Based on comparisons of filament length 

distributions, polymerization kinetics, and polymerization conditions, it is highly likely that the 

core fibril folds formed by these inducers are different93. 

 

We have previously identified secondary metabolites isolated from the fungus Aspergillus 

nidulans that are effective at inhibiting and disassembling arachidonic acid and heparin induced 

tau aggregates in vitro94, 95. The most effective of these previously studied compounds was an 

azaphilone compound, Aza-9 (5-bromo-3-((S,1E,3E)-3,5-dimethylhepta-1,3-dien-1-yl)-7-

methyl-6,8-dioxo-7,8-dihydro-6H-isochromen-7-yl acetate). Aza-9 was able to inhibit and 

disassemble tau aggregates induced by both heparin and arachidonic acid. However, Aza-9 also 

appeared to have high levels of non-specific interactions with tubulin, as evidenced by tubulin 

polymerization studies95, suggesting the possibility that it has somewhat promiscuous activity 

toward proteins in general.  

 

In the present study, we show how a different fungal secondary metabolite with an isoquinoline 

structure, ANTC-15, (7-methyl-3-nonylisoquinoline-6,8-diol96) can act as a narrow spectrum 

TAI in vitro. We chose to study ANTC-15 because it is a naturally occurring compound with 

structural similarity to other known tau aggregation inhibitors (for example, 4-piperazine 

isoquinoline derivatives 97), and shares some structural similarities with the aforementioned Aza-
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9. We found that ANTC-15 both inhibits arachidonic acid (ARA) induced aggregation and 

disassembles ARA PFFs with a potency greater than Aza-9 and could be a good candidate for 

further development because even though it has a cLogP above the range of most CNS penetrant 

drugs, the compound has not yet been modified in any way to increase its efficacy through 

structure-activity relationship studies. This is an initial examination of the properties of ANTC-

15 before any efforts to increase its potency and drug-like characteristics. We compared the 

activities of ANTC-15 and LMTX against arachidonic acid and heparin induced tau filaments as 

well as studying their effects on tubulin polymerization. We have found that ANTC-15 inhibits 

the assembly of, and promotes the disassembly of, arachidonic acid induced filaments but not 

heparin induced filaments. LMTX, on the other hand, inhibits the assembly of heparin induced 

filaments but is not effective against arachidonic acid induced filaments. These results strongly 

suggest that heparin and ARA induce different polymorphs and ANTC-15 and LMTX have 

different activities against these polymorphs. 

  

Together these findings support the hypothesis that tau aggregation inhibitors of different classes 

may have inducer-specific mechanisms of action. Understanding how these different molecules 

interact with tau will be an important step in developing tau aggregation inhibitors that can target 

disease-relevant strains. 

 

2.2 Materials and Methods 

 Chemicals and reagents: Full length 2N4R tau (HT40, 441 amino acids) was expressed in 

E. coli and purified, as previously described, by Ni-His Tag affinity purification and size 

exclusion chromatography98. As shown by King et. al. the polyhistidine tag does not influence 
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tau aggregation and therefore was not removed99. Tau protein concentration was quantified using 

a Pierce BCA protein assay kit (23225) purchased from Thermo Fisher Scientific. Tau purity and 

concentration was confirmed to be ~95% pure by SDS PAGE (data not shown). Individual 

aliquots of 50 µL were prepared and stored at -80°C to avoid protein degradation. Arachidonic 

acid (90010) was purchased from Cayman Chemical, (Ann Arbor, MI). Heparin sodium salt 

(H4784) with an average molecular weight of 17,000 Da – 19,000 Da, was purchased from 

Millipore Sigma, (St Louis, MO). TRx0237 mesylate salt (LMTX) (CAS: 1236208-20-0) was 

purchased from BOC Sciences (Shirley, NY). ANTC-15 (7-methyl-3-nonylisoquinoline-6,8-diol) 

was discovered as a compound produced by over-expression of a non-reducing polyketide 

synthase (ANID_03386.1=AN3386) in Aspergillus nidulans96. Additional quantities of ANTC-

15 were synthesized by the University of Kansas synthetic chemical biology core facility. The 

structure of the synthesized compound was confirmed using 1H NMR (500 MHz, DMSO-d6), 13C 

NMR (126 MHz, DMSO), and high-resolution mass spectrometry (HRMS). A schematic 

diagram and description of the synthesis can be found in figure 10. TOC1 and TNT1 capture 

antibodies were a kind gift from Dr. Nicholas Kanaan, Michigan State University. The primary 

detection antibody was an anti-tau polyclonal rabbit antibody (A002401-2) purchased from 

Agilent (Santa Clara, CA). A goat anti-rabbit IgG (H+L) antibody with an HRP conjugate 

(1706515, Bio-Rad, Hercules, CA) was used as a secondary detection antibody. 

 

Inhibition of tau aggregation: Inhibition assays of arachidonic acid induced filaments were 

performed as previously described95. Two μL of various concentrations of test compounds 

dissolved in DMSO were added to 190.5 µL of polymerization buffer (PB) in 1.7 mL 

microcentrifuge tubes to give a final compound concentration range of 0.8 µM to 200 µM. Final 



24 

 

DMSO concentration was 1%. PB final concentrations were 100 mM NaCl, 5 mM DTT, 10 mM 

HEPES (pH 7.64), 0.1 mM EDTA, and 2 µM 2N4R tau. These mixtures of compound and 

monomeric tau were incubated for 20 minutes at room temperature before the addition of 7.5 µL 

of 2 mM arachidonic acid (ARA) dissolved in 100% ethanol (final volume 200 µL, final ARA 

concentration 75 µM). Reactions were carried out overnight (20 hours) at 25°C. A no-compound 

polymer control containing 1% DMSO and 75 µM arachidonic acid and a no-compound 

monomer control of 1% DMSO and 0 µM arachidonic acid were used as positive and negative 

controls respectively. Inhibition assays of heparin induced filaments were carried out similarly 

but with the following modifications: final NaCl concentration was 25 mM with a final 

concentration of 0.5 µM heparin dissolved in ddH2O, no ethanol was added to any of the heparin 

reactions. Incubation was completed at 37°C for 48 hours. 

 

Disassembly of pre-formed tau filaments: Disassembly reactions were completed by setting up 

reactions in PB as described above prior to adding inhibitor compounds dissolved in DMSO. The 

reactions were given time for tau to completely polymerize (6 hours for arachidonic acid induced 

reactions and 48 hours for heparin induced reactions) before adding inhibitor compound 

dissolved in DMSO to give a final compound concentration range of 0.8 µM to 400 µM (final 

DMSO concentration of 1%) in a 1.7 mL microcentrifuge tube. The reactions were then left to 

incubate for 24 hours at 25°C for arachidonic acid induced filaments and 37°C for heparin 

induced filaments.  

 

Sandwich ELISA: Following inhibition and disassembly reaction incubations samples were 

analyzed using a modified sandwich ELISA assay based on conditions previously described by 
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Combs et. al. 100. Briefly, a Corning 3590 EIA/RIA 96 well microplate was coated with 100 

µL/well of capture antibody [either TOC1 (2 ng/µL) or TNT1 (1 ng/µL)], sealed and incubated 

with gentle agitation overnight at 4ºC. Capture antibodies were diluted in BSB capture buffer 

(100 mM boric acid, 25 mM sodium tetraborate, 75 mM NaCl, 250 µM thimerosal, pH 8.56). 

The plate was then washed 2x with 300 µL/well of BSB wash buffer (100 mM boric acid, 25 

mM sodium tetraborate, 75 mM NaCl, 250 µM thimerosal, 60 mM BSA, 0.1% Tween 20, pH 

8.56). Each well was then blocked with 300 µL of 5% non-fat dry milk (NFDM) dissolved in 

BSB wash buffer, sealed and incubated at room temperature for 1.5 hours with gentle agitation. 

Inhibition or disassembly reaction samples were diluted in 5% NFDM BSB wash buffer to a 

concentration of 100 nM for TOC1 capture antibody and 25 nM for TNT1. To provide an 

internal standard curve, dilution series of no compound polymer and monomer controls were 

added to the plate at a range of (3.125 nM - 400 nM for TOC1 and 3.125 nM - 75 nM for TNT). 

In our hands, the EC50 of the polymerized tau affinity curve was found to be ~105 nM and ~28 

nM for TOC1 and TNT1 respectively (see figure 11, for antibody binding affinity curves). 

Samples were added to a volume of 100 µL/well. Plates were sealed and incubated at room 

temperature for 1.5 hours with gentle agitation. Plates were then washed 2x using BSB wash 

buffer. Next, 100 µL/well of polyclonal rabbit detection antibody diluted to a concentration of 50 

ng/mL in 5% NFDM BSB wash buffer was added. Plates were sealed and incubated at room 

temperature for 1.5 hours with gentle agitation. Plates were washed 2x using BSB wash buffer 

before the addition of 100 µL/well of the goat anti-rabbit IgG secondary detection antibody 

diluted 1:5,000 in 5% NFDM BSB wash buffer. The plate was sealed and incubated at room 

temperature with gentle agitation for 1.5 hours. Plates were then washed 3 x using BSB wash 

buffer before the addition of 50 µL per well of tetramethylbenzidine (TMB) substrate. The plates 
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were then covered and incubated with gentle agitation at room temperature for 20 minutes before 

the addition of 50 µL of a 3.6% H2SO4 stop solution. Readings were taken at an absorbance of 

450 nm using a Varian Cary 50 UV Vis spectrophotometer with a Varian Cary microplate reader. 

Raw data readings were zeroed against the no compound monomeric control and then converted 

to % light absorbance and normalized using the internal no compound polymer control. Half 

maximal inhibitory concentration (IC50) and half maximal disassembly concentration (DC50) 

values were calculated by fitting the data to a log(inhibitor) vs response – variable slope, non-

linear regression curve using Graphpad Prism 8.0. Curves were fit using the following variation 

of the 4PL equation where Top and Bottom refer to the upper and lower plateau of the response 

curve, respectively. 

 

 

 

 

Statistical analyses were completed using a one-way ANOVA multiple comparison Tukey’s test 

to compare values at 200 µM screening concentration and no compound control. Statistical 

significance was defined as ∗ 𝑝 ≤ 0.05;  ∗∗  𝑝 ≤ 0.01;  ∗∗∗ 𝑝 ≤ 0.001. A full summary of p-

values for all ARA induced filament screening experiments can be found in table 2, and all HEP 

induced filament screening experiments in table 3.  

  

Transmission electron microscopy: Inhibition and disassembly samples were diluted 1:10 in 

polymerization buffer and fixed with 2% glutaraldehyde for 5 minutes at room temperature. The 

samples were then affixed to a 300-mesh carbon formvar coated copper grid, purchased from 

𝑌 = 𝐵𝑜𝑡𝑡𝑜𝑚 + (𝑇𝑜𝑝 − 𝐵𝑜𝑡𝑡𝑜𝑚)(1 + 10𝐿𝑜𝑔𝐼𝐶50−𝑋 ∗ 𝐻𝑖𝑙𝑙𝑠𝑙𝑜𝑝𝑒)) 

Equation 1: Log inhibitor vs response – variable slope 
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Electron Microscopy Sciences, (Hatfield, PA) by floating the grid on a 10 µL droplet of sample 

for 1 minute. The grid was then blotted on filter paper and washed on a droplet of ddH2O before 

being blotted and stained by floating the grid on a droplet of 2% uranyl acetate as previously 

described101. The grids were imaged using a JEOL JEM 1400 transmission electron microscope 

fitted with a LaB6 electron source (Electron Microscopy Research Lab, University of Kansas 

Medical Center). Five random images per grid were taken at a 5,000x magnification. Images 

were analyzed using Image Pro Plus 6.0 software by measuring the number, length, area, and 

perimeter of filaments >25 nm in length. Under our experimental conditions, it is very difficult to 

reliably identify filaments less than 25 nm, therefore the assay is limited to tau filaments and 

oligomers greater than 25 nm. IC50 and DC50 values were determined by fitting the data to a 

log(inhibitor) vs response – variable slope non-linear regression curve in Graphpad Prism 8.0 

(see equation 1). 

 

Tubulin polymerization: Assays were completed in triplicate using tubulin polymerization assay 

kits (BK006P) purchased from Cytoskeleton Inc. (Denver, CO). Following the manufacturer’s 

protocol for screening proteins for effects on tubulin polymerization activity, 0.5 µM tau was 

added using a multichannel pipette to a final concentration of 2 mg/mL of tubulin protein with or 

without 40 µM of ANTC-15 or LMTX diluted in DMSO. Tubulin polymerization was monitored 

at 340 nm using a Varian Cary UV Vis Spectrophotometer with Varian Cary microplate reader at 

37°C. Readings were taken every 60 seconds for 61 minutes. Data were fitted to the Finke-

Watzky polymerization equation shown below and analyzed using a paired t-test in Graphpad 

Prism 8.0. 
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[𝐵]𝑡 = [𝐴]0 −

𝑘1

𝑘2
+ [𝐴]0

1 +
𝑘1

𝑘2[𝐴]0
exp (𝑘1 + 𝑘2[𝐴]0)𝑡

 

 

 

Where [𝐵]𝑡 is the amount of tubulin polymerization at time 𝑡, 𝑘1 is the nucleation rate and 𝑘2 is 

the elongation rate (reported 𝑘1 and 𝑘2 values can be found in figure 12). 

 

Acoustic shearing of heparin filaments: No compound 1% DMSO heparin induced fibrils were 

formed as described above. Samples at volumes of 130 µL were transferred to Covaris 

microtube-130 AFA fiber pre-slit snapcap tubes (PN 500514). Samples were then sheared for 0 

seconds, 30 seconds, 180 seconds, and 450 seconds using a Covaris ME220 focused-

ultrasonicator (Covaris Inc. Woburn MA) at 20 °C on settings of 50 W peak power, 20% duty 

factor, and 200 cycles per burst. Using right-angled laser light scattering samples were analyzed 

for their ability to scatter light as previously described 102. Briefly, samples were transferred to a 

5 mm × 5 mm optical glass cuvette (Starna Cells, Atascadero, CA) in the light path of a 532 nm 

wavelength 12 mW solid-state laser operating at 7.6 mW (B&W Tek Inc. Newark, DE) and 

images were captured using a Sony XC-ST270 digital camera with an aperture of f.s. 5.6. Images 

were analyzed using Adobe Photo Shop 2021 by taking histogram readings of the pixel intensity 

across the scattered light path. Following the sandwich ELISA protocol described above, 

samples were analyzed for their affinity towards TOC1 and TNT1 capture antibodies as well as 

being imaged by TEM as described above. 

 

 

Equation 2: Finke-Watzky Polymerization 

Equation. 
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2.3 Results 

 In previous studies of secondary metabolites isolated from the fungus Aspergillus 

nidulans, we have identified multiple compounds that can both inhibit and disassemble tau 

filaments induced by arachidonic acid94, 95. We have since identified a new class of fungal 

secondary metabolite that may act as a tau aggregation inhibitor. The isoquinoline, ANTC-15 

(figure 4A), was studied for its ability to inhibit and disassemble tau filaments in vitro. As an 

external benchmark we wanted to compare the inhibitory activity of ANTC-15 to that of a 

known and extensively studied tau aggregation inhibitor, LMTX (figure 4B). LMTX has been 

shown to inhibit and disassemble tau aggregates in both in vitro and in vivo models. In phase 3 

clinical trials it has shown limited success in the treatment of mild to moderate Alzheimer’s 

disease patients 67, 89. 

 

Figure 4: a. Chemical structure of the isoquinoline, ANTC-15 (7-methyl-3-nonylisoquinoline-6,8-diol). b. Chemical 

structure of the phenothiazine, LMTX® (TRx0237, leuco-methylthionine mesylate salt).  

Initial discovery and isolation of ANTC-15 as a fungal secondary metabolite was complete by Dr. Berl Oakley’s lab 

group and initial identification of ANTC-15 as a tau aggregation inhibitor was completed by Bryce Blankenfeld. 

 

Assembly inhibition assays: 

Typical tau aggregation inhibitor screening studies utilize high throughput methods, such as 

thioflavin T and thioflavin S fluorescence. During studies of both of these compounds we found 
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that they interfered with thioflavin fluorescence at our initial screening concentration of 200 µM 

(Figure 13). We also found that both compounds scattered light in aqueous solution, and we were 

therefore unable to use the standard right-angled laser light scattering aggregation assay (Figure 

13). We therefore used a quantitative sandwich ELISA technique to determine the ability of 

ANTC-15 and LMTX to inhibit in vitro arachidonic acid (ARA) induced tau filament formation 

at an initial concentration of 200 µM (figure 5 A, B). The sandwich ELISA utilizes a polyclonal 

rabbit total tau detection antibody (A0024) and two monoclonal toxic-conformation-sensitive 

capture antibodies (TOC1 and TNT1) that have a high affinity for toxic tau species that are 

enriched during aggregation100 with a linear dependence on the total amount of aggregates 

(figure 11). The tau oligomeric complex (TOC1) antibody recognizes toxic tau oligomers that are 

induced by arachidonic acid and heparin, as well as pathological tau from Alzheimer’s disease 

(AD) and chronic traumatic encephalopathy (CTE) brain tissue103-105. The tau N-terminal (TNT1) 

antibody recognizes the phosphatase-activating domain (PAD) of the N terminus of tau, an 

epitope that is present in early-stage tau aggregation generated in vitro and found in both AD and 

CTE brain tissue14, 104.  

In these assays, ANTC-15 almost completely inhibited the formation of both TOC1 and TNT1 

reactive tau species that were induced by ARA (figure 5 A, B). In contrast, LMTX had no 

significant effect on the formation of TNT1-reactive species and caused a significant increase in 

the amount of TOC1-reactive species (Figure 5 A, B). Transmission electron microscopy (TEM) 

was used to visualize the effect of these compounds at a range of concentrations (3 µM to 200 

µM). Representative TEM micrographs show the effects of ANTC-15 (figure 5 E-H) and LMTX 

(figure 5 I-L) on ARA-filament formation. Quantification of both the average number of 

filaments per image and total filament length present on the TEM micrographs treated with 200 
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µM ANTC-15 confirmed that ANTC-15 significantly decreased the number and total length of 

tau filaments induced by ARA. LMTX at 200 µM, however, caused an increase in the length and 

numbers of filaments (figure 14). 

 

Figure 5: Inhibition of ARA induced filaments. 

Initial inhibition assay of 200 µM ANTC-15 and LMTX against arachidonic acid (ARA) induced tau filaments. 

Sandwich ELISA using TOC1 capture antibody and TNT1 capture antibody (A and B, respectively) normalized 

against 1% DMSO no compound control (No compound =100). Samples were compared to no compound control 

using a Tukey’s multiple comparison test, (p-values of all comparisons can be found in Table 2 ), ∗ 𝑝 ≤ 0.05;  ∗∗
 𝑝 ≤ 0.01;  ∗∗∗ 𝑝 ≤ 0.001, 𝑛𝑠 𝑑𝑒𝑛𝑜𝑡𝑒𝑠 𝑛𝑜 𝑠𝑖𝑔𝑛𝑖𝑓𝑖𝑐𝑎𝑛𝑡 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒. Representative transmission electron 

micrographs at 5000x magnification of no compound control (C), no arachidonic acid monomer control (D), ANTC-

15 (E-H) and LMTX (I-L) at concentrations of 200 µM, 100 µM, 25 µM, 3 µM (left to right). Scale bar in 2L 

represents 500 nm for all images. 

LMTX was first identified as a potent inhibitor of heparin induced filaments90. We therefore 

compared the ability of LMTX and ANTC-15 to inhibit heparin induction of tau aggregation 

(figure 6). There was a significant decrease in TOC1 and TNT1 reactive species in the presence 
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of 200 µM LMTX, however, no significant difference was observed in the presence of 200 µM 

ANTC-15. Quantification of the average number of filaments per image and total filament length 

based on TEM micrographs confirmed the finding from the ELISA experiments that LMTX 

significantly inhibited the number and total length of heparin induced filaments (figure 14). 

Representative TEM micrographs (figure 6 E-H) show the effects of ANTC-15 and LMTX 

(figure 6 I-L) on heparin induced filament formation. 

 

Figure 6: Inhibition of heparin induced filaments. 

A, B: Initial inhibition assay of 200 µM compound concentration of ANTC-15 and LMTX against heparin (Hep) 

induced tau filaments. Sandwich ELISA using TOC1 capture antibody and TNT1 capture antibody (A and B, 

respectively) normalized against 1% DMSO no compound control (No compound =100). Samples were compared to 

no-compound controls using a Tukey’s multiple comparison test, (p-values of all comparisons can be found in  

Table 3) ∗ 𝑝 ≤ 0.05;  ∗∗  𝑝 ≤ 0.01;  ∗∗∗ 𝑝 ≤ 0.001, ns denotes no significant difference. Representative 

transmission electron micrographs at 5000x magnification of no compound control (C), no heparin monomer control 
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(D), ANTC-15 (E-H) and LMTX (I-L) at concentrations of 200 µM, 100 µM, 25 µM, 3 µM (left to right). Scale bar 

in 2L represents 500nm for all images. 

 

Disassembly assays: 

In disease, tau pathology is thought to develop long before symptom onset29. Therefore, when 

identifying compounds that act as TAIs, it is also useful to determine if these molecules can 

disassemble pre-formed fibrils (PFFs). In addition, due to the structural stability of amyloid 

folds, compounds that are able to disassemble PFFs are unlikely to inhibit tau aggregation 

through interfering with the inducer mechanism. To evaluate the abilities of ANTC-15 and 

LMTX to disassemble PFFs, we added each compound after the filaments had fully polymerized, 

incubated the PFFs with compound for 24 hours and then determined the amount of remaining 

aggregates by sELISA. 

When ARA induced PFFs were treated with 200 µM ANTC-15, there was a significant decrease 

in TOC1 and TNT1 reactive species (figure 7 A, B). There was approximately a 50% reduction 

in TOC1 reactive species and 40% reduction in TNT1 reactive species. The addition of LMTX to 

ARA-PFFs caused an increase in TOC1 reactive species and had no effect on TNT1 reactive 

species (figure 7 A, B), which is consistent with results from ARA-aggregation induction trials 

(compare to figure 5).  

  

We also compared the activity of ANTC-15 and LMTX to disassemble heparin PFFs. There was 

no significant change in heparin induced TOC1 and TNT1 reactive species with 200 µM ANTC-

15 (figure 7 C, D). There were significant increases in TOC1 species in samples treated with 200 

µM LMTX (figure 7 C), however, changes in TNT1 reactive species were not significantly 

different from the no-compound control when analyzed using a Tukey’s multiple comparison test 



34 

 

(figure 7 D). We were interested to see if the increase in TOC1 and TNT1 species observed in 

the presence of LMTX could be caused by the change in filament length distributions. Therefore, 

we used quantitative TEM to measure the changes in filament length distribution in samples 

treated with 200 µM LMTX. Compared to the no compound control, an increase in the number 

of small filaments (25 nm - 50 nm) was observed with 200 µM LMTX (figure 15). 

 

Figure 7: Disassembly of ARA and heparin PFF. 

Disassembly assay of 200 µM of ANTC-15 and LMTX against arachidonic acid (ARA) induced tau filaments (A-B) 

and heparin (Hep) induced tau filaments (C-D). Sandwich ELISA using TOC1 capture antibody (left) and TNT1 

capture antibody (right) normalized against 1% DMSO no compound control (No compound =100). Samples were 

compared to no compound control using a Tukey’s multiple comparison test, (p-values of all comparisons can be 

found in Table 2). ∗ 𝑝 ≤ 0.05;  ∗∗  𝑝 ≤ 0.01;  ∗∗∗ 𝑝 ≤ 0.001, ns denotes no significant difference. 
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Dose dependence studies: 

Due to ANTC-15’s ability to inhibit and disassemble ARA induced filaments at high 

concentrations, we sought to measure the relative efficacy of ANTC-15 by determining the 

values for IC50 and DC50 (figure 8). ANTC-15 concentrations ranged from 3 µM to 400 µM and 

experiments were completed in triplicate to establish an IC50 and DC50 for each of two antibodies 

that recognize toxic species of tau (TOC1 and TNT1) and by average number of filaments per 

image and total length of filaments as measured by transmission electron microscopy. Similar 

IC50 values were obtained by sandwich ELISA for TOC1 and TNT1 tau species for ANTC-15, 

(35 µM and 47 µM respectively). These values were in general agreement with IC50 values 

obtained by quantitative EM for the average number of filaments per image (33 µM) and the 

total filament length (25 µM) (figure 8 A, C, and E). By both sandwich ELISA and EM, 

complete inhibition of ARA-induced aggregation occurred at approximately 100 µM.  

  

Disassembly was determined by quantitation of TOC1 and TNT1 species remaining after 

incubation of ARA-PFFs. At the highest concentration tested ANTC-15 reduces the amount of 

PFF approximately 50% and 40% respectively (Figure 8 B). We cannot accurately determine the 

value of the DC50 by sELISA because, by definition, there cannot be a half maximal 

concentration for disassembly if the amount of disassembly does not reach 100%. However, the 

sELISA results with TOC1 indicates that there is an estimated 50% reduction in PFF at an 

approximate concentration of 200 µM compound. Our analysis of the average number of 

filaments remaining after treatment of ARA-PFFs with ANTC-15 using TEM revealed a 

decrease of approximately 90% in the average number of filaments at the highest ANTC-15 

concentrations used (figure 8 D) and a decrease of in total filament length of approximately 80% 
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(figure 8 F). Again, we are not able to accurately determine an absolute value for the DC50 as 

determined by TEM, but a rough estimation of the data suggests that there is a 50% reduction in 

the average number of PFF at 200 µM and a 50% reduction in the total mass of ARA PFF at 250 

µM. 

 

Figure 8: Dose dependence of ARA induced filaments using ANTC-15. 

ANTC-15 dose dependence: inhibition of ARA-filaments (A, C, & E) and disassembly of ARA pre-formed 

filaments (PFF) (B, D, & F). Inhibition and disassembly of both TOC1 (open circles) and TNT (closed circles) 

reactive species as shown by sandwich ELISA at different concentrations of ANTC-15 (A & B). Inhibition and 

disassembly of the average number of filaments as determined by TEM at different concentrations of ANTC-15 (C 

& D). Inhibition and disassembly of total filament length as determined by TEM at different concentrations of 

ANTC-15 (E & F). 
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The analogous experiments using heparin induced filaments to identify a dose dependent 

response to LMTX were also completed (figure 16). However, the data from these experiments 

could not be used to calculate an IC50 and DC50 for the following reasons. 1) LMTX appears to 

form many small tau oligomers that are reactive to both TOC1 and TNT1 antibodies, as well as 

being detectable by TEM. Other groups have shown that this is the case with the closely related 

compound, methylene blue with a reported IC50 value of 1.9 µM 106. 2) the previously reported 

IC50 values of LMTX inhibition of tau filament formation in a cell free environment have been 

shown to be much lower than the IC50 based on cell free tau-tau binding assays (analogous to the 

sandwich ELISA assay used in this study) 107. Therefore, LMTX appears to interact with tau 

through two different mechanisms; one that breaks down larger filaments into small oligomers 

within a low micromolar concentration range, and one that blocks tau-tau binding at a high 

micromolar concentration range. 3) Due to heparin induced filaments being much longer than 

those induced by ARA, it is difficult to reliably measure subtle changes in total filament length 

and number of filaments to be able to calculate IC50 and DC50 values. 4) The differences of how 

LMTX, and other closely related molecules interact with heparin induced tau filaments and cell-

based tau aggregation assays have been extensively studied by other groups and therefore were 

considered to be outside the scope of this study106, 107.  

 

Tubulin polymerization: 

An important feature of any potential TAI should be that it does not inhibit the normal functions 

of tau, due to the large potential for side effects through a toxic loss of tau function. We therefore 

compared the microtubule stabilization properties of tau with and without ANTC-15 and LMTX 
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(figure 9). The probability that the differences occurred by chance is 78% for ANTC-15 (p=0.78) 

and 9% for LMTX (p=0.09), which are both higher than the widely accepted 5% threshold for 

significance (p=0.05). Similarly, neither ANTC-15 nor LMTX caused a significant alteration of 

the nucleation rate (k1) in comparison with the tubulin-with-tau control, although the p-values 

once again suggest ANTC-15 has less effect than LMTX (0.7 and 0.13 respectively). However, 

the analysis did show a significant difference between the tubulin-with-tau elongation rate (k2) 

and the samples with LMTX, but not with ANTC-15 (p-values of 0.021 and 0.24, respectively). 

Figure 12 contains a summary table of tubulin polymerization assay p-values along with graphs 

of the maximum polymerization, elongation rate (k1), elongation rate (k2), as well as graphed 

data for tubulin only with and without ANTC-15 and LMTX.   

 

Figure 9: Tubulin polymerization in the presence of ANTC-15 and LMTX. 

Tubulin (Tb) at a final concentration of 2 mg/mL was incubated at 37°C with or without inhibitor compound at a 

concentration of 40 µM in the presence of tau at a concentration of 0.5 µM. Data was then normalized against a 

taxol (10 µM) positive control and fit to a Finke-Watzky polymerization curve. 
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2.4 Discussion 

 There has been a recent realization of the need for treatments for Alzheimer’s disease and 

Alzheimer’s disease related dementias that directly reduce the pathological accumulation of 

aggregated tau. There are efforts to reduce the expression of tau, to reduce post-translational 

modifications of tau, to increase the clearance of abnormal tau, to repair the functional loss of tau 

by stabilizing microtubules, to reduce the prion-like spread of tau, and to inhibit or reverse the 

aggregation of tau108.  

Techniques such as PET imaging, cognitive diagnostic tests, and analysis of post mortem tissue 

have shown that the underlying pathology of tau aggregation can occur in neurons many years, 

or even decades prior to symptom onset and disease diagnosis109. Therefore, it is important to be 

able to develop compounds that can not only inhibit filament formation, but also disassemble 

previously formed filaments. Due to the thermodynamic stability of the amyloid fold formed 

during tau aggregation, filaments are extremely stable. This stability means using inhibitory 

molecules to prevent the conversion of inert monomeric tau to aggregate competent monomer, or 

aggregated tau, is not sufficient to disassemble previously formed filaments.  Unfortunately, 

current compound screening approaches have not yet provided a viable therapeutic that has been 

successful in phase III clinical trials. The phenothiazine tau aggregation inhibitor compound 

LMTX showed some promise in early clinical studies, but did not meet pre-trial objectives in 

comparison with the placebo control of low LMTX dosage89. Further trials with low dosages of 

LMTX are currently underway67. 

 

Our efforts to identify TAIs from the fungal secondary metabolome of A. nidulans has yielded 

several compounds with TAI activity94, 95, including the isoquinoline compound ANTC-15 
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identified in this study. ANTC-15 almost completely inhibited the formation of ARA induced 

filaments at a concentration of 100 µM compound as shown by oligomer specific antibody 

ELISA and by electron microscopy. ANTC-15 also disassembled ARA-preformed filaments at 

high compound concentrations by almost 50% as determined by ELISA and 80-90% as 

determined by electron microscopy. We interpret this difference as potentially being due to 

differences in the sensitivity of the assays. For example, the capture antibodies used in the 

sandwich ELISA are conformationally sensitive antibodies with a high affinity towards 

aggregated tau protein. The protocol was carefully optimized by titering the antibodies against a 

standard curve of diluted aggregate and monomeric samples to ensure that the differentiation 

between monomeric and aggregate tau in our reactions was in a linear range (figure 11). 

However, it is likely that TOC1 and TNT1 antibodies bind to structures smaller than the 

approximately 25 nm limit of resolution by TEM.  

 

Using dose dependence studies of ANTC-15 to inhibit ARA induced fibrils, we were able to 

calculate the IC50 of ANTC-15 being between 25 µM and 47 µM, depending on the assay used, 

ELISA or TEM (figure 8 A, C, and E). The inhibition dose-response curves show high Hill 

coefficients (>1.5) as summarized in table 4. Hill coefficient values >1 are typically considered 

to be an indication of a complex inhibitory mechanism. Many previously identified tau 

aggregation inhibitors have also been reported to have Hill coefficients >1 as shown by the NIH 

databank entry AID 1460. As discussed by Heino Prinz110,  there could be several reasons for a 

Hill coefficient other than 1, including; ligand cooperativity or ligand micellization, protein and 

ligand stoichiometry other than 1:1, protein denaturation that leads to an increase in the number 

of ligand binding sites, or a complex mixture of several of these factors.  
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Due to the hydrophobic nature of ANTC-15 it is unlikely to be a biologically useful compound in 

its current form. In addition, potential hydrophobic interactions between ANTC-15 and the ARA 

inducer molecule cannot be ignored. However, the ability of ANTC-15 to disassemble the 

extremely stable ARA PFF suggests that its activity is not solely due to interactions with the 

ARA inducer. 

 

Although ANTC-15 has activity to inhibit tau aggregation and disassemble pre-formed filaments, 

the micromolar concentration required for this activity are too high for it to be consider a 

potential therapeutic candidate as most drugs tend to be effective at nanomolar concentrations. 

However, we were interested to see if ANTC-15 could be used as a molecular probe for further 

investigation of in vitro tau aggregation models. We therefore used the TAI LMTX as an 

external benchmark that had already been shown to inhibit tau filament formation at relatively 

low concentrations in both in vitro and in vivo assays. To our surprise, LMTX had very little 

effect on the formation of ARA-filaments or in disassembling ARA-preformed filaments both in 

ELISA assays and as determined by electron microscopy. 

 

Because LMTX was first identified as a TAI using heparin as an inducer of tau aggregation 

rather than ARA90, we sought to test both ANTC-15 and LMTX against heparin induced 

filaments. The results were opposite to those obtained with ARA-induced filaments: LMTX was 

effective as a TAI against heparin induced filament formation while ANTC-15 had little to no 

TAI activity against heparin induced aggregation. The most striking example of this is that at 200 

µM LMTX, the very long filaments characteristic of heparin-induced aggregation were virtually 
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non-existent. In the presence of ANTC-15, there was little to no reduction in the number of long 

heparin-induced filaments (although there was an increase in smaller filaments). ANTC-15 also 

had no effect on heparin pre-formed filaments, while the addition of LMTX to heparin pre-

formed filaments actually increased the number of TOC1 reactive species and had no significant 

effect on TNT1 reactive species while an increase in the number of smaller filaments was 

observed by electron microscopy. This increase in smaller filaments could account for the 

increase in TOC1 reactive species as breaking down filaments can result in increased antibody 

binding site availability. For example, acoustic shearing can be used to break apart long 

filaments into small oligomers and therefore increase the number of available binding sites of 

both TOC1 and TNT1 antibodies (figure 17). Although tau aggregation in disease is still not 

fully understood, it is widely accepted that small oligomers may play an important role in 

pathology111-113. Therefore, potential therapeutic candidates that inhibit tau filament formation, 

but promote the formation of smaller oligomers may potentially increase the neurotoxic or 

neurodegenerative effects of tau aggregation. There is also a growing consensus that the spread 

of tau aggregation occurs in a prion-like fashion, where inert monomeric tau is converted to a 

seed-competent tau aggregate that can further oligomerize12. For these reasons, it is important to 

study the effects of TAIs on the formation of large filaments and oligomers using visualization 

methods such as TEM as well as conformation changes to the protein using 

immunohistochemical techniques.  

 

Recent developments in cryo-electron microscopy have allowed researchers to solve high 

resolution structures of tau fibrils isolated from multiple tauopathies32, 39, 40. These discoveries 

have shed new light on, and garnered support for, the hypothesis that tau fibrils from different 
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diseases are distinct structures with unique properties. In light of this finding, it is important that 

we identify inducers that form disease relevant filaments in vitro to screen potential therapeutic 

TAI compounds. In vitro models will likely have to be disease specific. For example, a potent 

compound that targets the interface between PHFs in AD is unlikely to be as effective against the 

different set of residues at the interface of filaments from Pick’s disease. In addition, cryo-EM 

and pulsed electron paramagnetic resonance structural studies have revealed that at least one 

common in vitro aggregation inducer (heparin) does not appear to form structures relevant to 

disease59, 114. These findings may explain why potential therapeutic molecules that inhibit 

filaments in vitro and in specific in vivo models, have poor results when used in humans in 

clinical trials115. In this study we have shown how two different small molecules can have quite 

different effects on assembly and disassembly of filaments induced by ARA versus those 

induced by heparin.  

 

Molecular dynamics and drug discovery efforts using heparin induced tau filaments may not 

represent the true nature of authentic tau aggregation in vivo. While a compelling argument can 

be made for arachidonic acid as a biologically relevant aggregation inducer of tau due to: 1) its 

relative abundance in the cell, especially during times of oxidative stress, 2) in vitro filaments 

appearing to have similar gross morphological traits as the straight filaments isolated from AD in 

regards to average length, width, and periodicity99 and 3) antibodies that have been raised against 

ARA induced filaments having a high affinity to epitopes in diseased AD brain tissue, as well as 

tissue isolated from CTE brains14, 103, to date there are no high-resolution structures of 

arachidonic acid induced filaments and therefore, the atomic similarities to filaments from 

diseases are unknown.   
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Our data are consistent with the possibility that ARA and heparin induce the formation of tau 

aggregates that are structurally distinct and that ANTC-15 and LMTX have differing activities 

against the two structures. Because of the differences in properties of the inducers and because of 

differences in the chemical structures of the compounds, we cannot rule out the possibility that 

our results could be explained by a more complex mechanism beyond any potential structural 

differences in ARA and heparin filaments. For example, ANTC-15 is highly hydrophobic and 

could have a preferential interaction with ARA or ARA/tau complexes. Similarly, LMTX could 

have a preferential interaction with the polyanionic heparin inducer. These and potentially other 

complexities could help to explain the very steep dose-response curves of inhibition observed. 

Further experimentation will be required to fully elucidate the mechanisms of inhibition and 

disassembly. However, unless future structural studies can demonstrate that these in vitro 

filaments have structures related to those found in disease, the mechanisms of inhibition may not 

have direct biological relevance to AD and ADRDs. 

 

Our data suggests that it is important to begin developing new screening techniques that utilize a 

range of different types of tau aggregation inducer molecules, seeding assays, and spontaneous 

aggregation models, rather than relying on one particular inducer molecule. Long term goals 

must aim to identify whether artificially induced aggregates in vitro generate structures relevant 

to disease and also identify to which disease they are specific, to enhance the potential for 

success in future clinical trials. Until we can verify that artificially induced in vitro tau 

aggregates have sufficient structural similarities to those found in disease, the evaluation of 

potential TAIs such as ANTC-15 must be interpreted with an abundance of caution. 
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2.5 Supplementary Information:

 

Figure 10: Synthesis scheme for ANTC-15 completed by Shibin Chacko and Chamani Perera. 

 

Synthesis of ANTC-15 

7-methyl-3-nonylisoquinoline-6,8-diol (ANTC-15, 6): Synthesis of ANTC-15 (6) was carried 

out according to the scheme illustrated in Figure 10. First 2,4-dimethoxy-3-methylbenzaldehyde 

(1) was protected using N, N dimethyl ethylenediamine to give compound 2 in 98% yield. 

Compound 2 was then brominated in the presence of tBuLi to give the bromo compound 3. 

Deprotection of 3 in the presence of 2N HCl resulted in aldehyde 4. Subsequent Palladium 

mediated alkylation of 4 with 1-Undecyne followed by cyclization in the presence of ammonium 

acetate gave compound 5. Final removal of the methoxy groups in the presence of BBr3 resulted 

in the desired compound ANTC-15 (6) in 90% yield as a yellow solid. 1H NMR (500 MHz, 

DMSO-d6): δ 9.34 (s, 1H), 7.83 (s, 1H), 6.93 (s, 1H), 2.90 (t, J = 7.7 Hz, 2H), 2.21 (s, 3H), 1.75-

1.69 (m, 2H), 1.38 – 1.14 (m, 12H), 0.85 (t, J = 6.9 Hz, 3H).13C NMR (126 MHz, DMSO): δ 

166.3, 155.4, 145.2, 140.9, 139.5, 119.7, 114.4, 114.2, 100.4, 32.5, 31.7, 29.3, 29.1 (2C), 29.0, 

28.8, 22.5, 14.4, 9.7. HRMS for C19H28NO2 (M + H)+ Calculated 302.2120; Found 302.1327. 
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Figure 11: Affinity curves for TOC1 and TNT1. 

Affinity curve of TOC1 (top) and TNT1 (bottom) monoclonal antibodies against a series dilution of aggregated and 

monomeric tau using ELISA. Y-axis signal has been converted to % light absorbed and normalized against an 

internal positive control. EC50 represents the concentration of aggregated tau at which a 50% signal is present based 

on the best fit of the following agonist vs response equation.  
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Figure 12: Tubulin polymerization assay supplementary information. 

Tubulin Polymerization Assay: Summary table of p-value results following t-test analysis comparing tubulin with 

tau and with either ANTC-15, or LMTX, to tubulin with tau no compound (1% DMSO) control (A). Graphed data 

summarized in table 1; maximum tubulin polymerization (B), nucleation rate (k1) (C), and elongation rate (k2) (D). 

Tubulin only (open circles) and tubulin with 40µM ANTC-15 (E, closed circles) or 40µM LMTX (F, closed circles) 

polymerization data fitted to F-W polymerization curve. Samples were compared to no compound control using a t-

test.     

∗ 𝑝 ≤ 0.05;  ∗∗  𝑝 ≤ 0.01;  ∗∗∗ 𝑝 ≤ 0.001, ns denotes no significant difference. 
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Compound interference with LLS and ThS assays: Right-angled laser light scattering intensity (a.u.) with a 

maximum y-axis saturation of 255, showing light scattering of compounds in aqueous polymerization buffer 

conditions. Samples were zeroed against a 1% DMSO control, A. Thioflavin S fluorescence showing the effect of 

compound on a standard ThS fluorescence assay. Values were normalized as a percentage of no compound (1% 

DMSO) control. All compounds, or DMSO, were added to polymerized filaments immediately prior to completing 

the ThS assay, B.  

Figure 13: Compound interference with LLS and ThS assays. 
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Figure 14: Quantification of TEM micrographs of initial inhibition assay using ANTC-15 and LMTX. 

Quantification of TEM micrographs of initial inhibition assay of 200 µM ANTC-15 and LMTX against arachidonic 

acid (ARA) and heparin (Hep) induced tau filaments with no compound (NC) and no arachidonic acid or no heparin 

(NA and NH respectively). Number of filaments induced by ARA (A), total filament length induced by ARA (B), 

number of filaments induced by heparin (C), total filament length induced by heparin (D). Samples were compared 

to no compound control using an unpaired t-test, ∗ 𝑝 ≤ 0.05;  ∗∗  𝑝 ≤ 0.01;  ∗∗∗ 𝑝 ≤ 0.001. 
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Figure 15: Length distribution of pre-formed heparin filaments treated with LMTX. 

Length distribution (determined by TEM) of pre-formed filaments induced by heparin treated with 200µM LMTX as 

compared to a no-compound control. Horizontal bars represent bin sizes, vertical error bars represent standard 

deviation. A. Average number of filaments per image. B. total filament length. 
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Figure 16: LMTX dose dependence studies. 

LMTX dose dependence: inhibition of HEP-filaments (A, C, & E) and disassembly of HEP pre-formed filaments 

(PFF) (B, D, & F). Inhibition and disassembly of both TOC1 (open circles) and TNT (closed circles) reactive 

species as shown by sandwich ELISA at different concentrations of LMTX (A & B). Inhibition and disassembly of 

the average number of filaments as determined by TEM at different concentrations of LMTX (C & D). Inhibition 

and disassembly of total filament length as determined by TEM at different concentrations of LMTX (E & F). “Did 

not fit model” refers to use of a log inhibitor vs response – four parameter equation (equation 1 in methods), the data 

collected in these experiments did not fit this equation. 



52 

 

 

Figure 17: Acoustic shearing of heparin induced filaments. 

Shearing of HEP induced tau filaments. Representative TEM micrograph showing filaments after acoustic shearing 

for 0 seconds A1., 30 seconds A2., 180 seconds A3., and 450 seconds A4. Scale bar in figure A4 represents 500 nm 

for all images. Changes in right-angled laser light scattering of each sample using a IIIb laser light source with a 

wavelength of 532 nm, B. Immuno-reactivity by ELISA of each sample using capture antibody TNT1 9C and TOC1 

9D. 
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Table 2: ARA Tukey's multiple comparison p-value summary. 

Summary of Tukey’s multiple comparison test p-values from ARA induced inhibition and disassembly screening 

experiments. Using 200 µM LMTX or ANTC-15 compound concentration compared to NC (no compound, 1% 

DMSO) positive control and NA (no ARA, 1% DMSO) negative control. TOC and TNT results are based on 

sELISA experiments, and total filament length and average number of filaments was determined by quantitative 

transmission electron microscopy.  ∗ 𝑝 ≤ 0.05;  ∗∗  𝑝 ≤ 0.01;  ∗∗∗ 𝑝 ≤ 0.001. 

 

Table 2 

ARA Inhibition - TOC ARA Inhibition - TNT 

Comparison Summary/p-value Comparison Summary/p-value 

NC vs NA 

NC vs ANTC-15 

NC vs LMTX 

NA vs ANTC-15 

NA vs LMTX 

ANTC-15 vs LMTX 

***/<0.001 

***/<0.001 

***/<0.001 

**/0.005 

***/<0.001 

***/<0.001 

NC vs NA 

NC vs ANTC-15 

NC vs LMTX 

NA vs ANTC-15 

NA vs LMTX 

ANTC-15 vs LMTX 

***/<0.001 

***/<0.001 

ns/0.5 

ns/0.18 

***/<0.001 

***/<0.001 

ARA Inhibition - Total Filament Length ARA Inhibition - Average Number of Filaments 

Comparison Summary/p-value Comparison Summary/p-value 

NC vs NA 

NC vs ANTC-15 

NC vs LMTX 

NA vs ANTC-15 

NA vs LMTX 

ANTC-15 vs LMTX 

***/<0.001 

***/<0.001 

***/<0.001 

ns/>0.999 

***/<0.001 

***/<0.001 

NC vs NA 

NC vs ANTC-15 

NC vs LMTX 

NA vs ANTC-15 

NA vs LMTX 

ANTC-15 vs LMTX 

***/<0.001 

***/<0.001 

***/<0.001 

ns/>0.999 

***/<0.001 

***/<0.001 

ARA Disassembly - TOC ARA Disassembly - TNT 

Comparison Summary/p-value Comparison Summary/p-value 

NC vs NA 

NC vs ANTC-15 

NC vs LMTX 

NA vs ANTC-15 

NA vs LMTX 

ANTC-15 vs LMTX 

***/<0.001 

**/0.001 

*/0.01 

**/0.003 

***/<0.001 

***/0.001 

NC vs NA 

NC vs ANTC-15 

NC vs LMTX 

NA vs ANTC-15 

NA vs LMTX 

ANTC-15 vs LMTX 

***/<0.001 

***/<0.001 

ns/0.19 

***<0.001 

***/<0.001 

**/0.003 

ARA Disassembly - Total Filament Length ARA Disassembly - Average Number of Filaments 

Comparison Summary/p-value Comparison Summary/p-value 

NC vs NA 

NC vs ANTC-15 

NC vs LMTX 

NA vs ANTC-15 

NA vs LMTX 

ANTC-15 vs LMTX 

***/<0.001 

***/<0.001 

***/<0.001 

***/<0.001 

***/<0.001 

***/<0.001 

NC vs NA 

NC vs ANTC-15 

NC vs LMTX 

NA vs ANTC-15 

NA vs LMTX 

ANTC-15 vs LMTX 

***/<0.001 

***/<0.001 

ns/0.9737 

***/<0.001 

***/<0.001 

***<0.001 
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Table 3 

HEP Inhibition - TOC HEP Inhibition - TNT 

Comparison Summary/p-value Comparison Summary/p-value 

NC vs NH 

NC vs ANTC-15 

NC vs LMTX 

NH vs ANTC-15 

NH vs LMTX 

ANTC-15 vs LMTX 

***/<0.001 

ns/0.57 

**/0.003 

***/<0.001 

ns/0.71 

***/<0.001 

NC vs NH 

NC vs ANTC-15 

NC vs LMTX 

NH vs ANTC-15 

NH vs LMTX 

ANTC-15 vs LMTX 

***/<.001 

ns/>.99 

**/0.001 

***/<0.001 

ns/0.2 

**/0.002 

 

HEP Inhibition - Total Filament Length HEP Inhibition - Average Number of Filaments 

Comparison Summary/p-value Comparison Summary/p-value 

NC vs NH 

NC vs ANTC-15 

NC vs LMTX 

NH vs ANTC-15 

NH vs LMTX 

ANTC-15 vs LMTX 

***/<0.001 

***/<0.001 

***/<0.001 

***/<0.001 

ns/0.999 

***/<0.001 

NC vs NH 

NC vs ANTC-15 

NC vs LMTX 

NH vs ANTC-15 

NH vs LMTX 

ANTC-15 vs LMTX 

ns/0.3067 

***/<0.001 

ns/0.3647 

***/<0.001 

ns/0.9993 

***/<0.001 

HEP Disassembly - TOC HEP Disassembly - TNT 

Comparison Summary/p-value Comparison Summary/p-value 

NC vs NH 

NC vs ANTC-15 

NC vs LMTX 

NH vs ANTC-15 

NH vs LMTX 

ANTC-15 vs LMTX 

***/<0.001 

ns/0.66 

***/<0.001 

***/<0.001 

***/<0.001 

***/<0.001 

NC vs NH 

NC vs ANTC-15 

NC vs LMTX 

NH vs ANTC-15 

NH vs LMTX 

ANTC-15 vs LMTX 

***/<0.001 

ns/0.2 

ns/0.71 

***/<0.001 

***/<0.001 

*/0.04 

HEP Disassembly - Total Filament Length HEP Disassembly - Average Number of Filaments 

Comparison Summary/p-value Comparison Summary/p-value 

NC vs NH 

NC vs ANTC-15 

NC vs LMTX 

NH vs ANTC-15 

NH vs LMTX 

ANTC-15 vs LMTX 

***/<0.001 

ns/0.9954 

ns/0.3640 

***/<0.001 

***/<0.001 

ns/0.4883 

NC vs NH 

NC vs ANTC-15 

NC vs LMTX 

NH vs ANTC-15 

NH vs LMTX 

ANTC-15 vs LMTX 

***/<0.001 

*/0.0198 

ns/0.1124 

**/0.0047 

***/<0.001 

***/<0.001 

 

Table 3: Heparin Tukey's multiple comparison p-value summary. 

Summary of Tukey’s multiple comparison test p-values from HEP induced inhibition and disassembly screening 

experiments. Using 200 µM LMTX or ANTC-15 compound concentration compared to NC (no compound, 1% 

DMSO) positive control and NH (no heparin, 1% DMSO) negative control. TOC and TNT results are based on 

sELISA experiments, and total filament length and average number of filaments was determined by quantitative 

transmission electron microscopy.  ∗ 𝑝 ≤ 0.05;  ∗∗  𝑝 ≤ 0.01;  ∗∗∗ 𝑝 ≤ 0.001. 
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Table 4: Summary of ANTC-15 ARA inhibition Hill slopes. 

Summary of hill slope values calculated by fitting dose dependence data to a four parameter logistic inhibitor vs 

response non-linear regression equation. Hill slope values are reported as negative due to the plot being of an 

antagonistic response. 

𝑌 = 𝐵𝑜𝑡𝑡𝑜𝑚 + (𝑋𝐻𝑖𝑙𝑙𝑠𝑙𝑜𝑝𝑒) ∗
𝑇𝑜𝑝 − 𝐵𝑜𝑡𝑡𝑜𝑚

𝑋𝐻𝑖𝑙𝑙𝑠𝑙𝑜𝑝𝑒 + 𝐸𝐶50𝐻𝑖𝑙𝑙𝑠𝑙𝑜𝑝𝑒
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Dose dependence inhibition experiment Hill Slope ± Standard 

deviation 

ANTC-15 Inhibition of ARA TOC1 reactive species (ELISA) -4.52 ± 0.99 

ANTC-15 Inhibition of ARA TNT1 reactive species (ELISA) -3.38 ± 0.61 

ANTC-15 Inhibition average number of ARA filaments (TEM) -3.44 ± 1.2 

ANTC-15 Inhibition of total ARA filament length (TEM) -1.92 ± 1.14 
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Chapter 3: In vitro tau aggregation inducer molecules dictate our understanding of the 

effects of MAPT mutations on aggregation dynamics.  

 

3.1 Introduction 

 Neurodegenerative disorders are often characterized by the aggregation of one or more 

proteins116. In Alzheimer’s disease (AD) and Alzheimer’s disease related dementias (ADRDs), 

the microtubule associated protein tau accumulates within neurons and glia of the central 

nervous system. These terminal maladies are not only devastating to the 6.2 million Americans 

who suffer from them, but also cause patients to require round the clock care during advanced 

stages of disease. This effect is felt more broadly by society as AD and ADRDs are estimated to 

have associated health care costs of $355 billion in the United States for 2021 and an estimated 

11 million unpaid caregivers84. To make matters worse, the number of cases and associated costs 

of AD and ADRDs are expected to rise dramatically over the next few decades. 

 

The aberrant accumulation of tau into beta sheet enriched amyloid folds correlates strongly with 

the progression and severity of cognitive decline in AD patients85. In AD, tau primarily 

accumulates into twisted filamentous structures called paired helical filaments (PHFs) and 

straight filamentous structures called straight filaments (SFs). Other tauopathies can include 

PHFs or SFs, but many are characterized by tau filaments dissimilar to those found in AD. 

ADRDs include Pick’s disease, progressive supranuclear palsy, corticobasal degeneration, 

chronic traumatic encephalopy, as well as other frontotemporal dementias with Parkinsonism 

linked to chromosome 17 (FTDP-17, or familial frontotemporal dementias - fFTD). FTDP-17 

tauopathies are of particular interest to the research field because as well as having tau 
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accumulation as a histopathological hallmark, they have been associated with over 50 different 

intronic and exonic mutations of the MAPT gene that encodes the expression of all six isoforms 

of tau in the human adult central nervous system42.  

 

The nomenclature of the 6 tau isoforms expressed in adults is based on the inclusion of 0, 1, or 2 

N terminal domains, as well as the inclusion of 3 or 4 microtubule binding repeat domains 

(MTBR). This results is the 6 tau isoforms of the central nervous system being named 2N4R, 

1N4R, 0N4R, 2N3R, 1N3R, or 0N3R2. Each of the microtubule binding repeats ends with a 

PGGG motif. Interestingly, a P to S substitution mutation on three of the four PGGG motifs has 

been associated with cases of FTDP-17 at positions 301117, 332118, 364119 (numbering based on 

full length 2N4R human tau isoform). In addition, P301S is one of the most common mutations 

used in both in vitro and in vivo tau aggregation model systems, primarily due to the formation of 

PHF-like filaments, pro-aggregation properties, and relatively poor affinity towards 

microtubules120. The PGGG motif found at the end of microtubule binding repeat 1, position 

270, has not been associated with disease linked mutations. Although recent structural studies of 

tau filaments isolated from disease have shown that this region of tau, MTBR 1, does form part 

of the ordered filament core isolated from the three repeat tauopathy [Pick’s disease (PiD)121], it 

is not found as part of the ordered fibril core of mixed 3R-4R tauopathies [AD50 and chronic 

traumatic encephalopathy (CTE)32], as well as the 4R tauopathy, [corticobasal degeneration 

(CBD)40].  

 

In this study, we sought to compare the aggregation characteristics of three of these FTDP-17 P 

to S mutations, as well as the non-disease related P270S mutation, to WT 2N4R tau. We used 
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site directed mutagenesis to recombinantly express and purify each of the P to S mutations at 

positions 270, 301, 332, and 364 in the full-length isoform of human tau, 2N4R (HT40) (see 

figure 18).  

 

Figure 18: Schematic location of the PGGG motifs at the end of each microtubule binding repeat. 

Motifs are found at position at the end of each microtubule binding repeat region P270 (MTBR 1), P301 (MTBR 2), 

P332 (MTBR 3), and P364 (MTBR 4). P270 is proceeded by the hexapeptide PHF6* motif, and P301S is proceeded 

by the hexapeptide PHF6, both are thought to be important in the formation of tau filaments. Site directed 

mutagenesis, expression, and purification of each of the mutants was completed by Kelsey Hillyer and myself. 

Figure was created by Dr. T. Chris Gamblin. 

 

However, because tau is natively unfolded, contains high numbers of both positively and 

negatively charged residues, and is highly soluble in solution, it is resistant to spontaneous 

aggregation2. Therefore, biochemical “inducers” of tau aggregation are widely employed to 

initiate and enhance the aggregation of tau in vitro.  One of the most commonly used tau 

aggregation inducers, heparin59, induces polymorphic tau aggregate structures that are dissimilar 

to any structures found in filaments isolated from disease59, 114. Heparin is therefore not likely to 

be a useful model in studies characterizing and identifying tau aggregation-based therapeutics or 

the molecular dynamics of aggregation. Therefore, we chose three alternative inducers of tau 
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aggregation for this study: the polyunsaturated fatty acid arachidonic acid (ARA), 

polyphosphate, and RNA, although to date there have not been any high-resolution structures 

published of in vitro tau filaments generated with these inducers. 

 

We have previously found that ARA rapidly polymerizes tau to form filaments that have similar 

morphological characteristics to straight filaments isolated from AD99. In addition, ARA is found 

within the intracellular environment at elevated levels during times of oxidative stress and could 

play numerous roles in the pathology of AD122 . Furthermore, antibodies raised against ARA 

induced filaments have been shown to have a high affinity towards aggregated tau in diseased 

brain tissue14, 103. We have also shown that two different small molecule tau aggregation 

inhibitors (TAIs), the isoquinoline ANTC-15 and the phenothiazine LMTX, appear to inhibit 

heparin and ARA induced filaments in an inducer-specific manner123. ANTC-15 inhibits ARA 

induced filaments, but not heparin induced filaments. Conversely, LMTX inhibits heparin 

induced filaments, but not those induced by ARA. It is therefore likely that the polymorphs 

formed from ARA and heparin induction are structurally distinct. Polyphosphate is present in 

mammalian neurons and has been shown to induce the aggregation of tau in vitro124-126. RNA has 

been shown to induce the aggregation of tau in vitro 127, 128 and tau aggregates in disease can 

sequester RNA129. Although the structures formed by ARA, polyP, and RNA are not known and 

it is unclear whether they play a direct role in tau aggregation in disease progression, they have 

the potential to form biologically relevant, and potentially disease relevant, aggregates of tau. 
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Using right-angle laser light scattering, transmission electron microscopy, and a 

conformationally sensitive ELISA we were able to compare the maximum protein aggregation, 

filament length, morphology, and immuno-reactivity of toxic tau species.  

To our knowledge, not only is this the first study to complete a direct biochemical comparison of 

this group of disease related mutations, it is also the first to directly compare multiple in vitro 

aggregation inducers to study biochemical characteristics of multiple disease related mutations. 

Using this combination of approaches we have found that different classes of tau aggregation 

inducer molecules can not only influence typical aggregation characteristics such as length of 

filaments and total amount and rate of aggregation, but also, the type of inducer used can have 

effects on the fundamental differences between wild type tau and mutant constructs as well as 

immunoreactivity towards conformationally sensitive antibodies. The data strongly supports the 

hypothesis that filaments formed in the presence of different inducer molecules have different 

characteristics in terms of aggregation morphology, aggregation dynamics, assay compatibility, 

and immuno-reactivity. These findings illustrate the importance of identifying disease relevant 

inducer molecules to be used in studies of characterizing disease related mutations.  

 

3.2 Materials and Methods 

 Chemicals and reagents: Full length 2N4R tau (HT40, 441 amino acids) and all mutant 

constructs were expressed and purified as previously described98. Using the HT40 Pt7c WT 

construct, amino acid substitutions were introduced using a QuickChange II XL site directed 

mutagenesis kit (200521) purchased from Agilent (Santa Clara, CA). Mutagenesis and protein 

expression and purification were completed by Kelsey M. Hillyer with the assistance of myself. 

After transformation into BL21-Gold (DE3) competent cells, protein was expressed and purified 
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using Ni-His Tag affinity purification and size exclusion chromatography. King et. al. has shown 

that the poly-histidine tag does not appear to influence tau aggregation and therefore was not 

removed prior to concentration quantification and subsequent in vitro studies. The concentration 

of protein was quantified using a Pierce BCA protein assay kit (23225) purchased from Thermo 

Fisher Scientific (Rockford, IL), each protein prep was at a concentration between 1 and 2 

mg/mL. Tau purity and concentration was confirmed by SDS PAGE. Individual aliquots of 50-

100 µL were prepared and stored at -80°C and a fresh aliquot was used for each experiment to 

avoid repeated freeze/thaw cycles. Arachidonic acid (90010) was purchased from Cayman 

Chemical, (Ann Arbor, MI). Polyphosphate medium chain – [P100 (EUI005) - a heterogenous 

mixture with most chains being between 45-160 phosphate units and a purity of <1% 

monophosphate] and long chain - [P700 (EUI002) – a heterogenous mixture with most chains 

between 200 and 1300 phosphate units and a purity of <1% monophosphate] was purchased from 

Kerafast (Boston, MA). TOC1, TNT1, and Tau 5, Tau 7, and Tau 12 antibodies were a kind gift 

from Dr. Nicholas Kanaan, Michigan State University. Each of these antibodies was at a 

concentration of approximately 1 mg/mL. T22 antibody (ABN454) was purchased from 

Millipore Sigma, (Burlington, MA). The primary detection antibody (Tau 5, 7, and 12 were used 

as primary detection against T22 capture antibody) was an anti-tau polyclonal rabbit antibody 

(A002401-2) purchased from Agilent (Santa Clara, CA). A goat anti-rabbit IgG (H+L) and goat 

anti-mouse IgG (H+L) antibody with HRP conjugate (1706515 and 1706516, respectively, Bio-

Rad, Hercules, CA) was used as a secondary detection antibody. Qiagen miRNeasy mini kit 

(217004) and Qiagen RNeasy minielute clean up kit (74204) was purchased from Qiagen 

(Germantown, MD). HEK293T cells (ATCC CRL-3216) were kindly provided by Dr. David 

Davido, University of Kansas. Mini Trans-Blot pre-cut filter paper (1703932) and 0.22 µm 
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nitrocellulose membrane (16020112) was purchased from Bio-Rad (Hercules, CA). 

Chemiluminescent kit was a Supersignal West pico plus chemiluminescent substrate (34577) 

purchased from Thermo Scientific (Rockford, IL).   

 

 RNA Isolation: Mammalian RNA was isolated from HEK293t cells using 2 different 

procedures. HEK 293T (ATCC CRL-3216) cells were maintained in Dulbecco’s Modified 

Eagle’s Medium (Cytiva) and supplemented with 5% fetal bovine serum (FBS), 2mM L-

glutamine, 10 U/mL penicillin, 10 U/mL Streptomycin. Cells were grown in BioLite 175 

cm2 vented flask (Thermo Scientific) and maintained in a humidified incubator containing 5% 

CO2 at 37 °C.  

 

To isolate the small RNA (RNA <200 nts) and long RNA (RNA >200 nts) separately, a modified 

version of the Qiagen miRNeasy mini kit and minielute cleanup kit isolation procedure was used 

to isolate samples into small RNA or long RNA fractions. The cells were lysed using QIAzol 

Lysis Reagent by adding 8.75 mL to the cell-culture dish. The lysate was collected and vortexed 

to mix, then stored in 700 μL aliquots at -80 °C. After thawing, the homogenate was incubated at 

room temperature (~20 °C) for 5 minutes. Under a fume hood, 140 μL of chloroform was added 

to the tube containing the homogenate and vortexed vigorously for 15 s. The tube was incubated 

at room temperature for 2-3 minutes and then centrifuged for 15 minutes at 12,000 × g at 4 °C. 

The upper aqueous phase was transferred to a new collection tube and 1 volume of 70% ethanol 

was added and mixed thoroughly by vortexing. The sample was pipetted into a RNeasy Mini 

spin column placed in a 2 mL collection tube and centrifuged at 10,000 × g for 15 s at room 

temperature (15–25 °C). The flow-through was pipetted into a 2 mL reaction tube. The used spin 
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column was set aside to isolate long RNA. 450 μL of 100% ethanol was added to the flow-

through and mixed thoroughly by vortexing. 700 μL of the sample was pipetted into a RNeasy 

MinElute spin column placed in a 2 ml collection tube, then centrifuged for 15 s at 10,000 × g at 

room temperature. The flow-through was then discarded and this was repeated until the whole 

sample had been pipetted into the spin column. 500 μL Buffer RPE was then pipetted into the 

RNeasy MinElute spin column and centrifuged for 15 s at 10,000 × g, the flow-through being 

discarded.  Next, 500 μL of 80% ethanol was added to the RNeasy MinElute spin column and 

centrifuged for 2 min at 10,000 × g to dry the spin column membrane. The flow-through and 

collection tube were discarded. The spin column was placed into a new 2 mL collection tube and 

centrifuged for 5 min at 10,000 × g. The RNeasy MinElute spin column was then placed into a 

1.5 mL collection tube and 14 μL RNase-free water was pipetted onto the spin column 

membrane. It was then centrifuged for 1 min at 10,000 × g to elute the small RNA-enriched 

fraction.  

 

Using the previously reserved RNeasy Mini spin column, the long RNA was eluted.  700 μL of 

Buffer RWT was added into the RNeasy Mini spin column and centrifuged for 15 s at 10,000 × 

g to wash the spin column membrane. The flow-through was discarded and 500 μL of Buffer 

RPE was added to the RNeasy Mini spin column. It was centrifuged for 15 s at 10,000 × g and 

the flow-through was discarded. Another 500 μL of Buffer RPE was added into the RNeasy Mini 

spin column and centrifuged for 15 s at 10,000 × g. The flow-through and collection tube were 

discarded. The RNeasy Mini spin column was placed in a new 2 mL collection tube and 

centrifuged at16,000 × g for 1 min. The RNeasy Mini spin column was then placed into a new 

1.5 mL collection tube and 30 μL of RNase-free water was pipetted directly onto the spin column 
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membrane. It was centrifuged for 1 min at 10,000 × g to elute the total RNA. This process was 

repeated for all samples of HEK293t cells. After this protocol was completed, a high sensitivity 

RNA TapeStation was used to run 2 μL samples of both fractions of RNA to confirm the size 

fractioning, the results of which showed significant size fractioning was achieved (figure 30).  

In order to determine the concentration of the differing RNA samples, readings were taken using 

a nanodrop and diluted to a concentration of 270 ng/μL using RNase-free water. The samples 

were stored at -80 °C until used in reactions.  

 

 Aggregation Reactions: Reactions were set up using each of the P to S tau mutations, 

P270S, P301S, P332S, P364S, as well as wild type (WT) tau. A no tau inducer only negative 

control and no inducer tau only negative control was also prepared and incubated with all other 

samples. Each mutant and WT tau were induced with small RNA, long RNA, P100, P700, or 

ARA in separate reaction tubes. All reactions were performed in 1.5 mL reaction tubes with a 

total volume of 200 μL. Ultrapurified molecular biology grade H2O was added first, followed by 

4 μl of 250 mM DTT to the reaction tube and mixed by pipetting and lightly tapping the reaction 

tube. 1 M NaCl was added to bring the final NaCl concentration to 100 mM for ARA reactions 

or 25 mM for polyphosphate and RNA reactions. Again, each sample was mixed by pipetting 

and gentle tapping. HEPES at a pH of 7.64 was added in 8 μL volume of 250 mM to a final 

concentration of 10 mM. After mixing by pipetting and gentle tapping 20 μL of 1 mM EDTA 

stock was added in the same manner for a final concentration of 0.1 mM.  

 

To ensure RNase activity did not degrade the RNA inducer, a stock of EDTA, HEPES, NaCl, 

and DTT was also made using DEPC treated H2O. However, there was no significant changes to 
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RNA induced aggregation of WT tau using DEPC treated reagents when compared to 

preliminary studies that did not use DPEC treated H2O (data not shown). Either WT or mutated 

tau was then added to a final concentration 2 μM and mixed by pipetting and gently tapping. 

Inducer was then added as follows to the respective samples, 10 μL of either small RNA or long 

RNA was added for a final RNA concentration of 13.5 ng/μL, 10 μL of either P100 or P700 was 

added for a final concentration of 10 ng/μL, and 7.5 μL of 2 mM ARA diluted in 100% ethanol 

was added to give a final concentration of 75 μM ARA 3.75% ethanol. For the controls, a 

Sup200 buffer (250 mM NaCl, 10 mM HEPES, 0.1 mM EGTA, pH 7.64) was used in place of 

the tau and RNase-free water was used in place of the RNA inducer, molecular biology grade 

H2O was used for no polyphosphate control and 7.5 μL of ethanol for the no ARA control. The 

reaction tubes were then incubated without agitation at 37 °C for 72 hours for RNA, 48 hours at 

37 °C for polyphosphate, and 20 hours at 25 °C for ARA.  

 

 Sandwich ELISA: Following aggregation reactions, samples were analyzed using a 

modified sandwich ELISA assay based on previously described conditions100, 123. Capture 

antibody was used to coat Corning 3590 EIA/RIA 96 well microplate wells at a volume of 100 

µL/well of either TOC1 (2 ng/µL), TNT1 (1 ng/µL), T22 (1ng/µL), or a mixture of Tau 5, Tau 7, 

and Tau 12 antibodies (referred to as 5,7,12) (1 ng/µL each). Capture antibodies were diluted in 

BSB capture buffer (100 mM boric acid, 25 mM sodium tetraborate, 75 mM NaCl, 250 µM 

thimerosal, pH 8.56). Plates were then sealed and incubated with gentle agitation overnight at 4 

ºC. After capture antibody incubation, the plate was blotted and washed 2x with 300 µL/well of 

BSB wash buffer (100 mM boric acid, 25 mM sodium tetraborate, 75 mM NaCl, 250 µM 

thimerosal, 60 mM BSA, 0.1% Tween 20, pH 8.56). Plates were then blocked and incubated for 
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a further 1.5 hours with 300 µL of 5% non-fat dry milk (NFDM) dissolved in BSB wash buffer 

sealed at room temperature with gentle agitation. Samples were diluted in 5% NFDM BSB wash 

buffer to a concentration of 100 nM for TOC1 capture antibody, 25 nM for TNT1, 50 nM for 

T22, and 50 nM for 5,7,12. To provide an internal standard curve, dilution series of no 

compound polymer and monomer controls were added to the plate at a range of (3.125 nM - 400 

nM for TOC1, 3.125 nM - 75 nM for TNT, and 1.5 nM-150 nM for T22). In our hands, the EC50 

of the polymerized tau affinity curve was found to be 105 nM, 28 nM, and 35 nM for TOC1, 

TNT1, and T22 respectively. As 5,7,12 detects total tau, only a monomer standard curve was 

used at dilutions of 5-200 nM. Samples were added to a volume of 100 µL/well. Plates were 

sealed and incubated with gentle agitation for 1.5 hours at room temperature. Following 

incubation, plates were washed 2× using BSB wash buffer. A primary detection antibody was 

added at volumes of 100 µL/well. For TNT1, TOC1, and 5,7,12, polyclonal rabbit detection 

antibody diluted to a concentration of 50 ng/mL in 5% NFDM BSB wash buffer was added. For 

T22 capture antibody, 5,7,12 was added at a concentration of 1:1,000 dilution.  Further 

incubation was carried out after sealing the plate at room temperature for 1.5 hours with gentle 

agitation. Following incubation with primary detection antibody, plates were washed 2× using 

BSB wash buffer before the addition of appropriate secondary detection antibody (100 µL/well 

of the goat anti-rabbit IgG for TOC1, TNT1, and 5,7,12 capture antibody, and 100 µL/well of 

goat anti-mouse IgG for T22 capture antibody). Both secondary detection antibodies were 

diluted 1:5,000 in 5% NFDM BSB wash buffer. The plate was sealed and incubated at room 

temperature with gentle agitation for 1.5 hours. After incubation, plates were washed 3× using 

BSB wash buffer before the addition of 50 µL per well of tetramethylbenzidine (TMB) substrate. 

Plates were then covered and incubated with gentle agitation at room temperature for 20 minutes 
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before the addition of 50 µL of a 3.6% H2SO4 stop solution. Readings were taken at an 

absorbance of 450 nm using a Varian Cary 50 UV Vis spectrophotometer with a Varian Cary 

microplate reader. Raw data readings were zeroed against a monomeric control of each mutant 

and then converted to % light absorbance. In the case of 5,7,12 capture antibody ELISA, the 

polymerized reactions were normalized against the monomeric protein for each mutation and 

WT. Statistical analyses were completed using an un-paired t-test to compare each mutation to 

WT 2N4R for TOC1, TNT1, and T22 ELISAs. In the case of 5,7,12, a Tukey’s multiple test was 

completed. For both tests statistical significance was defined as ∗ 𝑝 ≤ 0.05;  ∗∗  𝑝 ≤ 0.01;  ∗∗∗

𝑝 ≤ 0.001.  

For this experiment four different capture antibodies were used, 5,7,12 (a mixture of 3 

monoclonal total tau antibodies that bind to residues 9-18 tau-12130, 218-225 tau-5, and 430-441 

tau-7131,), TNT114 (binds to the phosphatase activating domain epitope at residues 7-12 that are 

made accessible through tau fibrilization), TOC1103 (recognizes an epitope between residues 

209-224 with a high affinity for small tau oligomers and larger aggregates), T22132 (has been 

shown to bind specifically to tau oligomers that have been seeded using A42 oligomers as well 

as in vitro heparin induced oligomers).  

 

 Transmission electron microscopy: Samples were diluted 1:10 in polymerization buffer 

and fixed with 2% glutaraldehyde for 5 minutes at room temperature. The samples were then 

affixed to a 300-mesh carbon formvar coated copper grid, purchased from Electron Microscopy 

Sciences, (Hatfield, PA) by floating the grid on a 10 µL droplet of sample for 1 minute. The grid 

was then blotted on filter paper and washed on a droplet of ddH2O before being blotted and 

stained by floating the grid on a droplet of 2% uranyl acetate as previously described101. Each 
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grid was imaged using a JEOL JEM 1400 transmission electron microscope fitted with a LaB6 

electron source (Electron Microscopy Research Lab, University of Kansas Medical Center). Five 

random images per grid were taken at a 5,000× magnification (to improve statistical power, 15 

images were taken for both small RNA and long RNA induced filaments. Images were analyzed 

using Image Pro Plus 6.0 software by measuring the number, length, area, and perimeter of 

filaments >25 nm in length. Under our experimental conditions, it is very difficult to identify 

filaments less than 25 nm. To avoid erroneous results the assay has been limited to measuring tau 

filaments and oligomers greater than 25 nm.  

 

 Right-angle laser light scattering: Aggregation reactions were analyzed using right-angle 

laser light scattering as previously described102 to determine the amount of aggregated material. 

The average light intensity measured of each sample was zeroed against a no inducer monomeric 

control for the respective tau mutant being imaged, and a no tau/inducer-only control by 

subtracting the background signal from the measured signal of the endpoint aggregation 

reactions. Briefly, samples were transferred to a 5 mm × 5 mm optical glass fluorometer cuvette 

(Starna Cells, Atascadero, CA) in the light path of a 532 nm wavelength 12 mW solid-state laser 

operating at 7.6 mW (B&W Tek Inc. Newark, DE) and images were captured using a Sony XC-

ST270 digital camera with an aperture of f/ 5.6. Images were analyzed using Adobe Photo Shop 

2021 by taking histogram readings of the pixel intensity across the scattered light path.  

 

 Right-angle laser light scattering kinetics of aggregation: Using the right-angle laser light 

scattering assay described above, samples were placed into a cuvette at time zero prior to the 

addition of the respective inducer molecule. An image was captured prior to induction and at 
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time 0 immediately after induction of each protein with either ARA, P100 or P700 as inducers. 

In the case of ARA, readings were taken every 5 minutes between 0- and 30- minutes post 

induction (p.i.), then at 45, 60, 90 and 120 minutes p.i. then every hour until 6 hours p.i. In the 

case of P700, images were taken at subsequent time points every 5 minutes p.i. for the first 60 

minutes p.i. then at the following p.i. time points: 1.5hrs, 2hrs, 3hrs, 4hrs, 6hrs, 8.5hrs, 10hrs 40 

minutes, 15hrs, and 16hrs. In the case of P100, images were taken at the same timepoint p.i. as 

for P700 (except 16hrs p.i.) with additional readings at 24 and 48 hours.  

 

 Thioflavin fluorescence: A standard assay in tau aggregation studies is thioflavin 

fluorescence using thioflavin S or thioflavin T. While thioflavin fluorescence is a useful tool in 

monitoring ARA and polyphosphate induced filament formation, we found that RNA gave a 

false positive result when using thioflavin T and quenched fluorescence of thioflavin S (data not 

shown). 

 

 Dot-blot assay: A 0.22 µm nitrocellulose membrane was pre-soaked for 10 minutes in 

Tris Buffered Saline (TBS – 500 mM NaCl, 20 mM Tris, pH 7.5). Polymerized 2N4R tau 

samples were diluted to a concentration of 20 ng/uL in TBS and added to the membrane using a 

dot-blot manifold (no vacuum). Samples were incubated on the membrane for 30 minutes at 

room temperature before removal of excess liquid and blocking the membrane with 5% non-fat 

dried milk (NFDM) in TBST (TBS + 0.05% Tween 20). The membrane was blocked for 1.5 

hours with gentle agitation at room temperature. After incubation, the membrane was washed for 

5 minutes 3× with TBST. The T22 primary detection antibody was diluted at 1:1,000 

concentration in 5% NFDM in TBST, the membrane was submerged in T22 and incubated at 
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room temperature for 2 hours with gentle agitation. Secondary antibody (Goat anti-rabbit IgG) 

was diluted in 5% NFDM in TBST to a 1:3,000 concentration. The membrane was washed 2× in 

TBST, before being submerged in secondary antibody at room temperature for 2 hours with 

gentle agitation. The membrane was once again washed for 5 minutes 2× using TBST before 

being developed using Thermo Fisher Supersignal West Pico Plus chemiluminescent substrate 

(catalog number 34580). An image of the blot was taken using UVP Chemidoc IT2 western blot 

imager and analyzed using Adobe Photoshop software using the histogram function to measure 

dot-blot intensity (figure 33).  

 

3.3 Results 

ARA induced tau aggregation: 

Using ARA as an inducer molecule, we initially completed LLS and TEM endpoint studies by 

allowing aggregation experiments to run for 20 hours (figure 19). The results from the LLS 

experiments (figure 19A) revealed that the P301S mutation caused significantly more 

aggregation in comparison with the WT. In addition, P332S led to a significant decrease in 

aggregation in comparison with the WT. Although not statistically significant, the average total 

amount of aggregation of the P270S mutation appeared to decrease (approximately 15% less 

than WT), and P364S showed no change when compared to WT.  

 

Quantitative TEM was used to measure average filaments length (figure 19B), total filament 

mass (figure 19C), and number of filaments (figure 19D). Consistent with the findings of the 

LLS experiments, the difference in filament mass of P270S filaments was not statistically 

significant when compared to WT. However, the P270S mutation caused a greater average 
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number of filaments that were shorter than WT filaments. Consistent with results from other 

studies, P301S filaments induced by ARA were significantly longer than WT filaments, 

however, there were also fewer P301S fibrils. This resulted in P301S having a higher average 

mass per image, but not enough to reach the threshold of statistical significance (p-value < 0.05). 

No significant difference in average filament length was seen when comparing WT to the P332S 

mutation, however there were fewer filaments that resulted in a significant decrease in filament 

mass, consistent with the LLS results. The P364S mutation cause no significant difference in 

filament length, mass, or number of filaments when compared to WT tau. 
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Figure 19: LLS and TEM endpoint measurements of ARA aggregation reactions. 

  A) Endpoint total amount of aggregation of ARA induced aggregation for WT and each of the four P to S 

mutations, quantified using laser light scattering (n=3 ± s.d.). 5 different TEM images selected at random were 

quantified to measure. B) average ARA induced filament length (>25 nm) ± s.d., C) average ARA filament total 

filament mass of each micrograph ± s.d., and D) average number of filaments (>25 nm) per micrograph ± s.d.. E) 

Representative TEM micrographs of WT and each of the four P to S mutations (see labeling in upper left corner of 

each micrograph). Scale bar in bottom right corner of P364S image represents 500 nm and applies to each 

micrograph. LLS and TEM grid preparation was completed by Kelsey M. Hillyer. Error bars on figures A-D 

represents SD of each data set. Each P to S mutation in A-D was compared to WT using an unpaired t-test. 𝑛𝑠 𝑝 >
0.05, ∗ 𝑝 ≤ 0.05;  ∗∗  𝑝 ≤ 0.01;  ∗∗∗ 𝑝 ≤ 0.001. ns = not significant. 
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ARA induced aggregation measured by sandwich ELISA: 

The 5,7,12 ELISA showed no significant difference between WT and any of the P to S mutations 

(figure 20A). This shows that the mutations themselves do not appear to significantly inhibit the 

affinity of the two total tau antibodies; either polyclonal rabbit or 5,7,12 (figure 20A). In contrast 

with the LLS results, there was no significant difference between ARA induced WT tau and any 

of the mutations when detecting with either TNT1 or TOC1 antibody (figure 20 B-C). However, 

the TOC1 ELISA did show that the average P301S signal was higher than WT, but not enough to 

meet the pre-determined p-value threshold of 0.05. Based on the LLS results we would have 

expected the TNT1 ELISA to show an increase for P301S and a decrease for P332S. 

Interestingly, ARA induced P301S, P332S, and P364S had significantly less reactivity with the 

T22 antibody than ARA induced WT tau, however P270S was not significantly different (figure 

20D). 
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Figure 20: ARA ELISA data. 

ELISA results using 5,7,12 monoclonal total-tau antibody mixture as a capture antibody. The signal for each 

aggregate was divided by the signal for monomeric tau (either WT or the respective P to S mutations). Y axis 

represents a fraction of monomeric tau signal (e.g. 1=100%). B-D, ELISA results of conformationally sensitive 

antibodies TNT1 (B), TOC1 (C), and T22 (D). Y-axis represents % light absorbed value (converted from A450 

reading). Error bars represent SD of 3 independent experiments and data sets were compared to WT 2N4R tau using 

an unpaired t-test. “ns” indicates no significant difference when compared to WT 2N4R control. Statistical 

significance was defined as 𝑛𝑠 𝑝 > 0.05, ∗ 𝑝 ≤ 0.05;  ∗∗  𝑝 ≤ 0.01;  ∗∗∗ 𝑝 ≤ 0.001.  
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ARA Aggregation Kinetics: 

In addition to studying total aggregation, filament morphology, and immuno-reactivity, we also 

compared the kinetics of aggregation of each mutant to WT tau in the presence of ARA. When 

comparing WT tau to P270S, P332S, and P364S there was no significant difference in the 

maximum polymerization, rate of aggregation, and lag time (figure 21). However, the P301S 

mutation caused a significant increase in maximum polymerization consistant with the results of 

the LLS endpoint reactions (figure 21B). Although the P301S rate of polymerization was less 

than WT, it did not meet the statistical threshold to be considered signficantly different (figure 

21C). However, P301S did cause a significant increase in the lag time when compared to WT 

(figure 21D). Typically, a longer lag time and slower rate of polymerization is indicative of 

fewer filaments with a longer average length. Therefore, the results from these aggregation 

kinetic experiments support, at least in part, the findings from the TEM studies (figure 19). 
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Figure 21: ARA induced aggregation kinetics. 

Three independent data sets of ARA induced reactions monitored by LLS were fit to a plateau followed by one 

phase association non-linear curve. A) average LLS intensity over the course of 6 hours (360 minutes) were plotted 

for WT (blue dots), P270S (green squares), P301S (red triangles), P332S (purple inverted triangles), and P364S 

(orange diamonds). B) Average maximum polymerization, C) average rate of polymerization, and D) average lag 

time of each mutation was shown in a bar graph (n=3 ± s.d.). ARA induced kinetic experiments were completed by 

Kelsey M. Hillyer. Each P to S mutation was compared to WT using an unpaired t-test. Significance was identified 

as 𝑛𝑠 𝑝 > 0.05, ∗ 𝑝 ≤ 0.05;  ∗∗  𝑝 ≤ 0.01;  ∗∗∗ 𝑝 ≤ 0.001. ns = not significant. 
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ARA Results Summary: 

In summary, when compared to WT tau, the P270S mutation effects average filament length and 

average number of filaments. In contrast, P301S causes difference in total polymerization, 

filament length, number of filaments, T22 immuno-reactivity, and aggregation kinetics. 

Compared to WT, P332S also has a significant effect on total polymerization, number of 

filaments, and T22 reactivity. The P364S mutation had no effect on total polymerization, 

filament morphology as shown by TEM, and aggregation kinetics. However, there was a 

significant decrease in T22 reactivity. 

 

P100 induced endpoint aggregation experiments: 

In the presence of P100 as an inducer molecule, the P270S mutation resulted in a significant 

decrease in LLS when compared to WT (figure 22). Also, in contrast to the ARA induced 

reactions, the P270S filaments were significantly longer than WT. Interestingly, P100 induction 

of P301S did not show a significant increase in aggregation as detected by both LLS and TEM. 

However, there was a decrease in the number of filaments. Both P332S and P364S mutations 

resulted in filaments that were significantly longer than WT. In addition, there was a significant 

reduction in the number of filaments and an overall decrease in filament mass as determined by 

TEM. However, LLS did not reveal a significant difference between either P332S or P364S 

when compared to WT. 
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Figure 22: LLS and TEM endpoint measurements of P100 polyphosphate reactions. 

A) Endpoint total amount of aggregation by LLS (n=3 ± s.d.). 5 different random micrographs taken from a single 

EM grid at a 5,000x magnification were quantified to obtain measure B) average filament length (± s.d ), C) average 

filament mass (± s.d ), and D) average number of filaments (± s.d ). E) Representative TEM micrographs of WT and 

each of the four P to S mutations (see labeling in upper left corner of each micrograph). Scale bar in bottom right 

corner of P364S P100 image represents 500 nm for each micrograph. Each P to S mutation was compared to WT 

using an unpaired t-test. 𝑛𝑠 𝑝 > 0.05, ∗ 𝑝 ≤ 0.05;  ∗∗  𝑝 ≤ 0.01;  ∗∗∗ 𝑝 ≤ 0.001. ns = not significant. 
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P700 induced endpoint aggregation experiments: 

Using P700 as an inducer molecule resulted in filaments that were shorter on average than those 

induced with P100, and therefore more similar in average filament length to those induced by 

ARA. Although, the P270S mutation did not cause any difference in the amount of LLS (figure 

23), it did result in significantly fewer, but longer, filaments when compared to WT. In contrast 

to the LLS results, P270S caused a significant decrease in filament mass. When comparing 

P301S induced by P700 to WT tau, there is a significant increase in LLS, as well as significantly 

fewer, but longer filaments. These results were consistent with the ARA induced experiments, 

however, P301S filament mass was not statistically different from WT. LLS results of P332S 

showed no significant difference when compared to WT, however, TEM revealed fewer P332S 

filaments with a much longer average filament length and overall less filament mass. Both LLS 

and TEM-filament mass showed no significant difference between P364S and WT. Although 

TEM did reveal the P364S mutation to form fewer, but longer filaments when compared to WT. 
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Figure 23: LLS and TEM endpoint measurements of P700 polyphosphate reactions. 

A) Endpoint total amount of aggregation by LLS (n=3 ± s.d.). 5 different random micrographs taken from a single 

EM grid at a 5,000x magnification were quantified to obtain measure B) average filament length (± s.d ), C) average 

filament mass (± s.d ), and D) average number of filaments (± s.d ). E) Representative TEM micrographs of WT and 

each of the four P to S mutations (see labeling in upper left corner of each micrograph). Scale bar in bottom right 

corner of P364S P700 image represents 500 nm for each micrograph. Each P to S mutation was compared to WT 

using an unpaired t-test. 𝑛𝑠 𝑝 > 0.05, ∗ 𝑝 ≤ 0.05;  ∗∗  𝑝 ≤ 0.01;  ∗∗∗ 𝑝 ≤ 0.001. ns = not significant. 
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Polyphosphate induced aggregation measured by sandwich ELISA: 

Similar to filaments induced by ARA we saw no significant difference between WT and any of 

the P to S mutations using the 5,7,12 capture antibody ELISA when induced with either P100 or 

P700 (see figure 31). In addition, we also saw no significant effect from any of the mutants in 

either the TNT1 and TOC1 ELISAs using both polyphosphate inducers (figure 24). However, it 

does appear that the TOC1 antibody has a lower affinity towards polyphosphate induced 

filaments than ARA induced filaments (see figure 32 comparing WT aggregates in the presence 

of each inducer). However, the most striking difference in the immuno-reactivity experiments 

was seen using T22 as a capture antibody. Both WT (figure 32) and each of the P to S mutants 

(data not shown) induced by either P100 or P700 had no reactivity towards T22 in the ELISA 

experiment. Therefore, we were unable to compare the effect of the mutations using this 

particular antibody. We suspected that this may be due to the inducer molecule blocking the T22 

binding site. This was tested by performing a dot-blot experiment to compare both WT and 

P301S induced by ARA, P100, P700, long RNA, and small RNA and detected using T22. In this 

experiment, T22 did detect the polyphosphate and RNA induced aggregates (figure 33).   
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Figure 24: Polyphosphate TNT and TOC ELISA data. 

ELISA results using TNT (A & C) and TOC (B & D) capture antibodies against P100 (A & B) and P700 (C & D) 

induced filaments. Y-axis represents % light absorbed value (converted from A450 reading). Error bars represent SD 

of 3 independent experiments. Each P to S mutation was compared to WT using an unpaired t-test. 𝑛𝑠 𝑝 > 0.05, ∗
𝑝 ≤ 0.05;  ∗∗  𝑝 ≤ 0.01;  ∗∗∗ 𝑝 ≤ 0.001. ns = not significant. 
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P100 aggregation kinetics: 

Similar to the ARA aggregation studies, we used LLS to monitor protein aggregation over time. 

Compared to WT tau, P332S had a significant decrease in rate of polymerization (K), but was 

similar in terms of maximum polymerization. Although the difference in lag time between WT 

and both P270S and P332S was not statistically significant due to the high variability in lag time, 

the average was much higher than WT, which had essentially no lag period. Similarly, P301S 

also appeared to have no lag period and total polymerization was similar to WT. However, the 

rate of polymerization for P301S was much faster than WT. This is in stark contrast to the results 

seen from the ARA induced aggregation kinetic experiments, which showed P301S to have a 

longer lag time, greater maximum polymerization, and no significant difference in rate (Compare 

figure 21 to figure 25). The P364S mutation caused a significant decrease in maximum 

polymerization and a significant increase in the lag time, but no change to rate of polymerization.  
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Figure 25: P100 induced aggregation kinetics. 

Three independent data sets of P100 induced reactions monitored by LLS were fit to a plateau followed by one 

phase association non-linear curve. A) average LLS intensity over the course of 24 hours (1440 minutes) were 

plotted for WT (blue dots), P270S (green squares), P301S (red triangles), P332S (purple inverted triangles), and 

P364S (orange diamonds). B) Average maximum polymerization, C) average rate of polymerization, and D) average 

lag time of each mutation was shown in a bar graph with error bars representing standard deviation. Each P to S 

mutation was compared to WT using an unpaired t-test. 𝑛𝑠 𝑝 > 0.05, ∗ 𝑝 ≤ 0.05;  ∗∗  𝑝 ≤ 0.01;  ∗∗∗ 𝑝 ≤ 0.001. ns 

= not significant. 
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P700 aggregation kinetics: 

In the presence of P700 as an inducer molecule, the P270S mutation did not significantly affect 

maximum polymerization (figure 26). P270S did have a significantly faster rate of 

polymerization when compared to WT and although not significant, the average lag time was 

higher than WT. In the case of P301S, the P700 inducer had the same effect as P100 as shown by 

the significant increase in the rate of polymerization, but no change in maximum polymerization 

or lag time. In contrast to the P100 induced kinetic experiments, P332S was the only mutation 

that caused a significant decrease in maximum polymerization. This difference was particularly 

striking as it was approximately 1/3 of the WT maximum polymerization. Despite this large 

difference, there was no change in the rate of polymerization, although the increase in lag time 

was statistical significance. In contrast to the results from the P100 induced experiments, but 

more similar to the ARA induced experiments, P364S had no significant effect on maximum 

polymerization, rate, or lag time. 
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Figure 26: P700 induced aggregation kinetics. 

Three independent data sets of P700 induced reactions monitored by LLS were fit to a plateau followed by one 

phase association non-linear curve. A) average LLS intensity over the course of 8.5 hours (510 minutes) were 

plotted for WT (blue dots), P270S (green squares), P301S (red triangles), P332S (purple inverted triangles), and 

P364S (orange diamonds). B) Average maximum polymerization, C) average rate of polymerization, and D) average 

lag time of each mutation was shown in a bar graph with error bars representing standard deviation. Each P to S 

mutation was compared to WT using an un-paired t-test. Significance was identified as 𝑛𝑠 𝑝 > 0.05, ∗ 𝑝 ≤ 0.05;  ∗
∗  𝑝 ≤ 0.01;  ∗∗∗ 𝑝 ≤ 0.001. ns = not significant. 
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Polyphosphate Summary:  

The P270S mutation, previously shown to have no effect on total aggregation, a decrease of 

average filament length, and an increase in the number of filaments when induced by ARA, 

causes a decrease in total aggregation as measured by LLS and an increase in average filament 

length as measured by TEM when induced with P100. When P270S is induced with P700, the 

average filament length is still longer, but there are fewer filaments and less overall filament 

mass. In addition, analysis of P700 induced kinetic data revealed a decrease in rate of 

polymerization for P270S. The P301S mutation causes a decrease in the number of filaments as 

measured by TEM and a significant increase in rate of polymerization when induced with both 

P100 and P700. When induced with P700, there was an increase in total aggregation as 

determined by LLS, and an increase in average filament length as measured by TEM.  Both P100 

and P700 induced P332S reactions showed similar changes in filament length, mass, and number 

of filaments. P100 induced P332S caused a decrease in rate of polymerization and P700 induced 

filaments showed a decrease in the maximum polymerization and increase in lag time. While 

both P100 and P700 induced P364S reactions showed an increase in average filament length and 

decrease in the number of filaments, only P100 induced reactions had a negative effect on total 

filament mass and maximum polymerization (as determined by kinetic analysis). In addition, 

P100 induced P364S also caused a decrease in maximum polymerization and increase in lag time 

as shown by kinetic analysis. None of these differences were shown when inducing P364S with 

ARA. Both WT and each of the P to S mutations induced with either P100 or P700, did not react 

with T22 in the ELISA experiment.  
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RNA induced aggregation: 

Endpoint aggregation experiments were performed using small RNA and long RNA as inducers 

and the analysis of aggregation was completed using LLS and TEM (figure 27 and figure 28) 

similar to ARA, P100, and P700. WT tau and many of the mutants had total amounts of 

aggregation that were much lower than reactions induced with ARA, P100, and P700 (compare 

to figure 19, figure 22, and figure 23). 

 

Long RNA endpoint aggregation experiments: 

In contrast to the results using ARA, P100, and P700, total filament mass as determined by TEM 

(figure 27C) showed P270S mutation caused a significant increase in aggregation when induced 

with long RNA. As measured by LLS, the P301S mutation caused a significant increase of more 

than 5-fold when compared to WT tau (figure 27A). This was further supported by an 

approximate 5-fold increase in filament mass (figure 27C). In contrast to the results of the ARA 

induced reactions, P301S induced with long RNA did not result in increased filament length, but 

did result in an increase in the total number of filaments (compare figure 19 B&D to figure 27 

B&D). Similarly, the P332S mutation also resulted in an increase in filament mass and number 

(figure 27 C&D). Although P364S induced reactions did result in significantly higher light 

scattering (figure 27A), no filaments were detected using TEM (figure 27 B-E). This suggests 

that either long RNA induced P364S aggregates are not stable and depolymerize during TEM 

grid preparation, filaments are below the TEM detection threshold (<25 nm), that RNA interacts 

with P364S causing it to scatter light, but not form filaments, or that long RNA induced P364S 

aggregates have properties that reduce their adherence to EM grids.    
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Figure 27: LLS and TEM measurements of long RNA endpoint aggregation reactions. 

LLS measurement of endpoint total amount of aggregation of three independent experiments (A). B-D quantitative 

EM results, average filament length (B), average filament mass (C), average number of filaments (D). E) 

Representative TEM micrographs of WT and each of the four P to S mutations (see labeling in upper left corner of 

each micrograph). Scale bar in bottom right corner of P364S long RNA image represents 1 µm for each micrograph. 

Figures B-D represent averages of 15 different random micrographs taken from a single EM grid at a 5,000x 

magnification. LLS and TEM grid preparation was completed by Madison J. McGuire. Error bars on figures A-D 

represents SD of each data set. Each P to S mutation was compared to WT using an unpaired t-test. 

     ∗ 𝑝 ≤ 0.05;  ∗∗  𝑝 ≤ 0.01;  ∗∗∗ 𝑝 ≤ 0.001. 
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Small RNA endpoint aggregation experiments: 

Although endpoint aggregation measured by LLS (figure 28A) showed the P270S mutation had 

no effect on aggregation when compared to WT tau, TEM analysis revealed a significant 

decrease in filament mass and number of filaments (figure 28 C and D, respectively). When 

comparing small RNA induced P301S and WT tau, the results were similar to the results when 

inducing with long RNA. However, the increase in aggregation caused by the P301S mutation 

was not as stark using small RNA (~3 fold) when compared to reactions induced with long RNA 

(>5 fold). Using small RNA as an inducer, the P332S mutation resulted in no significant 

difference in LLS, length of filaments, and filament mass, however there was a significant 

increase in the number filaments. In contrast to the TEM results of P364S induced with long 

RNA, using small RNA as an inducer did form filaments that were detected using TEM. 

However, total filament mass and number of filaments formed was significantly less than with 

WT tau. 
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Figure 28: LLS and TEM measurement of small RNA induced endpoint aggregation reactions. 

LLS measurement of endpoint total amount of aggregation of three independent experiments (A). B-D quantitative 

EM results, average filament length (B), average filament mass (C), average number of filaments (D). E) 

Representative TEM micrographs of WT and each of the four P to S mutations (see labeling in upper left corner of 

each micrograph). Scale bar in bottom right corner of P364S small RNA image represents 1 µm for each 

micrograph. Figures B-D represent averages of 15 different random micrographs taken from a single EM grid at a 

5,000x magnification. LLS and TEM grid preparation was completed by Madison J. McGuire. Error bars on figures 

A-D represents SD of each data set. Each P to S mutation was compared to WT using an unpaired t-test. 

     ∗ 𝑝 ≤ 0.05;  ∗∗  𝑝 ≤ 0.01;  ∗∗∗ 𝑝 ≤ 0.001. 
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RNA induced aggregation measured by sandwich ELISA: 

Despite a noticeable difference between P301S and WT tau as shown by TNT ELISA for long 

RNA, due to the variability in data this result did not reach statistical significance (figure 29). 

This was also the case for both long RNA and small RNA when comparing TOC1 ELISA 

results. However, small RNA induced P301S TNT1 reactivity was significantly higher than WT 

tau. None of the other mutations were significantly different than WT with regard to either the 

TNT1 and TOC1 ELISA using both long RNA and small RNA.  

 

Figure 29: Immuno-reactivity of long RNA and small RNA reactions. 

ELISA results using TNT (A & C) and TOC (B & D) capture antibodies against long RNA (A & B) and small RNA  

(C & D) induced filaments. Y-axis represents % light absorbed value (converted from A450 reading). Error bars 

represent SD of 3 independent experiments. Each P to S mutation was compared to WT using an unpaired t-

test. 𝑛𝑠 𝑝 > 0.05, ∗ 𝑝 ≤ 0.05;  ∗∗  𝑝 ≤ 0.01;  ∗∗∗ 𝑝 ≤ 0.001. ns = not significant. 
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RNA summary: 

Using both long RNA and small RNA as an inducer molecule, we found differences in total 

polymerization, filament length, filament mass, number of filaments, and immuno-reactivity. 

The P270S mutation caused no change in total polymerization as determined by LLS for both 

long RNA and small RNA. However, when induced with small RNA there was a significant 

decrease in filament mass and number of filaments as determined by TEM. In contrast, P270S 

induced with long RNA caused a significant increase in filament mass, and an increase in the 

number of filaments and average filament length, although neither were statistically significant. 

There was also no significant difference in immuno-reactivity between P270S and WT using 

either TOC1 or TNT1 capture antibodies for either sizes of RNA.  

 

When inducing P301S with both small and long RNA, there was a dramatic increase in total 

aggregation as determined by LLS (>5 fold for long RNA, and ~3 fold for small RNA). 

Interestingly, despite an increase in LLS, number of filaments, and total filament mass, using 

both RNA inducer molecules, the P301S mutation did not cause a significant difference in 

average filament length when compared to WT. Using long RNA to induce P301S aggregation 

caused an increase in TNT1 and TOC1 reactivity, however this increase did not reach the 

threshold to be statistically significant. Using small RNA, there was a significant increase in 

TNT1 reactive species, however no substantial change was seen when using the TOC1 capture 

antibody. The P332S mutation had no significant effect on total polymerization as determined by 

LLS, however, TEM analysis revealed an increase in number of filaments when induced with 

both RNA species, and a significant increase in filament mass when induced with long RNA. In 

initial endpoint aggregation experiments, there was a significant increase in LLS when induced 
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with long RNA, however, no filaments were present in the EM micrographs. When comparing 

P364S and WT induced with small RNA, there was no significant change in LLS and filaments 

were present as shown by TEM. Analysis of these images revealed a decrease in total filament 

mass and number of filaments, but no significant change to average filament length. 

 

Comparison of each inducer molecule: 

Table 5 summarizes the results of each experiment using each of the 5 inducer molecules: ARA, 

P100, P700, long RNA, and small RNA). It is clear from this summary that the choice of inducer 

molecule and method of aggregate detection can influence whether differences are detected and 

also the absolute extent of differences. It is also apparent that the P301S more consistently 

demonstrates differences from the wild type protein regardless of inducer and method of 

detection as compared to the other P to S mutations. 
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Table 5: Comparison of in vitro aggregation results by inducer, mutant, and method of detection. 

Method LLS  TEM  sELISA  Kinetics 

Parameter Max  �̅� Σ #  TNT1 TOC1 T22  Max Rate Lag 

 

Arachidonic Acid 

P270S ≈  --- ≈ +  ≈ ≈ ≈  ≈ ≈ ≈ 

P301S ++  ++ ≈ ---  ≈ ≈ ---  ++ ≈ ++ 
P332S -  ≈ --- --  ≈ ≈ ---  ≈ ≈ ≈ 

P364S ≈  ≈ ≈ ≈  ≈ ≈ -  ≈ ≈ ≈ 
              

Polyphosphate P100 

P270S -  + ≈ ≈  ≈ ≈ n.a.  ≈ ≈ ≈ 

P301S ≈  ≈ ≈ --  ≈ ≈ n.a.  ≈ + ≈ 

P332S ≈  ++ --- ---  ≈ ≈ n.a.  ≈ - ≈ 

P364S ≈  +++ - ---  ≈ ≈ n.a.  - ≈ + 
              

Polyphosphate P700 

P270S ≈  ++ - ---  ≈ ≈ n.a.  ≈ - ≈ 

P301S +  ++ ≈ -  ≈ ≈ n.a.  ≈ + ≈ 

P332S ≈  +++ - ---  ≈ ≈ n.a.  -- ≈ +++ 

P364S ≈  +++ ≈ -  ≈ ≈ n.a.  ≈ ≈ ≈ 
              

Long RNA (> 200 nts) 

              

P270S ≈  ≈ + ≈  ≈ ≈ n.a.  n.a. n.a. n.a. 

P301S +++  ≈ +++ +++  ≈ ≈ n.a.  n.a. n.a. n.a. 

P332S ≈  ≈ +++ ++  ≈ ≈ n.a.  n.a. n.a. n.a. 

P364S +  --- -- --  ≈ ≈ n.a.  n.a. n.a. n.a. 
              

Small RNA (<200 nts) 

P270S ≈  ≈ - ---  ≈ ≈ n.a.  n.a. n.a. n.a. 

P301S +++  ≈ +++ +++  + ≈ n.a.  n.a. n.a. n.a. 

P332S ≈  ≈ ≈ +  ≈ ≈ n.a.  n.a. n.a. n.a. 

P364S ≈  ≈ -- ---  ≈ ≈ n.a.  n.a. n.a. n.a. 

 

This is a summary of the results from inducer aggregation experiments. 𝐿 is average filament length; Σ is total 

filament mass; # is the number of filaments per micrograph; ≈ is no significant change; + indicates p ≤ 0.05 

significant increase from wt; ++ is p ≤ 0.01; and +++ is p ≤ 0.001; - indicates p ≤ 0.05 significant decrease from wt; 

-- is p ≤ 0.01; and --- is p ≤ 0.001; n.a. (not applicable) indicates that the method could not be used for those 

conditions. 
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3.4 Discussion 

It has been known for several decades that the term tauopathy includes a wide range of 

neurological disorders with diverse etiology, clinical presentation, and histopathology. Recent 

advances in structural biology techniques, primarily cryo-electron microscopy, have now shown 

that different tauopathies also include a range of structurally diverse tau aggregates32, 39-41. 

Previous studies have shown that missense mutations of the MAPT gene are associated with 

effects on tau pathology, neurodegeneration, and neurotoxicity133-135. Here, we examine how the 

use of different inducer molecules can have a profound effect on our understanding of the 

molecular characteristics of wild type tau and how it relates to missense mutations associated 

with a group of familial tauopathies known as frontotemporal dementia with parkinsonism linked 

to chromosome-17 (FTDP-17). 

 

Previously, we, and others, have completed extensive in vitro aggregation studies using ARA as 

an inducer molecule of recombinantly expressed human tau. This has allowed for the 

development of optimized aggregation conditions and standard techniques to be able to complete 

characterization studies of MAPT mutations and other protein modifications. Comparisons of 

different fatty acids to induce tau aggregation have also shown that alkyl chain length and 

saturation of the fatty acid used can influence filament length, rate of polymerization, amount of 

polymerization, and filament density136, 137. In this study, we have used ARA as a fatty acid 

inducer of tau aggregation as it forms filaments that have similar morphology to straight 

filaments isolated from AD and has relatively higher stability when compared to fatty acids with 

a less saturated aliphatic tail99.   
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Following ARA induced aggregation experiments, we sought to compare the P to S mutations 

using polyphosphate as an inducer molecule. Similar to fatty acids, chain lengths of 

polyphosphate can influence the amount and length of tau filaments125. However, there are fewer 

studies characterizing these differences. For the purpose of this study we chose to complete 

aggregation experiments using medium chain polyphosphate (P100) and long chain 

polyphosphate (P700). Similarly, few studies have characterized how RNA induces tau 

aggregation. To limit the scope of this study we chose to use two different RNA samples that 

were separated based on length. However, it is possible that differences in small and long RNA’s 

primary and secondary structure may be the cause of the variance of observed effects on 

aggregation. 

 

In this study we used three independent assays (LLS, TEM, and ELISA) for studying the effects 

of disease related mutations in the PGGG motif in order to understand how these effects relate to 

the inducer molecule used. Right-angle laser light scattering (LLS) is a standard tool used in the 

field of studying in vitro protein aggregation. However, this assay does have certain limitations 

when being used to compare different samples. For example; 1) samples with dissimilar size 

distributions will scatter light dis-proportionately to each other, 2) changes in filament flexibility 

could potentially affect the radius of gyration and therefore the total amount of light scattered, 3) 

formation of micelles or RNA droplets could interfere with measuring filament light scattering, 

and 4) particles less than 1/20th the wavelength of the light source will not scatter light 

proportionately. In addition, when light scattering endpoint aggregation studies are completed 

the reactions take place in a closed plastic microcentrifuge tube, but when light scattering is used 

for measuring aggregation kinetics, the reactions are incubated in a 5 mm x 5 mm glass cuvette 
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sealed with parafilm. The differences in the material of these vessels and how each one affects 

surface area to volume ratio, may cause significant effects on total aggregation. For example, the 

P332S mutation when induced with P700 has no significant effect on total aggregation as 

measured by LLS during the endpoint aggregation reactions. However, during aggregation 

kinetic studies, the maximum polymerization of P332S was significantly reduced when 

compared to WT tau.  

 

In addition to using electron microscopy to validate the results of the LLS aggregation assay, we 

were also interested in finding out more information such as the total filament mass, average 

length of filaments, and number of filaments using each inducer. Through the use of image 

analysis software, we are able to use transmission electron microscopy as a semi-quantitative 

tool, with the following limitations. 1) Only filaments that bind to the EM grid are detectable and 

it is possible that certain tau variants and/or inducer-specific polymorphs will have a different 

binding affinity toward the EM grid. 2) Filament length may be altered by filament breaking as 

they adhere to the grid. 3) The stain used to visualize the filaments may bind to different tau 

variants and/or inducer-specific polymorphs differently. 4) We are visualizing a relatively small 

sample size of filaments compared to the sample of those analyzed by LLS93.   

 

Sandwich ELISA assays can provide useful information about the species of tau aggregate being 

used and how these might relate to toxic species associated with disease. Similar to LLS and 

quantitation TEM, ELISA also has certain assay specific limitations when comparing multiple 

different samples. 1) The aggregates must form the corresponding epitope to the antibodies being 

used, and that epitope must be accessible, 2) inducer molecules may interfere with antibody 
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binding by blocking epitope recognition, 3) changes in filament flexibility may change epitope 

accessibility, 4) changes in length distribution may change the number of epitopes accessible 

(this is known to be the case with TOC1, as it is thought to bind to filament ends103), 5) may not 

appear to validate other methods due to different limits of detection (oligomers smaller than 

1/20th LLS wavelength and 25 nm in length, may still bind to oligomer specific antibodies such 

as TOC1 and T22, and pro-aggregate monomer may still bind TNT1). Therefore, with these 

limitations in mind, it is important be cautious when basing conclusions on any single assay. In 

addition to actual changes to filaments caused by FTDP-17 mutations, we should also consider 

the disproportionate effect mutations may have on the method of detection.   

 

Initial endpoint aggregation studies using ARA, P100, P700, long RNA, and small RNA, 

illustrates that the type of inducer used can have significant effects on the total amount of 

aggregation as well as the effect missense mutations can have on total aggregation relative to 

wild type tau (WT). Although the P301S mutation caused a significant increase in ARA-induced 

aggregation when compared to WT, there was no statistically significant difference when 

induced with P100 polyphosphate. Interestingly, using P100 as an inducer, the P270S mutation 

did result in a significant decrease in aggregation, however this result was not seen with any of 

the other inducers. When induced with the longer chain P700 polyphosphate, a significant 

difference was seen when comparing P301S to WT. Although these results were reproducible 

among independent experiments, they were relatively subtle with a difference of less than 20% 

when comparing WT to P301S (ARA and P700) or P270S (P100). In contrast, the effect of the 

P301S mutation on RNA induced aggregation was much more noticeable. In the case of small 
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RNA, P301S aggregated approximately 3-fold more when compared to WT tau. Similarly, when 

induced with long RNA, P301S caused over a 5-fold increase in aggregation.  

In addition, LLS experiments showed the P332S mutation increased aggregation when induced 

with ARA. This was further supported by the significant increase in filament mass as shown by 

TEM. Interestingly, P364S induced with long RNA also showed a significant increase in light 

scattering, however TEM analysis did not reveal any filaments, suggesting the possibility that 

this mutation enhances tau’s interaction with RNA, but not resulting in the formation of stable 

fibrils. 

 

Transmission electron microscopy revealed that filaments induced with the shorter chain P100 

polyphosphate had a much longer average filament length than those induced with long chain 

P700 polyphosphate (compare figure 22 B and E to figure 23 B and E). Further comparisons of P 

to S mutations on filament length show substantial differences between the different inducer 

classes. For example; the effect of the P364S mutation on total aggregation, average filament 

length, and number of filaments when induced with ARA is not significantly different from WT. 

However, in the case of both P100 and P700 there appears to be significantly fewer, but longer 

filaments.  

 

The influence of polyphosphate chain length on average tau filament length has previously been 

studied from a biophysical perspective125. This finding is further supported by our TEM and 

kinetic studies. For example, in the case of P100 induced aggregates average polymerization 

rates of WT and each of the P to S mutants are slower than the rate of their respective P700 
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induced counterparts. This suggests that filaments induced with P100 form more slowly but 

result in longer filaments than those induced with P700.  

 

The filaments induced with both P100 and P700 appear to follow a nucleation independent 

mechanism, or a fast nucleation step as shown by the extremely short lag time, especially in the 

case of WT and P301S tau. Although, further investigations would be required to fully elucidate 

the mechanism of polyphosphate aggregation. Interestingly, the P301S mutation causes an 

increase in maximum aggregation for ARA, a slight but not significant increase for P100, and no 

change to P700 induced filaments. However, in the case of ARA induced filaments P301S has a 

significantly longer lag time with a slightly slower rate of aggregation, when compared to WT. 

This increased lag time suggests the P301S mutation slows the nucleation step. Conversely, in 

the case of both P100 and P700, neither WT, nor P301S have a measurable lag time, but the 

P301S rate of aggregation is substantially faster. This shows a fundamental difference between 

polyphosphate and ARA induced filaments in regards to the effect of the P301S mutation on 

aggregation kinetics and therefore warrants further investigation. 

 

When completing kinetic studies using long RNA (figure 34), and to a lesser extent small RNA 

(data not shown), as an inducer molecule we witnessed a strange phenomenon where initial 

addition of the inducer caused almost immediate light scattering that then faded over a period of 

approximately 28 hours. This was then followed by a steady increase of light scattering between 

28 and 72 hours. Samples prepared for TEM imaging at time zero showed no filaments present. 

However, images of samples at the 72-hour time point showed a proportional amount of tau 

filaments to the amount of light scattering. Initial light scattering may be due to an immediate 
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interaction between RNA and monomeric tau that is then followed by a dissociation and 

subsequent filament formation. Alternatively, initial light scattering could be RNA acting as a 

crowding agent causing liquid-liquid phase separation that form highly concentrated droplets of 

monomeric tau that are able to scatter light. However, more extensive studies would be required 

to fully understand this process and was considered outside the scope of this initial investigation.  

 

Of the 9 tau based therapeutics that are currently in clinical trials, 6 are either passive or active 

immunotherapies61. Understanding the effect of different disease related mutations and in vitro 

inducer molecules have on antibody affinity toward tau aggregates can therefore not only 

provide useful characterization information, but may also be useful in the development of future 

therapeutics. From our current study, the clearest example of how different inducer molecules 

can affect antibody reactivity is the ability of T22 to detect ARA induced filaments in an ELISA, 

but not filaments induced by either of the polyphosphate or RNA inducers. However, T22 was 

reactive against RNA and polyphosphate when used in a dot blot assay. This suggests that the 

polyanion inducer molecules block the T22 binding, but this interaction can be disrupted through 

thorough wash steps that occur prior to interaction between aggregate samples and the T22 

antibody. In addition, the T22 ELISA experiments also revealed that the P301S, P332S, and 

P364S mutations significantly decreased T22 reactive species when induced with ARA. 

Although the affinity of TOC and TNT antibodies does not appear to be influenced by these 

specific mutations, TOC does appear to show a higher affinity towards ARA induced filaments 

compared to fibrils induced by P100 and P700 (although the difference is not significant for 

P700, figure 32). Although TOC reactivity is also significantly lower for RNA induced fibrils 

this is most likely due to an overall lesser amount of total aggregation.  
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Together, these findings suggest that both the inducer molecule and disease relevant mutations 

can play an important role in the affinity of conformationally sensitive antibodies. In addition, 

different inducer molecules can provide contrasting information regarding the effects of disease 

relation mutations on total aggregation, filament morphology, and aggregation kinetics. Based on 

the data we have collected, it appears the P301S mutations has the most consistent effect on tau 

aggregation when comparing P to S mutations within the PGGG motif. However, other P to S 

mutations can also have significant effects on aggregation depending on the inducer molecule 

used and/or the method of detection. Until we can identify in vitro models that have been proven 

to be disease relevant, an abundance of caution should be taken when using a single inducer 

molecule. In particular, multiple inducer systems may be required for studies that aim to identify 

potential therapeutics or characterize the effects of tau aggregation conditions, disease related 

mutations, or post-translational modifications.  
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Supplemental Information: 

 

Figure 30: Tapestation results for A) small RNA (<200 nts), and B) long RNA (>200 nts). 

Y-axis for each graph represents the band intensity based on tapestation gel image. X-axis represents the molecular 

weight of the band in number of nucleotides (nt). Vertical blue line labelled “Lower” at approximately 25 nt on the 

X-axis, represents the dye front and therefore masks any potential RNA species within the size range illustrated by 

the bracket on the X-axis. Vertical blue lines labelled “18S” (~900 nt -1,400 nt) and “28S” (~ 2,200 nt – 4,000 nt) 

indicate the expected location of 18S and 28S ribosomal RNA, respectively. Isolation of small and long RNA from 

total RNA was completed by Madison J. McGuire and myself. 



105 

 

 

Figure 31: Polyphosphate and RNA 5,7,12 ELISA. 

ELISA results using 5,7,12 monoclonal total-tau antibody mixture as a capture antibody. The signal for each 

aggregate was divided by the signal for monomeric tau (either WT or the respective P to S mutations). Y axis 

represents a fraction of monomeric tau signal (e.g. 1=100%). Data were analyzed using a Tukey’s multiple 

comparison test and “ns” represents no significant difference. 
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Figure 32: Immunoreactivity of WT HT40 using ARA, P100, P700, long RNA, and small RNA as inducer. 

ELISA results using 5,7,12 monoclonal total-tau antibody mixture as a capture antibody. The signal for each 

aggregate was divided by the signal for monomeric WT 2N4R tau. Y axis represents a fraction of monomeric tau 

signal (e.g. 1=100%). B-D, ELISA results of conformationally sensitive antibodies T22 (B), TOC1 (C), and TNT 

(D). Y-axis represents % light absorbed value (converted from A450 reading). Error bars represent SD of 3 

independent experiments and data sets were compared using an un-paired t-test multiple comparison test. 

     ∗ 𝑝 ≤ 0.05;  ∗∗  𝑝 ≤ 0.01;  ∗∗∗ 𝑝 ≤ 0.001. 
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Reactivity of T22 antibody in dot-blot assay: 

Similar to filaments induced by P100 and P700 polyphosphate, neither RNA species formed T22 

reactive aggregates. To ensure this was not an assay specific result, we completed a dot blot 

assay detecting with T22 antibody against samples of WT and P301S induced aggregates (figure 

33). In this assay, polyphosphate and RNA samples did form T22 reactive species, however, 

although repeated experiments showed positive reactivity, the values had a high amount of 

variability (~50%) and therefore, we were unable to complete meaningful comparison studies.   

 

Figure 33: Dot-blot assay detecting endpoint aggregates using T22 antibody. 

A) Comparison of WT tau induced with ARA, P100, P700, long RNA, and small RNA. B) Comparison of P301S 

tau induced with ARA, P100, P700, long RNA, and small RNA. Y-axis represent light intensity as measure using 

histogram function in Adobe Photoshop, and both data sets have been zeroed against a no inducer monomer control 

(n=1). 
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Figure 34: Laser light scattering and TEM upon the addition of long RNA, or ARA, to monomeric WT tau at time 

zero. 

Right-angled laser light scattering images of rRNA only (A), 2N4R tau only (B), RNA + 2N4R tau at time zero (C) 

and the accompanying micrograph (E), ARA + 2N4R tau at time zero (D) and the accompanying micrograph (F). 

LLS images were taken at an aperture of f/5.6 and scale bar in figure F represents 500 nm for both EM micrographs. 
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Chapter 4: Techniques for forming in vitro tau aggregates 

4.1: Introduction 

Forming disease relevant in vitro tau aggregates will be a powerful tool in the identification of 

future therapeutics and our understanding of how tau aggregation relates to disease. Although 

high-resolution structural data would be useful for showing similarities of in vitro filaments to 

filaments isolated from tauopathies, understanding how different filaments interact with common 

assays used within the field is also necessary for future characterization studies. This chapter is a 

short guide and summary of what we have learned working with common tau aggregation 

inducer molecules and other aggregation inducing techniques. It is a collection of preliminary 

unpublished data and information highlighted from the literature that has been collated to 

identify methods, hints, and tips for working with these aggregation inducing techniques in the 

context of using them to model tau aggregation in disease, and therefore, be used for future drug 

screening and aggregation modeling studies. In addition, we have highlighted common 

techniques for studying protein aggregation and a brief discussion of the advantages and 

disadvantages of each technique. As well as how the limitations of these techniques pertain to 

aggregation inhibitor screening studies, studying molecular dynamics of tau aggregation, and 

their specific use in relation to the aggregation inducing techniques covered in this chapter.  

 

It should be noted that there are other published studies and reviews that have also completed 

comparisons of different classes of inducer molecules138 as well as more in depth studies of the 

interactions between tau and certain inducers136, 139. However, this work will focus specifically 

on the practical aspects of using inducer molecules to model tau aggregation in disease and why 

these inducers may, or may not, be forming disease relevant polymorphs. In addition to small 



110 

 

molecule inducers, the energy barrier for tau aggregation can also be overcome in the presence of 

other proteins, pro-aggregate mutations, and divalent metal cations such as Zn+2 74, 132, 140. In 

order to limit the scope of this study we will focus on using small molecules, authentic filament 

seeds isolated from tauopathies, and alternative incubation conditions in order to induce wild 

type recombinant human tau aggregation.  

 

An alternative method to inducing tau aggregation in vitro is to use authentic tau fibrils isolated 

from disease as seeds to promote fibrilization of recombinant protein. Typically, studies using 

seeded aggregates use a pro-aggregate mutation (e.g. P301S) or low concentrations of heparin to 

promote seeding. Based the close proximity of the P301S mutation to the ordered fibril core of 

filaments isolated from disease41 and the fact that heparin induced filaments are dissimilar to 

filaments from disease59, it is likely that these methods result in fibrils that differ structurally 

from the original seed being used.  

 

We have utilized a technique that allows for WT recombinant tau to aggregate using AD or PSP 

derived seeds without the presence of an inducer molecule. However, we do not yet know if 

these fibrils are propagating the original seed structure with high fidelity to the original seed 

structure. In addition, we have found that a similar technique will induce the aggregation of full 

length 3R tau without the presence of seeds. The resulting fibrils are thioflavin S positive, and 

share some morphological similarities to fibrils isolated from Pick’s disease (a 3R tauopathy). 

These preliminary findings provide alternative methods for inducing aggregation in vitro. Further 

optimization and characterization studies would be required to identify if these techniques could 

be used to form disease relevant in vitro structures.  
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4.2: Techniques for studying in vitro induced tau aggregation 

Common methods for studying in vitro induced tau filaments include transmission electron 

microscopy, thioflavin S or thioflavin T fluorescence, right-angle laser light scattering, 

ultracentrifugation, immunoassays such as filter trap or ELISA93, 100, 106, 141.  

 

Transmission electron microscopy: 

Transmission electron microscopy (TEM) is a powerful tool in the study of tau aggregation. It 

can be used to study filament morphology, filament length, and number of filaments. In addition, 

techniques such as immuno-labelling can also provide crude structural information of tau fibrils 

based on the binding of monoclonal antibodies with high affinity toward specific regions of tau. 

For example, to validate cryo-EM findings that the ordered cores of AD filaments were made up 

of MTBRs 3 and 4, Falcon et. al. utilized four different monoclonal antibodies that bind to either 

MTBR 1, 2, 3, or 4 to complete gold nanoparticle immuno-EM38. Labelled tau filaments could 

then be visualized using TEM to identify which MTBR domains are accessible to the antibodies 

and which have been incorporated into the ordered fibril core.  

 

Most studies utilize TEM as a qualitative secondary validation assay to support findings from 

other aggregation studies (light scattering and thioflavin fluorescence). Under well controlled 

conditions, TEM can be used as a semi-quantitative method for comparing different samples. 

However, this is a low throughput, time intensive technique due to only being able to image one 

sample at a time, the need for access to expensive core facilities, and the need of labor-intensive 

image analysis. In addition, as different inducer molecules, mutations, and post-translation 

modifications can greatly influence filament length, spatial distribution of filaments on the grid, 
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and number of filaments, quantitative TEM is not appropriate for all samples. For example; 

polyanionic inducers such as heparin, can form extremely long filaments when compared to 

those induced by ARA123. Also, using pseudophosphorylation (a Ser, Thr, or Tyr residue mutated 

to negatively charged Asp or Glu residue to mimic phosphorylation) as a proxy for studying 

post-translational modification can result in much longer filaments than WT tau (see figure 35 

comparing WT 2N4R ARA induced fibrils to 11Phos 2N4R ARA induced fibrils). The longer 

filaments can greatly influence the distribution of protein on the grid and therefore reduce the 

statistical power of the assay. This can be partially mitigated by taking more images of each 

sample, however, this also results in more time and labor-intensive data collection and analysis. 

Other limitations of this assay include: difficulty in quantifying aggregates below 25 nm in 

length, potential filament breakage when being fixed to the grid may change measured filament 

length, addition of co-factors, small molecules, and post-translational modifications (PTMs) may 

result in poor filament staining or lower binding affinity to the EM grid, heterogenous samples 

may provide erroneous results due to the limited sample size.     
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Figure 35: HT40 WT vs HT40 11Phos. 

Representative TEM micrographs of WT HT40 (A), and the HT40 11Phos mutant with 11 pseudophosphorylated 

residues (B). Scale bar in B represents 500 nm for both images. 

 

Thioflavin fluorescence: 

Thioflavin S (ThS) and thioflavin T (ThT) fluorescence are useful tools for identifying endpoint 

total amounts of polymerization and identifying if aggregates form thioflavin positive inclusions, 

a common attribute of amyloids in disease. The assay relies on the principle that the fluorescent 

dye, ThS or ThT, will bind to amyloid folds between -strands and this binding results in a shift 

of the fluorophore’s emission spectra142. This spectral shift can then be detected using a 

fluorescence spectrometer and the intensity of emitted light can be measured as being 

proportional to amyloid fold formation. However, there are several instances in which thioflavin 

fluorescence is not a suitable assay. The use of other compounds such as small molecule 

inhibitors may give false positive or false negative results by increasing, quenching, or 

modulating the thioflavin fluorescence signal (figure 13, chapter 2). Certain inducer molecules 
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such as RNA will also have a false negative effect on thioflavin S fluorescence and provide false 

positive thioflavin T fluorescence. Commonly used fluorescent tags such as GFP can also quench 

thioflavin fluorescence. In addition, thioflavin based techniques, such as RT-Quik (real-time 

quaking induced conversion) are often used for studying aggregation kinetics, in vitro seeding, or 

prion-like mechanisms of action. However, it has previously been shown that at high 

concentrations thioflavin dyes will induce tau fibrilization138. In addition, thioflavin T is known 

to bind monomeric protein as well as amyloid aggregates, therefore, it is possible that it may 

influence the structure of the fibril fold being formed when used as a reporter for aggregation 

kinetic studies138. When comparing samples of tau aggregates, filament length distribution can 

also disproportionately affect the amount of measured aggregation. For example; at equimolar 

concentrations long fibrils may have more binding sites than small oligomers, filament flexibility 

may allow for steric hinderance of thioflavin dyes, thioflavin dyes may have higher affinity 

toward certain amyloid structures.  

 

Right-Angle Laser light scattering: 

Although there are several different light scattering techniques that can be used to quantify 

protein aggregation, such as dynamic light scattering (DLS) and multi-angle light scattering 

(MALS), this chapter will primarily refer to light scattering in the context right-angle laser light 

scattering (LLS). However, many of the limitations and issues faced using LLS will also apply to 

DLS and MALS. A significant advantage LLS has over TEM and thioflavin fluorescence, is that 

this assay is non-invasive and can be used on samples at any time throughout the aggregation 

process allowing for the collection of kinetic data and endpoint data without modifying buffer 

conditions of the filaments being formed. However, there are several limitations to the use of this 
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assay for studying in vitro aggregation. For example; small molecules often have light absorbing 

or light scattering properties, this can be due to specific chromophores within the molecule or the 

overall hydrophobicity of the compound causing poor solubility in aqueous solutions. In 

addition, certain inducer molecules can also interfere with light scattering, especially long chain 

polyanions at high concentrations, planar aromatic dyes, or fatty acids above their critical micelle 

concentration (CMC). As found with the RNA kinetic experiments in chapter 3, certain inducer 

molecules may interact with tau protein without forming stable filaments, while still scattering 

light. In addition, samples isolated from tissue or cell culture will also contain many large 

contaminants that scatter light even when diluted. This should be carefully considered when 

using LLS as a primary assay of seeding recombinant protein with tau fibrils isolated from brain 

tissue. Similar to ThS and TEM, samples with dissimilar size distributions will scatter light 

disproportionately, and longer more flexible fibrils may affect the radius of gyration and 

therefore the amount of light scattered. Samples that are smaller than 1/20th of the wavelength of 

light being used will also scatter light disproportionately.  

 

Ultracentrifugation: 

Ultracentrifugation can be a useful technique to identify the presence of, and separate, different 

tau species based on size and solubility. For example, a sucrose step gradient will allow the 

isolation of oligomer enriched fractions from monomeric tau and larger tau fibrils100. However, 

these methods are less sensitive than those previously described, and relatively time intensive 

and low throughput. The effect of tau aggregate size and solubility on their sedimentation 

coefficient can greatly affect results from ultracentrifugation and therefore should be carefully 

considered when using as method for validation of aggregation, inhibition, and disassembly of 
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tau fibrils. In addition, it is not fully known what effect high speed centrifugation can have on 

monomeric tau and aggregated tau. Therefore, caution should be used when using isolated 

samples to complete assays further downstream. Addition of certain co-factors and small 

molecular probes may cause samples to adhere to centrifuge tubes and result in poor rates of 

sample recovery.  

 

Immunoassays: 

Immunoassays (IA) can include a range of techniques that utilize specific antibodies that either 

bind to particular regions of tau, post-translational modifications, conformations of either 

monomeric or aggregated tau species. The most common IA based techniques used to study in 

vitro tau aggregation are filter trap, dot-blot, and ELISA.  

 

A filter trap assay requires the samples to be added to a pre-wetted membrane housed in a 

vacuum manifold and then pulled through the membrane to isolate large tau aggregates from 

monomeric protein. The membrane can then be blocked and subsequently probed using different 

antibodies. A dot-blot assay is similar, but typically the sample is allowed to air dry on a dry 

nitrocellulose membrane before being blocked and treated with detection antibodies. Both of 

these techniques utilize specific antibodies as an indirect reporter. Although there are many 

advantages and ways these techniques can be used, there are also several things that should be 

carefully considered. A filter trap assay relies on the electrostatic interactions between the highly 

charged nitrocellulose membrane and protein of interest. It is possible that these interactions 

could be disrupted by the addition of molecular probes, such as potential inhibitors. Also, small 

enough oligomers may be pulled through the membrane, providing false positive results. 
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Similarly, the binding of tau to a dry nitrocellulose membrane may cause conformational 

changes to the protein such as PAD exposure, or filament breakage.  

 

ELISA assays can utilize the same antibody tools used in filter-trap and dot-blot assays, whilst 

relieving the mechanical stress on monomeric protein and filaments. This is beneficial for several 

reasons, the sample is allowed to directly interact with the antibody, rather than being ‘fixed’ to a 

membrane first, allowing heterogenous samples isolated from disease to be used. In addition,  

through the use of optimized sandwich ELISA conditions, this method can also be highly 

sensitive. Despite these advantages, ELISAs can be prone to false negative results due to inducer 

molecules or inhibitors blocking the epitope of the capture antibody. The interactions are often 

interrupted during dot-blot and filter-trap assays due to samples being “fixed” to a solid substrate 

and then washed prior to the addition of a primary antibody. In addition, both techniques require 

the epitope of the antibody to be accessible and this accessibility could be limited by increased 

filament flexibility. Therefore, it is often useful to characterize tau species through a range of 

different IA techniques and multiple different detection antibodies to ensure accuracy of the 

results. 

 

4.3: Utilization of diverse in vitro tau aggregation inducer molecules 

Below is a brief introduction to six commonly used in vitro tau aggregation inducer molecules. 

In addition, table 10 highlights buffer conditions, incubation times, and compatible assays for 

each of the different inducers.  
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Heparin:  

Heparin induced filaments have long been used as a standard model for studying in vitro tau 

aggregation and is the most prevalent inducer used research studies. Heparin, not to be confused 

with haparan sulfate, is a heterogenous highly negatively charged biomolecule that is primarily 

found in mast cells. During periods of inflammation, heparin is released from mast cells and 

interacts with several different proteins and cofactors to influence coagulation and inflammation 

cascades, and can have many different functions and binding partners143. Due to tau filaments 

formed in the presence of heparin often having a PHF-like morphology, it has long been thought 

that heparin is an appropriate inducer for studying tau aggregation. Sonicated tau fibrils induced 

by heparin are known to seed tau aggregation in cell culture and mice, and also spread in a prion 

like fashion91. In addition, higher concentrations of heparin are known to competitively inhibit 

tau binding to cell surface heparan sulfate proteoglycans receptors (HSPGs) and therefore block 

prion-like spread of tau in cell culture144. Typically, conditions for heparin induced tau filaments 

require a 1:4 heparin to tau ratio, low ionic strength (15 mM-25 mM NaCl), incubation times of 

48-96 hours at 37 C. The resulting filaments are often extremely long when compared to typical 

fibrils isolated from disease, but will form twisted filaments that appear to have a gross 

morphology similar to fibrils isolated from disease. However, despite these similarities, both 

functionally and morphologically, recent high-resolution structural studies of heparin induced 

filaments and authentic filaments isolated from disease have shown that the structures formed by 

heparin are unique41, 59, 114. Although it is possible that changes to heparin, such as sulfation 

patterns, chain length, and buffer conditions may result in filaments with more biologically 

relevant morphologies145. Based on the structural data that is currently available, for the purposes 
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of studying aggregation dynamics, mutations, and screening for potential therapeutic agents, 

heparin is likely not an appropriate tool.  

 

Arachidonic acid (ARA):  

ARA is a polyunsaturated 20-carbon fatty acid with four cis double bonds positioned at carbons 

5,8,11, and 14 and is ubiquitous in mammalian cells146. ARA is a precursor to a group of tightly 

regulated biomolecules known as eicosanoids that comprise of subgroups of inflammatory 

mediators including leukotrienes, prostaglandins, thromboxanes, and lipoxins147. Despite the 

tight regulation of ARA and its derivatives, during times of oxidative stress, the cellular 

concentration of ARA increases and therefore disrupts homeostasis within the cell148.  The tau 

filaments formed in the presence of ARA are relatively short when compared to polyanions 

(heparin, RNA, polyphosphate), however the length distribution is more similar to the 

distribution of filaments isolated from disease. In addition, ARA-fibril’s average width is similar 

to the straight filaments isolated from Alzheimer’s disease. Fibrils formed after extended 

incubation with ARA (2-7 days at 37 C) appear to form more PHF-like filaments99. However, to 

date we have no high-resolution structures of ARA induced fibrils and therefore we cannot draw 

a full comparison to fibril structures currently isolated from disease. 

 

Ribonucleic acid (RNA): 

RNA is a ubiquitous class of biomolecules that has a diverse range of functions including 

binding to and interacting with other biomolecules such as proteins, DNA, lipids, and other 

metabolites. RNA can be sub-categorized into three groups: 1) RNA involved with protein 

transcription and translation which primarily comprise of messenger RNA (mRNA), ribosomal 
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RNA (rRNA), and transfer RNA (tRNA).  2) RNAs that perform regulatory roles within the cell 

and extracellular environment such as micro RNA (miRNA), small interfering RNA (siRNA), 

short hairpin RNA (shRNA), short non-coding RNA (sncRNA), long non-coding RNA 

(lncRNA) and others. 3) RNAs that are thought to be parasitic including retrotransposons, RNA 

viruses, CRISPR RNAs as well as others149. Although this is not an exhaustive list, it is clear that 

the role of RNA molecules is extremely diverse. In regards to inducing tau aggregation, we do 

not yet fully understand how different classes of RNA can influence tau aggregation. For 

example; some studies have shown that tRNAs and rRNA can induce PHF-like filaments, and 

that tRNA is overwhelmingly the most abundant RNA type that is associated with tau isolated 

from mammalian cell culture127, 128. In our studies we have found that RNA isolated from HEK 

293T cells can induce tau aggregation at concentrations 5- 25 ng/L. Interestingly, we found that 

the size of RNA isolated, <200 nts and >200 nts, can have significantly different effects on the 

total amount of aggregation, average filaments length, average number of filaments, and 

immunoreactivity, as well as assembly of tau with single missense mutations (see chapter 3, table 

5). However, it should be noted that we do not know if these differences are due to a difference 

in RNA chain length, sequence, or secondary structure. In addition to characterizing the 

filaments formed using RNA as an inducer, there may be novel molecular interactions that take 

place during the aggregation process. For example, some studies have shown that RNA can act 

as a crowding agent leading to liquid-liquid phase separation of tau in aqueous solution128.  

 

Polyphosphate (PP): 

PP is thought to have a wide range of functions within eukaryotes and prokaryotes, many of 

which have not yet been fully understood. It has been shown to increase amyloidogenic 
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aggregation of a range of different proteins including those associated with neurodegenerative 

disease, alpha synuclein, A-42, and tau150. We found PP was effective at inducing tau 

aggregation within a concentration range of 1 - 25 ng/L, with an optimal concentration of 10 

ng/L. Interestingly, the optimal PP molar concentration is approximately 94 M in terms of 

single Pi subunits, similar to concentration ranges detected in brain tissue of some mammals 

(~95 M)151.  PP chain lengths isolated from mammalian cells and brain tissue range from 50-

800 units151, 152. We chose to use average chain lengths of 100 units (P100) and 700 units (P700) 

to stay within this this physiological range.  Although the aggregation kinetics of PP induced tau 

filaments is relatively fast when compared to other polyanions, e.g heparin, we completed all 

reactions by incubating for 48 hours at 37 C as differences in the PP chain length can have 

significant impacts on the rate of aggregation (see chapter 3). 

 

Congo red (CR): 

CR is a planar aromatic dye that has been used to stain amyloids for almost a century153. It can be 

used to stain -sheet enriched structures both in vitro and in vivo. In addition to being able to 

stain amyloids formed by protein such as A and tau, CR can also be used as an inducer 

molecules for tau aggregation138. It is thought that CR binds to amyloids through polar 

interactions with -strand amyloid backbones, however, this has not been shown to be the case 

when CR is used as an inducer molecule154. In our experiments we found the optimal condition 

for 2N4R tau fibrilization with CR was a concentration of 12.5 M (CR) and 2 M (2N4R tau) 

in our standard polymerization buffer (100 mM NaCl, 10mM HEPES (pH 7.64), 5 mM DTT, 

0.1mM EDTA, 1% DMSO) for 48 hours at 37 C. The filaments formed under these conditions 

are much shorter and wider than the other inducer molecules discussed here, and they appear to 
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have a twisted ribbon-like morphology. Unlike heparin, polyphosphate, and arachidonic acid, 

due to absorbance properties CR induced aggregates cannot be monitored using standard 

fluorescent dye based aggregation assays, such as thioflavin T (ThT) and thioflavin S (ThS). 

Similarly, when used in laser light scattering assays, the concentration of CR needs to be kept 

relatively low to avoid high noise to signal ratios. Based on the gross morphological differences 

between CR fibrils and authentic fibrils isolated from disease, interactions with standard 

aggregation assays, the fact that CR is not present in mammals it is unlikely that CR would be a 

useful inducer to model disease-relevant tau filaments for in vitro study.  

 

Thiazine red (TR): 

Another aromatic dye that has traditionally been used to stain amyloids in tissue and in vitro, is 

TR. Despite thiazine red also being a planar aromatic dye, the tau filaments formed in its 

presence do not share the same morphological characteristics as CR filaments. In an attempt to 

optimize conditions for polymerizing tau in the presence of TR we found that it was extremely 

difficult to get consistent results. Therefore, we completed some preliminary kinetics study on 

TR induced aggregation and found that the LLS signal appeared to increase after approximately 

24 hours, but then decreased between 24 hrs and 112 hrs. We found similar results when taking 

TEM images of the samples at different time points. This suggests that filaments induced with 

TR are either non-stable and spontaneously depolymerize, or over time TR induced filaments 

adhere to the reaction vessel used (1.7 mL microcentrifuge tubes or LLS cuvette). In either case, 
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TR induced filaments would likely not be a useful in vitro inducer model for the purposes of 

studying aggregation dynamics, compound library screening, or studying aggregation conditions. 

Figure 36: Representative TEM micrographs of different in vitro inducers of recombinant WT 2N4R tau.  

A) 2 µM tau in the presence of 0.5 µM heparin incubated at 37°C for 72 hours. B) 2 µM tau in the presence 

of 75 µM ARA incubated at 25°C for 20 hours. C) 2 µM tau in presence of 12.5 ng/µL total RNA isolated 

from Aspergillus nidulans for 72 hours at 37°C. D) 2 µM tau incubated with 10 ng/µL mixed length 

polyphosphate for 72 hours at 37°C. E) 2 µM tau incubated with 100  µM thiazine red for 72 hours at 37°C. 

F) 2 µM tau incubated with 50 µM Congo red for 72 hours at 37°C. All images were taken at 5,000X 

magnification and scale bar in figure F represents 500 nm for each micrograph.  
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Table 6: Summary of in vitro inducer conditions and assay compatibility. 

*Denotes that inducer is not be fully compatible with the assay, either due to increased variability, or increase 

background signal. See section 4.2.2 for details. 

Table 6: Summary of inducer conditions 

(All inducer molecules form fibrils in a standard polymerization buffer containing 5 mM DTT, 10 mM HEPES, 

0.1 mM EDTA, pH 7.64, 2 µM 2N4R recombinant tau, and NaCl concentration as indicated below) 

Inducer Incubation 

temperature 

Incubation 

time 

NaCl 

concentration 

Compatible assays 

Heparin 37°C 72 hours 15-25 µM TEM, ThS, ThT, LLS, 

Immunoassays 

ARA 25 °C or 

37°C 

20 hours 100 µM TEM, ThS, ThT, LLS, 

Immunoassays 

RNA 37°C 72 hours 25-100 µM TEM, LLS*, 

Immunoassays* 

Polyphosphate 37°C 48 hours 25 µM TEM, ThS, ThT, LLS, 

Immunoassay* 

Thiazine Red 37°C 72 hours 25 µM TEM*, LLS*, 

Immunoassays* 

Congo Red 37°C 72 hours 25 µM TEM, LLS*, 

Immunoassays* 
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4.4: In vitro seeding using authentic tau filaments isolated from AD and PSP 

As tau is thought to be a prion like protein, filaments isolated from disease have the ability to 

recruit inert monomeric recombinant tau to form new aggregates. Although this has been shown 

to occur in mice and cell culture, it is typically done in vitro in the presence of heparin, through 

an inducer templated seeding mechanism, or, by introducing a missense mutation that promotes 

aggregation (typically the P301S mutation)44. Below we describe preliminary findings using a 

seeding technique using authentic filaments isolated from two different tauopathies (AD and 

PSP) that does not require the presence of a co-factor such as heparin, any mutation, truncation, 

or post translation modification to WT recombinant tau. 

 

In vitro AD-PHF seeding of recombinant 2N4R and 2N3R tau: 

Based on previous studies by Carlogmagno et. al. and Guo et. al. we have found that by 

incubating sonicated AD-PHF seeds in the presence of recombinant tau with constant agitation 

(see materials and methods for details), we can induce seeding without the presence of inducer 

molecules (figure 37)155, 156. Although both 2N4R and 2N3R AD seeded fibrils mostly appear to 

have a SF morphology and no filaments with the stereotypical AD-PHF morphology defined as 

having a regular half periodicity of ~80 nm and widths between 8 nm and 20 nm, were observed 

(compare figures 31B-31D to 31E and 31F). However, when combining equimolar 

concentrations of 2N4R and 2N3R and adding AD-PHF seeds, occasional paired filaments with 

apparent regular twists begin to form (Figure 31G).  Although, the majority of filaments still 

have a SF-like morphology. Interestingly, we found that this seeding process could be 

propagated across several seed generations by sonicating the resulting first generation fibrils 

(0.75% AD-PHF) and then adding them as seeds to recombinant monomeric protein (0.0375% 
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AD-PHF). The percentage of AD-PHF refers to the concentration of the original AD-PHF 

isolated from brain tissue. For example, first generation seeds were formed in the presence of 

0.75% of original isolate. Second generation seeding experiments were completed by sonicating 

first generation fibrils and adding them at a final concentration of 5% to 2 µM monomeric 

recombinant protein. Therefore, the resulting estimated concentration of original AD-PHFs 

isolated from tissue in the second generation seeding experiments is 0.0375% of original isolate. 

At this concentration, sonicated AD-PHF only samples do not scatter light and are undetectable 

on TEM. 

 

It should be noted, that although the occurrence of detectable first and second generation seeding 

was highly reproducible in terms of the formation of seeded fibrils, the total amount of 

monomeric protein converted into fibrils during first generation seeding experiments had a high 

amount of variability. The amount of monomeric seeding converted into fibrils during second 

generation experiments appear to be proportional to the total amount of first generation 

aggregates. For example; high conversion rates during first generation seeding led to higher 

conversion rates during second generation seeding. However, further studies would be required 

to understand this relationship between first and second generation seeds. Considering the 

variability in conversion rates, this would not be a useful in vitro model for studying tau 

aggregation under current conditions. Therefore extensive optimization would be required to 

ensure reproducible rates of conversion.  
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Figure 37: AD PHF seeding of recombinant 2N4R and 2N3R tau measured by LLS and validated with TEM. 

A) Seeding as measured by LLS of second generation recombinant tau seeded reactions using sheared 

PHF seeds isolated from AD with 2N4R monomeric tau (ADS + 2N4R), 2N3R monomeric tau (ADS + 

2N3R), and an equimolar mixture of both 2N4R and 2N3R (ADS + 2N4R + 2N3R). TEM micrographs 

B, C, and D, are representative AD-PHFs isolated from AD brain. A representative micrograph of the 

straight filaments that form when seeding 2N4R with ADS (E) and 2N3R with ADS (F) compared to 

the apparent PHF-like filaments formed when seeding a 2N4R and 2N3R mixture using AD-PHF (G). 

All images were taken at a 30,000X magnification, scale bar in image G represents 100 nm for each 

micrograph. 
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In vitro PSP-tau seeding of recombinant 2N4R and 2N3R tau: 

Using the same method as described for AD-PHF seeds, we attempted to seed monomeric 

recombinant 2N3R and 2N4R using tau seeds isolated from another tauopathy, progressive 

supranuclear palsy, (PSP). The PSP filaments isolated from diseased brain tissue did not have the 

typical AD-PHF like morphology (figure 38 B-D). Although light scattering when attempting to 

seed 2N4R with PSP-tau seeds (figure 38A) was higher than typical background noise, no 

filaments were present when analyzed using TEM (figure 38E). To our surprise, PSP-tau seeds 

did convert 2N3R monomeric tau into fibrils (figure 38F). Although the majority of these fibrils 

had a SF morphology, some did appear to form PHF-like structures. Interestingly, aggregates 

formed when PSP-tau seeds to a mixture of both 2N4R and 2N3R were not filamentous (figure 

38G). Similar to seeding experiments using AD-PHF seeds, PSP-tau seeding experiments had a 

high amount of variability. Further exploration of seeding conditions, and characterization of the 

resulting filaments would be required before considering this assay as a future in vitro model. 
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Figure 38: PSP-tau seeding of recombinant 2N3R and 2N4R tau measured by LLS and validated by TEM. 

A) Seeding as measured by LLS of second generation recombinant tau seeded reactions using sheared PSP-tau seeds 

isolated from PSP diseased brain tissue with 2N4R monomeric tau (PSPS + 2N4R), 2N3R monomeric tau (PSPS + 

2N3R), and an equimolar mixture of both 2N4R and 2N3R (PSPS + 2N4R + 2N3R). TEM micrographs B, C, and D, 

are representative PSP-tau isolated from PSP brain tissue. A representative micrograph showing lack of filaments 

formed when seeding 2N4R with PSPS (E) and  representative PHF-like filaments when seeding 2N3R with PSPS 

(F) compared to the non-filamentous aggregates formed when seeding a 2N4R and 2N3R mixture using AD-PHF 

(G). All images were taken at a 30,000X magnification, scale bar in image G represents 100 nm for each 

micrograph. 
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LLS revealed that the addition of 2N3R tau appeared to greatly increase the amount of seeded 

aggregates. However, when completing non-seeded 2N3R only control experiments, we also 

found that there was a high amount of light scattering. We then prepared TEM grids of the 2N3R 

only samples and found that filaments were present (figure 39). Based on this finding it is 

difficult to know if the 2N3R only or 2N3R + 2N4R fibrils formed in the presence of AD-PHF 

seeds and PSP-tau seeds were indeed “seeded” by authentic filaments, or if they spontaneously 

aggregated.  

 

4.5: Mechanically induced aggregation of recombinant 3R tau 

To explore the apparent spontaneous aggregation of 2N3R tau, we completed a series of 

experiments using similar conditions to the seeding experiments, but without the presence of 

authentic disease isolated seeds. We initially completed a comparison study of two sets of 

monomeric samples, one in a static incubator and one in an orbital shaking incubator (330 rpm). 

We found that agitation, or quaking, was required for spontaneous 2N3R tau aggregation. We 

also found that spontaneous aggregation occurred in multiple different buffers and salt 

concentrations (data not shown), although the total amount of quaking induced conversion 

(QUIC) varied greatly among samples. Based on images taken using TEM, fibrils appear to be a 

mixture of straight filaments and paired filaments, and share similar morphological 

characteristics to the narrow Pick filaments (NPF) and wide Pick filaments (WPF) that have been 

isolated by other research groups from diseased tissue. We attempted the same technique using 

monomeric 2N4R, however the LLS and ThS was very low and had a high amount of variability 

between reactions, therefore, we did not analyze the sample using TEM. 
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Figure 39: QUIC of 2N3R recombinant tau measured by LLS, ThS, and validated by TEM.  

Average LLS (A) and ThS (B) readings of three independent reactions using both monomeric 2N4R and 2N3R 

recombinant tau. Low magnification (C) and high magnification (D and E) representative TEM micrograph of 

filaments formed by QUIC of monomeric 2N3R. Scale bar of 500 nm in figure C represents figure C only, scale bar 

of 100 nm in figure E represents figures D and E. 
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4.6 Materials and Methods: 

Isolating authentic tau pathology from diseased brain tissue: 

AD case information: Brain tissue from a single case of AD was provided by the KU 

Alzheimer’s Disease Center Neuropathology Core. Tissue isolated from the frontal cortex of a 

confirmed case of AD, 84 year old female patient, ADC #4.   

PSP case information: Brain tissue from a single case of PSP was provided by the Mayo Clinic 

Alzheimer’s Disease Resource Center. Tissue isolated from the frontal cortex of a confirmed 

case of PSP, 68 year old male patient, Braak stage 2.5.  

Equipment and reagents used: Homogenization was completed using a Wheaton USA, 15mL (A) 

glass dounce homogenizer. Ultracentrifugation was completed on a Beckman TL-100 

ultracentrifuge using a TLA 100.3 rotor and 3.5 mL open top thick wall polycarbonate 

tube 13mm x 51mm, purchased from Beckman Coulter, Indianapolis, IN (#349622). Western 

blot samples were detected using Tau-5 mouse monoclonal antibody at a concentration of 

1:5,000. Western blot was developed using Thermo Fisher Supersignal West Pico Plus 

chemiluminescent substrate (catalog number 34580). An image of the blot was taken using UVP 

Chemidoc IT2 western blot imager.  

1X Brain homogenization buffer (BHB): (50 mM Tris, pH 7.4, 275 mM NaCl, 5 mM KCl) with 

addition of fresh protease inhibitors: (10 µg/ml Pepstatin (Add 10 µl of 1 mg/ml stock per mL of 

Brain Homogenization Buffer), 10 µg/ml Leupeptin (Add 2 µl of 5 mg/ml stock per mL of Brain 

Homogenization Buffer), 10 µg/ml Aprotinin (Add 10 µl of 1 mg/ml stock per mL of Brain 

Homogenization Buffer), 1 mM PMSF (2 µl of 500 mM stock per mL of Brain Homogenization 

Buffer). 1X Brain Pellet Homogenization Buffer (BPHB): (0.8 M NaCl, 10% 
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Sucrose, 10 mM Tris pH 7.4, 1 mM EGTA. In separate bottle add 10% sarkosyl to 1X Brain 

Pellet Homogenization Buffer.  

Tau pathology isolation protocol: Ultracentrifuge was pre-chilled to 4°C. While centrifuge was 

cooling fresh PMSF was prepared by dissolving 87.1 mg/mL PMSF in DMSO. Approximately 1 

gram of brain tissue was thawed in 9 volumes of BPHB containing protease inhibitors and PMSF 

on ice. The brain pellet was then homogenized thoroughly using a dounce homogenizer. 

Approximately 100 µl of the resulting homogenate (H1) was stored at -80 °C. Sarkosyl was 

added to a final concentration 0.1% to the remaining homogenate and mixed thoroughly by 

inverting in a 15 mL conical tube several times. The remaining homogenate was then centrifuged 

at 10,580 x g for 10 minutes at 4°C (16,000 rpm in TLA 100.3). The supernatant (S1) was 

isolated and kept on ice (100 µl of S1 was stored at -80 °C) and the resulting pellet (P1) was re-

extracted using the same buffer conditions (100 µl of P1 was stored at -80 °C). The second 

resulting supernatant (S2) was once again isolated from the pellet (P2) (100 µl of S2 was stored 

at -80 °C) and then S2 was then pooled with supernatant S1 (to form S1-2) and mixed by 

inverting in a 50 mL conical tube. Pellet P2 was once resuspended in the same BPHP buffer 

conditions as buffer and 100 µl of P2 was stored at -80 °C. Sarakosyl was added to pooled 

supernatant S1-2 to a final concentration of 1% and placed in a 50 mL conical tube at room 

temperature with gentle agitation. After incubation, S1-2 was centrifuged for 1 hour at 202,507 x 

g (70,000 rpm in TLA 100.3) at 4°C. The remaining supernatant from each tube was pooled and 

labelled S3 (100 µl of S3 was stored at -80 °C). The sarkosyl insoluble pellet (P3) was 

resuspended in Sup200 buffer (250 mM NaCl, 10 mM HEPES, 0.1 mM EGTA, pH 7.64) (100 

µL/gram of original tissue used) using a  26 G 3/8 needle (~10 times) (collect and save 5 µl 

of P3 for western). Aliquot and freeze 20µL samples at -80°C. Frozen samples of H1, S1, S2, 
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S1-2, P1, P2, and P3 were used to complete a western blot to confirm isolation of tau by 

detecting with tau-5 antibody. 

 

Preparation of seeds: Seeds were generated by thawing aliquots of tau isolated from diseased 

brain tissue on ice and then diluting to a final volume of 130 µL (either AD-PHF or PSP-tau). 

Samples were transferred to Covaris microtube-130 AFA fiber pre-slit snapcap tubes (PN 

500514). Samples were then sheared for 450 seconds using a Covaris ME220 focused-

ultrasonicator (Covaris Inc. Woburn MA) at 20 °C on settings of 50 W peak power, 20% duty 

factor, and 200 cycles per burst. The resulting sheared seeds were then transferred to a 650 µL 

microcentrifuge tube and kept on ice for later use. 

 

Seeding of recombinant human tau: Monomeric recombinant tau was expressed and purified as 

previously described in chapter 2. A fresh aliquot of either tau was thawed on ice and diluted to a 

final concentration of 2 µM tau (either 2 µM 2N4R, 2 µM 2N3R, or a 1:1 mix of 1 µM 2N4R to 

1 µM 2N3R) in polymerization buffer (PB) in a 1.7 mL microcentrifuge tube. PB final 

concentrations were 100 mM NaCl, 5 mM DTT, 10 mM HEPES (pH 7.64), 0.1 mM EDTA. 

Seeds were then added in 10 µL volumes to bring the final reaction volume to 200 µL and 0.75% 

original concentration of tau isolated from disease. Seeded reactions were then incubated at 37 

°C for 72 hours with constant agitation of 330 rpm. A non-seeded negative control (2 µM 

recombinant tau only) and a seed only negative control (5% seed only) were also prepared and 

incubated in the same conditions. Second generation seeding experiments were completed by 

sonicating 130 µL of first generation seeded reactions by transferring the sample to a Covaris 

microtube-130 AFA fiber pre-slit snapcap tube and following the procedure outlined above. 
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Sonicated first generation seeded fibrils were than used as seeds following the same protocol as 

used for first generation reactions.  

 

Quaking induced conversion of monomeric 2N3R tau: As previously described 2N3R aliquots 

were thawed on ice and then added to standard PB buffer at a final concentration of 2 µM protein 

in a 1.7 mL microcentrifuge tube. Sample were then incubated at 37 °C for 72 hours with 

constant agitation of 330 rpm in an orbital shaking incubator.  

 

Right-angle laser light scattering: Seeded fibrils and non-seeded QUIC 2N3R fibrils were 

analyzed using right-angle laser light scattering as described in chapter 2. Briefly, 180 µL of 

sample were transferred to a 5 mm x 5 mm cuvette and placed in the path of a 532 nm 

wavelength 12 mW solid-state laser operating at 7.6 mW (B&W Tek Inc. Newark, DE) and 

images were captured using a Sony XC-ST270 digital camera with an aperture of f.s. 5.6. Images 

were analyzed using Adobe Photo Shop 2021 by taking histogram readings of the pixel intensity 

across the scattered light path.  

 

Transmission Electron Microscopy: TEM grids were also prepared as previously described in 

chapter 2, at a 1:10 dilution. Briefly, 5 µL of sample was thoroughly mixed in 35 µL of 

polymerization buffer and then fixed by added 10 µL of 10% glutaraldehyde and incubating at 

room temperature for 5 minutes. A 300 mesh carbon coated copper formvar grid was then floated 

on top of a 10 µL droplet of the fixed sample for 1 minute, before being blotted on Whatman 

filter paper and washed by floating on top of 10 µL of H2O, blotted, then floated on 10 µL of 2% 

uranyl acetated, then blotted, and stained by floating on a 10 µL droplet of 2% uranyl acetate for 
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1 minute, before a final blotting on Whatman filter paper. Selected images were capture at 

various magnifications between 5,000x and 30,000x using a JEOL JEM 1400 transmission 

electron microscope fitted with a LaB6 electron source (Electron Microscopy Research Lab, 

University of Kansas Medical Center).  

 

4.6: Discussion 

Developing disease relevant in vitro induced strains will provide researchers the tools to 

complete targeted drug screening assays, studies of molecular dynamics involved in aggregation, 

and characterization of disease related mutations to further improve our understanding of 

tauopathies and how they can be treated. Using seeds isolated from disease brain tissue has the 

potential to form disease relevant strains that can be propagated indefinitely. Future directions 

should focus on improving the morphology of these fibrils in terms of disease similarity through 

a combination of techniques including; using multiple isoforms, seeding in the presence of 

different inducer molecules, use of tau variants with PTMs or pseudo-PTMs (e.g. 

pseudophosphorylation), and changes to buffer and incubation conditions. 

  

In addition, further understanding and optimization of QUIC of monomeric 2N3R tau may 

provide a mechanism of inducing disease relevant structures without the need of inducer, or seed. 

It is unlikely that such a technique would result in the diverse range of structures seen in disease, 

however, it may be a useful tool for mimicking certain disease related tau species (e.g. NPFs and 

WPFs as seen in PiD). 
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Chapter 5: Summary and Future Directions 

 The recent advances made in the field of cryo-electron microscopy have revolutionized 

the way we think of tau aggregation and its role in different tauopathies. While there is still much 

unknown about the toxicity of certain tau species, mechanisms of prion-like spreading of tau, 

triggers of tau aggregation, and other functions of the tau protein, the structural diversity of 

fibrils isolated from tauopathies has opened up new possibilities as to how we think about 

identifying new treatments for this group of disorders.  

 

The findings from chapter two of this work highlight the practical impacts of traditional 

therapeutic screening methods. We show that two different tau aggregation inhibitor molecules, 

LMTX and ANTC-15, have inducer-specific effects on tau aggregates. For example; filaments 

induced by ARA can be inhibited with ANTC-15, as well as partially disassembled. Whereas 

filaments induced by heparin can be inhibited by LMTX. However, neither compound is 

effective at inhibiting filaments formed by both inducer molecules. The implications of this 

finding could be far reaching. For example; it is highly likely that based on the diversity of 

structures isolated from disease that screening against a single aggregation inducer is insufficient 

for completing successful high throughput screening (HTS) assays. In addition, it also possible 

that we have missed potential hits in previous screenings due to using non-disease relevant tau 

filaments as ligands (e.g. heparin induced filaments). Similar to cancer biology, the complexity 

of AD and ADRDs will require a multipronged approach. Perhaps even precision based 

therapeutics that match potent and specific inhibitor molecules to specific “strains” of tau 

aggregates. Or by taking a wider approach to identify broad-spectrum tau aggregation inhibitors 

that are effective against multiple tau “strains”.  
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In addition to the effects of using only one tau aggregation inducer molecule on identifying 

potential therapeutics, chapter three highlights the implications of using only one inducer 

molecule for studying aggregation dynamics and potential changes caused by certain disease 

related mutations. In this study we found that different classes of tau aggregation inducers could 

fundamentally change the effects of certain disease related mutations. This was most clearly 

shown by comparing WT and P301S tau using ARA and polyphosphate as inducer molecules. 

For example; using ARA, P301S aggregates significantly slower than WT and forms longer 

filaments, with a higher total amount of aggregation. In contrast, using polyphosphate as an 

inducer molecule causes P301S to aggregate significantly faster than WT and the filament length 

is dependent on the length of the polyphosphate chain. In addition, the immunoreactivity studies 

highlighted a clear difference between how ARA induced fibrils and fibrils induced by either 

polyphosphate or RNA interact with antibodies that have been raised against oligomeric tau 

species, T22 and TOC1.  

 

 Together these data support the hypothesis that using different aggregation inducers can 

form different polymorphs that are functionally distinct when considering ligand interactions and 

aggregation dynamics. Therefore, in order to make progress in identifying tau based therapeutics 

for the treatment of AD and ADRDs, understanding the biological mechanisms of tau 

aggregation, and understanding the effects of missense mutations and post-translation 

modifications we must work towards identifying disease relevant tau aggregates to be utilized in 

laboratory studies. Ideally, in vitro findings should be confirmed using an array of different 

aggregation inducing techniques until we can identify robust disease-relevant model systems. 
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In addition to small molecule inducers, chapter 4 highlights some alternative techniques to 

inducing tau aggregation in vitro. Using seeds isolated from authentic cases of tauopathies is 

perhaps the most appealing technique for inducing disease relevant recombinant tau aggregation. 

However, in our experiments the filaments appeared to have different morphology from those 

isolated from disease and were thioflavin S negative. Interestingly, QUIC of monomeric 2N3R 

tau appears to form filaments with a similar morphology to those found in the 3R tauopathy, 

Pick’s disease, as well as filaments that are thioflavin S positive. Both of these techniques 

require optimization of conditions to be able to be performed with high fidelity. However, 

optimization of conditions is not necessary until further characterization studies have shown that 

the fibrils induced by these methods are indeed disease relevant. 

 

In addition, to high-resolution structural studies such as cryo-EM, low resolution techniques such 

as immunolabelled-EM, morphological characterization using quantitative EM, and the use of 

disease specific antibodies should also be used to further characterize and validate in vitro 

induced tau aggregates. Immunolabelled-EM and quantitative EM have already been discussed 

in section 4.2.1. In contrast, the use of disease specific antibodies is currently limited by the 

antibodies that are currently available. For example, Gibbons et. al. have shown that the GT-38 

antibody specifically binds to fibrils isolated from AD, and not those isolated from other 

tauopathies, or heparin induced filaments. We have used this antibody in several dot-blot 

experiments and found that 2N4R filaments induced by ARA, HEP, PP, CR, TR, or RNA, are 

also not GT-38 reactive. It is possible that by copolymerizing isoforms, using a combination of 

techniques such as seeding in the presence of inducers, or the use of pseudophosphorylated tau 
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variants may result in GT-38 reactive species. The development of disease strain specific 

antibodies would be a valuable tool in the pursuit to identify and validate disease relevant 

inducer techniques.  

 

Based on the findings presented in this body of work, we believe that identifying disease relevant 

in vitro inducing techniques should be a priority within the field of tau protein biochemistry. In 

order to accomplish this goal we must further explore the structures formed by current in vitro 

tau aggregation inducer molecules. Furthermore, alternative techniques such as seeding and 

QUIC should be characterized in the presence of different tau isoforms, potential co-factors, 

PTMs, and other tau variants. Until robust disease relevant in vitro models have been developed 

and validated, future studies characterizing tau aggregation and potential therapeutics must 

consider using multiple assays for validating findings. These assays should include the use of 

multiple inducer molecules, methods of detection, and comparison studies between authentic 

filament and in vitro formed filament characteristics. 
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