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Abstract

Tauopathies are a class of neurological disorders associated with the aggregation
of the tau protein into neurofibrillary tangles. The most prominent tauopathy is
Alzheimer’s disease (AD), which presents as two forms: early onset (familial, fAD) and late
onset (sporadic, sAD). SAD does not have a known cause, although environmental,
lifestyle, and genetic factors are thought to contribute to the disease manifestation. fAD
can be caused by a single gene mutation in the amyloid precursor protein (APP),
presenilin 1, or presenilin 2. In both forms of AD, the tau protein aggregates to form
intracellular fibrillary tangles, which spread along neuronal networks. Amyloid-B, the
product of APP proteolysis, also contributes to AD through the formation of extracellular
amyloid plaques which, according to the amyloid cascade hypothesis, initiates all other
associated pathological events, including tau deposition. Together, tau and amyloid-p
lead to the extensive neuronal death seen in AD. The structure of tau fibrils in AD, either
as Paired Helical Filaments (PHFs) or Straight Filaments (SFs), was solved using cryo-
electron microscopy and 3D-reconstructions. By analyzing PHFs and SFs from sAD,
researchers found that filament cores consist of two identical protofilaments which adopt

a cross-p structure. Later, researchers analyzed additional samples from sAD and fAD

cases, which confirmed the initial findings.



Other tauopathies, such as frontotemporal dementia with parkinsonism linked to
chromosome 17 (FTDP-17), are caused solely by the misfolding of the tau protein. This
disease is characterized by the dementia they cause and notable brain atrophy. The

atomic structure of tau fibrils in FTDP-17 is currently unknown.

Through imaging via electron microscopy (EM) and 3D-reconstruction of tau fibrils
from both mouse and human sources, we intend to elucidate differences in tau structure
which correspond with disease manifestation. There are many different diseases which
the tau protein is implicated in. In this project we are focusing on Alzheimer’s disease and

FTDP-17 using human and mouse brain samples, respectively.
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Chapter 1

Introduction

1.1 Tau protein in cells

The microtubule-associated protein tau (tau protein) is a microtubule binding
protein encoded by the microtubule associated protein tau (MAPT) gene, located on
chromosome 17 in humans (Guo et al, 2017). The MAPT gene is comprised of 134kb
(Caillet-Boudin et al, 2015), corresponding to 352-441 amino acids (depending on
isoform) (Guo et al., 2017). There are four main regions of tau: the N-terminal region
corresponding to exons 1-3 (Guo et al., 2017), the proline rich domain (PRD) corresponding
to exons 4-8 (Mandelkow et al, 2012), the microtubule binding domain (MTBD)
corresponding to exons 9-12 (Guo et al., 2017), and the C-terminal region corresponding
to exon 13 (Guo et al., 2017). After transcription, the MAPT gene undergoes alternative
splicing to produce 6 isoforms of the tau protein (Guo et al., 2017) (Figure 1.1). Exon 10,
one of the microtubule binding repeats, is alternatively spliced to yield 3R (containing 3
microtubule binding repeats) or 4R (containing 4 microtubule binding repeats) tau
(Goedert et al., 1989b), and exons 2 and 3, N-terminal inserts, are alternatively spliced to

yield ON (containing O N-terminal inserts), IN (containing 1 N-terminal insert), and 2N



(containing 2 N-terminal inserts) tau (Goedert et al,, 1989a). These isoforms vary in their
microtubule binding strength along with location and level of expression. 4R tau isoforms
have greater microtubule binding capacity than 3R tau isoforms, as they contain an
addition microtubule binding region (Noble et al, 1989). 2N tau isoforms are less
abundant then ON or 1IN isoforms, while 3R and 4R tau isoforms are present in relatively
equal amounts (Goedert et al., 1989b). Tau is preferentially found in neurons in the central
nervous system (CNS) (Guo et al, 2017), although it can also be found in astrocytes

(Papasozomenos et al., 1987) and oligodendrocytes (Muller et al., 1997) at lower levels.



Four-repeat (4R) tau isoforms

N PRD MTBD  C  Actual MW App. MW
2N4R RiRIRIRY] ) 45850 67,000
1N4R (v R1/R2|R3[R4 42,967 59,000
oNaR [ J— [R1[R2|R3[R4 40,007 52,000

Three-repeat (3R) tau isoforms

N PRD MTBD  C Actual MW App. MW
2N3R | 42603 62,000
1N3R | [Na] R3[R4 39,720 54,000
ON3R (— [R1}—{R3[R4 36,760 48,000

Figure 1.1. Tau protein domains and alternative splicing in the human CNS. Six
tau isoforms are generated from the alternative splicing of the MAPT gene. The
N-terminal domain contains exons 2 and 3 which are differentially included or
excluded to give rise to 2N (exons 2 and 3), 1N (exon 2), and ON tau isoforms. The
PRD is found in the central region of tau, comprised of exons 4-8, is common to
all tau isoforms. Exons 9-12 make up the MTBD. Inclusion or exclusion of exon 10
in this domain gives rise to 4R and 3R tau isoforms, respectively. The C-terminal
region of tau consists of exon 13 and is common to all tau isoforms. The actual
and apparent molecular weight (MW) in kDa is listed for each tau isoform on the
right. This figure was reproduced with permission under the Creative Commons

license (http://creativecommons.org/licenses/by/4.0/) from Guo et al. (2017).



http://creativecommons.org/licenses/by/4.0/

1.1.1 Post translational modifications

Tau can undergo numerous post-translational modifications including
phosphorylation, isomerization, glycation, nitration, addition of pB-linked N-

acetylglucosamine, acetylation, oxidation, polyamination, sumoylation, and ubiquitylation
(Guo et al., 2017) (Figure 1.2). The most common of these modifications is phosphorylation
and it will be the primary focus here. The tau protein contains 85 phosphorylation sites
(Hanger et al., 2009). Tau phosphorylation reduces its affinity for microtubules, resulting
in neuronal cytoskeleton destabilization (Guo et al., 2017). Specifically, phosphorylation
at Ser262, Ser293, Ser324, and Ser356, located within the microtubule binding repeats,
decreases tau binding to microtubules (Drewes et al., 1995) (Figure 1.3). Additionally,
phosphorylation at Thr214, Thr231, and Ser325 contribute to dissociation from
microtubules (Ksiezak-Reding et al., 2003, Sengupta et al., 1998). Phosphorylation of the
tau protein is also linked to increased aggregation, although it is unclear whether
phosphorylation occurs before or after aggregation begins (Kopke et al., 1993). For the
purpose of this thesis we will assume phosphorylation occurs first. Once tau has been
released from the microtubules by phosphorylation, it can self-aggregate to form
oligomers and other higher order structures which are linked to disease. The extent by
which phosphorylation increases the rate of tau aggregation depends on the region of
the protein that is phosphorylated. Phosphorylation in the proline rich region induces a
subtle increase in aggregation ability (Eidenmuller et al., 2001), whereas phosphorylation
in the C-terminal region markedly promotes tau aggregation (Liu et al., 2007). In addition
to disrupting microtubule binding, phosphorylation of the tau protein can also induce tau
mis-sorting (Hoover et al., 2010), disrupt the route of degradation (Guo et al., 2017), and

alter the association of tau with its binding partners (Hanger et al., 2009).
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Figure 1.2. Map of tau post-translational modifications. The colored bars
indicate the approximate location of each modification listed on the 2N4R tau
isoform (441 amino acids). This figure was reproduced with permission under the

Creative Commons license (http://creativecommons.org/licenses/by/4.0/) from

Guo et al. (2017).


http://creativecommons.org/licenses/by/4.0/

Figure 1.3. Diagram representing the influence of phosphorylation on tau
microtubule binding. A. The tau protein binds to a microtubule using the MTBD and
can be phosphorylated in regions outside the MTBD. B. The MTBD of tau is
phosphorylated at Ser 262 which impacts the ability of tau to bind microtubules by
reducing its affinity and therefore decreasing microtubule binding. This figure was
reproduced with permission of American Soc for Biochemistry & Molecular Biology
from  Microtubule-associated  Protein/Microtubule  Affinity-regulating  Kinase
(p11Omark) A NOVEL PROTEIN KINASE THAT REGULATES TAU-MICROTUBULE
INTERACTIONS AND DYNAMIC INSTABILITY BY PHOSPHORYLATION AT THE
ALZHEIMER-SPECIFIC SITE SERINE 262, Drewes et al. 1995, permission conveyed

through Copyright Clearance Center, Inc.



11.2 Cellular structure of the tau protein

The tau protein is widely accepted to be a natively unfolded protein that does not
have significant secondary structure (Jeganathan et al., 2008). This allows tau to maintain
a flexible conformation which can adapt to form different intramolecular interactions
between its charged domains. One proposed conformation for free, cytoplasmic tau
isoforms is a ‘paperclip’. In this conformation the C-terminus folds over the microtubule
binding domain and the N-terminus folds back over the C-terminus (Jeganathan et al.,
2006). This brings the N- and C-termini into close proximity. In order to interact with
microtubules, the tau protein must adopt a different structure. The N- and C-termini ‘open’
to expose the microtubule binding domain allowing it to interact with the microtubule
(Jeganathan et al., 2008). The N-terminus is now projected away from the microtubule
where it can regulate microtubule dynamics (Chen et al., 1992). The C-terminus does not

have any known interactions upon adoption of the ‘open’ tau structure (Guo et al., 2017).

Tau free in cytoplasm Tau bound to microtubules

Figure 1.4. Cellular tau protein structures. The tau protein adopts a ‘paperclip’
conformation when free in the cytoplasm. The N- and C- termini fold over towards
each other and the MTBD. When tau binds to microtubules this ‘paperclip’ opens
to allow the MTBD to interact with the microtubule. The N-terminus projects away

from the microtubule.



11.3 Tau protein interactions

The tau protein can interact with numerous proteins in the cell via its N-terminus,
proline rich domain, and microtubule binding repeats. The N-terminal inserts have few
specific, known interactions; however, they may influence the distribution and localization
of the tau protein (Guo et al., 2017). Isoforms ON, 1N, and 2N show different localization
patterns (Liu et al, 2013b). The N-terminus may also interact with protein annexin A2
(Brandt et al., 1995) - a membrane binding protein - and the p150 subunit of the dynactin
complex (Magnani et al, 2007), which mediates dynein association with microtubules.
Finally, there are some proteins which interact only with certain N-terminal inserts. An
example of this is apolipoprotein A1, which preferentially binds 2N tau isoforms (Liu et al.,
2016).

The proline rich domain of the tau protein contains potential recognition sites for
Src homology-3 (SH3) proteins through its PXXP motif. The SH3 group contains proteins
such as the protein kinases Lck (Lee et al.,, 1998), Fgr (Reynolds et al., 2008), and Fyn
(Lee et al., 1998); the regulatory subunit of phosphatidylinositol 3-kinase; phospholipase
C (Jenkins et al., 1998); and others. The interactions of the proline rich domain with SH3
containing proteins likely have roles in regulation of the signaling functions of tau (Guo et
al., 2017). The proline rich domain also has a DNA (Qi et al., 2015) or RNA (Wang et al.,
2006) interacting site, which may assist in the localization of tau to the nucleus (Bukar
Maina et al., 2016). Lastly, there is evidence of the proline rich domain assisting in
regulating microtubule assembly (Goode et al., 1997) and actin binding (He et al., 2009).

The microtubule binding repeats of the tau protein mediate its interactions with
microtubules (Mukrasch et al,, 2007). The four repeats are imperfect, meaning they do
not have the same amino acid sequences (Lee et al., 1988). This difference accounts for
the varied affinities for microtubules these repeats have (Noble et al, 1989). The

microtubule binding domains are responsible for enabling the binding of the actin to



microtubules (Correas et al., 1990). At least two microtubule binding domains are needed

to link actin to the microtubule, tethering them together (Elie et al., 2015).

114 Tau localization in the brain

In the human brain, under physiological conditions the tau protein is expressed in
neurons (Guo et al, 2017), oligodendrocytes (Muller et al., 1997), and astrocytes
(Papasozomenos et al., 1987). In neurons, tau is primarily located in the axon (Trojanowski
et al., 1989), although it can also be found in the plasma membrane (Tashiro et al., 1997),
nucleus (Tashiro et al., 1997), and mitochondria (Li et al., 2016). Tau mRNA is targeted to
the axonal compartment by the axonal localization signal site in the 3’-untranslated region
of the MAPT gene (Aronov et al., 2001). It can also be transported to the axons from the
cytosol by motor proteins or by diffusing freely (Konzack et al., 2007). The tau protein is
retained at the axon by maintaining low phosphorylation levels and by a retrograde
barrier formed by the axon which allows tau to enter but prevents it from leaving (Li et al.,
20M).

The tau protein can also be found in dendrites, albeit at significantly lower levels
(Guo et al., 2017). The role of tau here is not well understood; however, it has been
implicated in the regulation of hippocampal plasticity (Chen et al., 2012) along with the

formation, size, and trafficking of stress granules (Vanderweyde et al., 2016).

1.2 Tauopathies

Tauopathies refers to a group of dementias and movement disorders that are
characterized by intracellular accumulations of tau filaments that form neurofibrillary
tangles in neurons and glial cells. They are further classified into primary and secondary
tauopathies, depending on whether the tau protein is the major contributing factor or

associated with other pathologies (Arendt et al., 2016). Primary tauopathies include Pick’s



disease (PiD), progressive supranuclear palsy (PSP), corticobasal degeneration (CDB),
argyrophilic grain disease (AGD), sporadic multiple system tauopathy with dementia,
frontotemporal dementia with parkinsonism linked to chromosome 17 (FTDP-17), and
globular glial tauopathy (GGT) (Kovacs, 2016). These primary tauopathies can then be
even further classified into sporadic or familial occurrence (Arendt et al., 2016). Most of
the diseases listed above do not have any associated genetic mutations and are
therefore considered to be a sporadic disease (Arendt et al., 2016). The exception to this
is FTDP-17 which is typically due to mutations in the MAPT gene (Hutton et al., 1998).
Secondary tauopathies include Alzheimer's disease (AD), chronic traumatic
encephalopathy (CTE), some prion diseases, and Huntington’s disease (Arendt et al,
2016). In these diseases, tau pathology occurs with other types of pathology. Like primary
tauopathies, these diseases can be sporadic or familial in nature (Arendt et al., 2016).

Tauopathies can be further classified by their tau isoform pattern. Based on the
ratio of 3R and 4R isoforms in the neurofibrillary lesions there are four classes of
tauopathies (Kovacs, 2016). Class | tauopathies are characterized by the presence of all
six tau isoforms with approximately equal amounts of 3R and 4R tau (Arendt et al., 2016).
This group includes AD and CTE. Class Il tauopathies predominantly contain 4R tau
isoforms; this group includes PSP, CBD, AGD, and GGT (Arendt et al., 2016). Class I
tauopathies predominately contain 3R tau isoforms; this group includes Pick’s disease
and some FTDP-17 cases (Arendt et al., 2016). The final class, Class IV, consists of tau
isoforms lacking exons 2, 3, and 10 (ON3R) and includes myotonic dystrophy (Arendt et
al., 2016) (Table 1.1).

10



Table 1.1. Classification of tauopathies according to predominant tau isoform.

Class | Class Il
3R & 4R tau isoforms 4R tau isoforms
Alzheimer’s disease Progressive supranuclear palsy
Chronic traumatic encephalopathy Corticobasal degeneration
Some FTDP-17 cases Argyrophilic grain disease
Globular glial tauopathy
Class lll Class IV
3R tau isoforms ON3R tau isoform
Pick’s disease Myotonic dystrophy

Some FTDP-17 cases

1.21 Alzheimer’s disease

Alzheimer’s disease is the most common form of dementia to affect our

population. It is characterized by the accumulation of both tau and amyloid-p (AB) in the

brain. According to the amyloid cascade hypothesis, the aggregation and deposition of
AR is the starting point of AD development (Hardy et al.,, 1992). AR aggregates and
accumulates extracellularly outside the neurons to form plaques (Duyckaerts et al., 2009).
This triggers tau to aggregate and accumulate intracellularly in the neuron cell body to

form neurofibrillary tangles (NFTs) (Duyckaerts et al., 2009). Together, AR and tau lead to

neuronal death which results in the shrinking of the brain, particularly the cerebral cortex
and hippocampus, and the enlargement of ventricles.

The progression of AD can be determined using the Braak system (Braak et al,,
2006). The Braak system describes the development and spreading of pathology in the
brain as the disease progresses. In Stage |, lesions develop in the transentorhinal region
of the cerebral cortex. In Stage |l, lesions extend to the entorhinal region, particularly the

superficial cellular layer, and the hippocampus. Stage lll lesions extend to the neocortex

11



of the fusiform and lingual gyrus and lesions in stage Il sites become more severe. Stage
IV represents the progression of pathology into neocortical association areas of the
temporal lobe, not quite reaching the superior temporal gyrus. In stage V, neocortical
pathology extends in frontal, superolateral, and occipital directions and reaches the
peristriate area and the superior temporal gyris. Stage VI pathology now includes the
secondary and primary neocortical areas and extends to the striate area of the occipital
lobe. At this point pathology can be seen throughout the brain (Figure 1.5).

AD has both a sporadic and a familial form of disease. Sporadic AD (sAD), also
known as late onset AD, does not have a known cause, although environmental, lifestyle,
and genetic factors may have a role in the development of disease (Liu et al., 2013a). SAD
can be further classified into slowly progressive (spAD) and rapidly progressive (rpAD)
depending on the time taken for the disease to progress. The main genetic determinant
of SAD is a person’s apolipoprotein E (ApoE) allele (Corder et al., 1993). ApoE is a major
cholesterol carrier that supports injury repair in the brain and lipid transport (Mahley et al.,

2000). There are three alleles of this protein. The most common allele, €3, does not
increase nor decrease the risk of developing AD (Farrer et al., 1997). Carriers of the ¢4

allele have an increased risk of developing AD (Harold et al., 2009), while carriers of the

g2 allele have a decreased risk (Farrer et al., 1997). The different isoforms have different
abilities to bind lipids, receptors, and AR. This results in a differential effect on Ap

clearance and aggregation which may contribute to or prevent disease (Liu et al., 2013a).
Familial AD (fAD), also known as early onset AD, is caused by genetic mutations on
chromosomes 14 (Thinakaran, 1999), 21 (Goate et al,, 1991), or 1 (Thinakaran, 1999). Each
of these single gene mutations results in abnormal cleavage of the amyloid precursor
protein (APP), leading to the formation of abnormal AB. A mutation on chromosome 14
directly results in abnormal APP. Mutations on chromosomes 21 and 1 both alter the

presenilin protein (Thinakaran, 1999, Tomita et al., 1997), which is responsible for the

12



cleavage of the APP; a mutation of chromosome 21results in abnormal presenilin 1 protein
(Kelleher et al., 2017); and mutation on chromosome 1 results in abnormal presenilin 2
protein (Tomita et al., 1997). Both mutations will result in abnormal cleavage of the APP to

AB. The abnormal AR protein generated in these cases is more likely to aggregate, and

therefore more likely to lead to AD (Erez et al., 2009).

13
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Figure 1.5. Stages I-VI of tau neurofibrillary pathology. 100um polyethylene

embedded hemisphere sections were immunostained  for
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hyperphosphorylated tau. Slices show primary areas of tau pathology at each
stage. This figure was reproduced with permission under the Creative Commons

license (http://creativecommons.org/licenses/by/4.0/) from Braak et al. (2006).
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1.2.2 FTDP-17

Frontotemporal dementia and parkinsonism linked to chromosome 17 (FTDP-17) is
a rare autosomal dominant neurodegenerative disorder (Wszolek et al, 2006). It is
characterized by three major features: behavioral disturbance, cognitive impairment, and
motor symptoms, or Parkinsonism (Wszolek et al., 2006). FTDP-17 is caused by mutations
in the MAPT gene, with over 50 unique mutations identified in 150 families with FTDP-17
(Ghetti et al., 2015) (Figure 1.6). The most common mutations leading to FTDP-17 are P301L,
N279K, and exon 10 splice site mutations (Ghetti et al., 2015). The disease-causing
mutations can act in two ways. The first is by altering the proportion of tau 3R to 4R
isoforms, and the second is by altering the ability of the tau protein to bind to
microtubules, thereby increasing tau aggregation leading to filament formation (Wszolek
et al., 2006). Once aggregated, the tau protein deposits in neurons or neurons and glia

(Ghetti et al., 2015).

RSH
RSL
t

{1l AH s !

L266V G273R

Figure 1.6. Schematic representation of the MAPT gene with FTDP-17 causing
mutations. This figure was adapted and reproduced with permission under the

Creative Commons Attribution License from Ghetti et al. (2015).
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Little is known about the early neuropathologic stages of FTDP-17 (Ghetti et al.,
2015). In the intermediate stages, cerebral hemisphere atrophy is mild. There may be
atrophy of the caudate nucleus and reduction in pigmentation of the substantia nigra and
the locus coeruleus. In the advanced stages of disease, atrophy is present throughout
the frontal and temporal lobes, caudate nucleus, putamen, globus pallidus, amygdala,
hippocampus, and hypothalamus. The superior, middle, and inferior frontal and temporal
gyri often are the most affected by the disease. The brain atrophy may involve the frontal
and temporal lobes asymmetrically. The parietal and occipital lobes are not frequently
affected. There have been some attempts to link MAPT mutations with the path of brain
atrophy. Preliminary results have shown that MAPT mutations affecting the splicing of
exon 10 are associated with medial temporal lobe involvement (Ghetti et al., 2015). These
studies are difficult, however, because of the different rates of atrophy and sequence of

anatomical involvement are highly variable, even in cases with the same mutation.

1.3 Tau protein in disease

The tau protein contributes to tauopathy pathogenesis through misfolding and
oligomerization into insoluble amyloid deposits. It is these aggregates that affect cell
function and lead to neuronal death. The mechanism of formation of these aggregates is
not known, although there are some clues within the motifs of tau. There are two
hexapeptide motifs location in the second and third MTBD that have high p-sheet
propensity (Seidler et al., 2018). These motifs consist of residues 306-311, VQIVKY, and
317-335, VQIINK. These regions of tau will self-assemble into ‘steric zippers’ and can form
fibrillar aggregates in vitro (Seidler et al., 2018) (Figure 1.7). The interaction of these ‘steric
zipper regions between tau monomers may lead to dimerization, and eventually

oligomerization. The oligomers then assemble into protomers which adopt a parallel, in
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register, cross B-sheet structure. It is these amyloid fibrils that result in neurofibrillary

pathology seen in tauopathies (Seidler et al., 2018).
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Figure 1.7. Atomic structures of VQIINK and VQIVKY steric zippers. The VQIINK
and VQIVYK hexapeptides are found within the tau protein. These motifs will self-
assemble into steric zippers, shown here. The strength of these steric zippers is
determined by the amount of buried surface area (Ap) and the shape
complementarity (Sc¢). This figure was adapted and reproduced with permission
from Springer Nature Customer Service Centre GmbH: Springer Nature, Nature

Chemistry, Structure-based inhibitors of tau aggregation, P,M. Seidler et al. (2018).

1.31 Tau structures

The tau protein has been shown to adopt different structures for different
diseases. The structure of the tau protein in AD (Falcon et al., 2018b, Fitzpatrick et al.,
2017), PiD (Falcon et al., 2018a), CTE (Falcon et al., 2019), and CBD (Zhang et al., 2020)
has been solved using cryo-electron microscopy (cryo-EM). There are some similarities
between these structures, but overall, the tau protein adopts a different conformation in
each disease. In AD, tau protein inclusions consist of paired helical filaments (PHF) and

straight filaments (SF) (Fitzpatrick et al., 2017/), containing 3R and 4R tau isoforms, which
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each adopt a different structure that is consistent across all cases of AD studied (Falcon
et al., 2018b). Both PHFs and SFs are composed of two protofilaments with C-shaped

cores which contain 8 B-sheets, coined the cross-p/R-helix C-shaped architecture

(Fitzpatrick et al., 2017). This core region contains MTBD repeats 3 and 4. In the

protofilament, there is a B-helix-like region consisting of three p-sheets arranged in a
triangle and two regions with cross-p architecture. Throughout the protofilament structure

there are stabilizing hydrogen bonds along with asparagine and glutamine ladders.
Additionally, the hexapeptide 306 VQIVYK3y, found at the N-terminus of the protofilament,

packs in a complementary fashion with residues 373-378 on the opposing B-strand. The

difference between PHFs and SFs is at the interface between two protofilaments. The
protofilaments make different lateral contacts with each other. In PHFs, the two
protofilaments form identical structures related by helical symmetry. The interface is
formed by the antiparallel stacking of residues 332PGGGQz36 and stabilized by hydrogen
bonds between Qi3 and Ksz (Figure 1.8a). In SFs, the two protofilaments pack
asymmetrically. The interface is formed by residues 321IKCGS324 of the first protofilament
and 313VDLSKz17 of the second protofilament. However, these residues do not form salt
bridges or hydrogen bonds and there is no hydrophobic packing. The SF interface is

stabilized by the side chains of Kz, Tz, and Ksp1 (Figure 1.8b).
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Figure 1.8. Ribbon diagrams of AD PHF and SF tau filament folds. Ribbon

diagrams with labelled p-sheets for PHF (a) and SF (b) are shown. a. The interface

of PHF is formed by two identical protofilament structures related by helical
symmetry. Residues P332-Q336 form the interface of PHFs. The steric zipper
motif 306VQIVYK3zn is shown in B1. b. The interface of SF is formed by the
asymmetrical packing residues T319-S324 on one protofilament and V313-K317

on the second protofilament (Falcon et al., 2018b, Fitzpatrick et al., 2017).
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In PiD, there are narrow and wide Pick filaments (Falcon et al.,, 2018a) (NPF and
WPF, respectively) which contain only 3R tau isoforms. NPFs are composed of a single
protofilament with an elongated structure, different from the C-shaped protofilament of

AD (Fitzpatrick et al., 2017) (Figure 1.9a). This protofilament contains nine [-strands
arranged into four cross-p packing stacks, which are packed together in a hairpin-like
fashion: R1with B8, B2 with 7, B3 with g6, and B4 with 5 (Falcon et al., 2018a). The final
B-strand, B9, packs against the opposite side of B8. The cross-p packing interfaces are
composed of both polar and non-polar side chains, except for the interface between 33
and R6 which is hydrophobic. WPFs are formed by two NPFs which associate at their
distal tips. A hairpin turn between 4 and p5 along with Cz22, Gs23, and Szo4 provides the

interface for the formation of WPFs (Figure 1.9b). This interaction is stabilized through van

der Waals interactions.
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Figure 1.9. Ribbon diagrams of Pick’s disease tau filament folds. Ribbon diagrams of NPF (a) and WPF (b) are shown

with labelled R sheets. a. NPF are composed of a single protofilament. b. WPF are formed by the association of to

NPF at their distal tips. This interacted is stabilized by C322-5324 on both protofilaments (Falcon et al., 2018a).
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In CTE, there are type | and type Il tau filaments, which contain all six tau isoforms
(Falcon et al, 2019). The protofilament structure is similar to the C-shaped AD fold
(Fitzpatrick et al., 2017), but it is more open. Like AD, both type | and type Il tau filaments

form a cross-R/R-helix fold consisting of 8 R-strands packed against each other: g1 and
B2 engage in anti-parallel cross-p packing against $8; B3 packs against 37; and p4-6
form a triangular B-helix that turns the main chain back on itself (Falcon et al., 2019).
Additionally, the CTE tau folds contains a hydrophobic cavity within the BR-helix motif
created by R4, B5, B5 which is suspected to be a non-polar sterol or fatty acid. This

molecule is surrounded by the side chains of V339, L344, F346, V350, and 1354 and the
hydroxyl groups of S341 and S352. Like in AD, type | and type Il CTE tau filaments are
ultrastructural polymorphs with a common protofilament core but different interfaces. The
interface of type | filaments consists of an antiparallel steric zipper formed by 324
SLGNIHz329 (Figure 1.10a). The interface of type II CTE filaments is formed by the
331IKPGGGQVE3z3s motif (Figure 1.10b). This interface is slightly less stable than the type |

interface, which may account for the difference in frequency of these filaments.
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Figure 1.10. Ribbon diagrams of CTE type | and type Il tau filaments. Ribbon

diagrams of CTE type | (a) and CTE type Il (b) folds are shown with labelled R-

sheets. a. The interface of the type | CTE fold is formed by residues S324-H329.
b. The interface of the type Il CTE fold is formed by residues K331-E338. The
hydrophobic cavity is formed by residues V339-1354 in both type | and type Il CTE

structures and contains a sterol of fatty acid (red circle) (Falcon et al., 2019).
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In CBD, there are two tau filament structures, type | (narrow) and type Il (wide) (Zhang
et al., 2020), a concept which is also seen in PIiD fibrils (Falcon et al, 2018a). Type |
filaments are composed of a single protofilament; type Il flaments contain pairs of
identical type | protofilaments related by C2 symmetry (Zhang et al., 2020). Each CBD
protofilament contains a region of additional density, suspected to be a polyanionic
molecule, surrounded by a positively charged, hydrophilic environment formed by
residues Kago, K2osa, and Kz7o. This is similar to the suspected sterol or fatty acid contained
in CTE protofilaments (Falcon et al, 2019), which creates a negatively charged,
hydrophobic environment. The core structure of the CBD tau fold is formed by residues

K274-E380 (Zhang et al., 2020). These residues are organized into 11 B-strands which are

connected by turns and arcs to form a four-layered structure. The central four layers are

formed by B7, B4, B3, and R10 with strands B3 and R4 connected through a sharp turn
and B7 and B10 connected through g8 and B9 which wrap around the turn. On the other
side of the core B2, B5, and B6 form a three-layered structure with 2 packed against
one end of B5 and B6 against the other end. The remaining B-strands, p1 and B11, pack
against each other to close the hydrophilic cavity formed by residues from 32, 33, 310,
and p11 (Figure 1.11a). The interfaces between B-strands in the CBD tau fold are composed

of a mixture of polar and hydrophobic groups. In type Il CBD filaments, the interface
between the two protofilaments is formed by anti-parallel stacking of 343KLDFKDRz49

(Figure 1.11b) which is stabilized by van der Waals interactions and hydrogen bonds.
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Figure 1.11. Ribbon diagrams of CBD type | and type Il tau filament folds. Ribbon diagrams of CBD type | (a) and
CBD type Il (b) folds are shown with labelled B-sheets. a. The type | CBD fold is composed of only one protofilament.
b. The interface of the type Il CBD fold is formed by residues K343-R349. The hydrophilic cavity is formed by residues
K290, K294, and K370 in both type | and type Il CBD structures and contains a polyanionic molecule (blue circle)

(Zhang et al., 2020).
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1.4 Electron microscopy

The transmission electron microscope (TEM), constructed for the first time in 1931,
has been used in numerous structural biology studies since it first began to gain
popularity in the 1940s (Harris, 2015). The other form of electron microscopy, scanning
electron microscopy (SEM) is not typically used in the structural biology field and will not
be discussed in this thesis. After its development, TEM slowly gained popularity as
researchers created better sample preparation techniques; from metal shadowing, to
negative staining, and finally to plunge freezing (Harris, 2015). TEM has been used to
visualize tissues along with isolated macromolecules and viruses, with the focus shifting
to single particle analysis more recently. This shift would not be possible without the
advancement of computer technology. This allowed TEM 2D projection images to be
transformed into 3D reconstructions using various software packages such as IMAGIC
(van Heel et al., 1996), EMAN (Ludtke et al., 1999), and SPIDER (Frank et al., 1996). Today,
EM and cryo-EM are extremely popular techniques for studying macromolecules and

determining high resolution structural information.

1.41 Basics of the transmission electron microscope

The transmission electron microscope uses the same basic principles as a classic
light microscope (Williams et al, 1996). However, instead of photons a TEM uses
electrons, and instead of a series of glass lenses there is a series of electromagnetic
lenses. This allows for the production of images with higher magnification and resolution
than what is achievable with a light microscope. Like a light microscope, a TEM can be
divided up into three main components: the illumination system, consisting of the electron
source and condenser lenses; the objective lens/stage system, where the specimen is
inserted; and the imaging system, consisting of lenses to magnify focus the image, and a

charge-coupled device (CCD) camera or a direct detection device (DDD) with a
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complementary metal-oxide semiconductor (CMOS) camera (Williams et al., 1996) (Figure
1.10). Together, these components allow for the collection of high-resolution images of a

sample which can be used to obtain structural information.
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Figure 1.12. Transmission electron microscope schematic. A TEM can be
categorized into three major areas. the illumination system, the objective
lens/stage system, and the imaging system. The main components of each of
these systems are shown. Lines are included to show the path of the electron
beam as it passes through various focusing lenses and the sample before

reaching a detector.
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1.4.2 Image processing for electron microscopy

Electron microscopy would not be what it is today without the numerous programs
created for image processing. These programs are used to extract detailed structural
information from the raw images collected. Although there are numerous software
programs available for use, only EMAN (Ludtke et al., 1999), SPIDER (Frank et al., 1996),
IMAGIC (van Heel et al., 1996), and Chimera (Pettersen et al., 2004) will be discussed in

this thesis.

1.5 Aims and hypothesis of the thesis project

The tau protein has been shown to be capable of adopting multiple conformations
in different diseases, such as AD (Falcon et al., 2018b, Fitzpatrick et al., 2017), CTE (Falcon
et al, 2019), PiD (Falcon et al., 2018a), and CBD (Zhang et al, 2020). It is becoming
increasingly clear that these so called ‘strains’ are disease dependent and likely can be
attributed to some of the differences seen between tauopathies. While the structures of
tau PHFs and SFs in Alzheimer’s disease were solved using cryo-electron microscopy
(Fitzpatrick et al., 2017) shortly before | began this thesis project, verification and further
investigation of the results remained as one of my goals for this project. By examining
samples from patients diagnosed with either rpAD or spAD, | compared both the resulting
electron micrographs and the 3D-reconstructions to the published data. This will provide
evidence either for or against the conclusion from Falcon et al. (2018a) that the structure
of tau PHFs and SFs is consistent across all Alzheimer’s disease cases. In this thesis
project | aim to answer the following: Are the structures of tau protein PHFs and SFs
consistent across all cases of Alzheimer’s disease?

The second aspect of this thesis project was the examination of mouse-derived
2N4R tau fibrils containing a disease causing P301L mutation. This mutation is found in

some cases of FTDP-17 (Ghetti et al., 2015), and as such these mice are used as a model
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for this disease. Previous research completed by Eskandari-Sedighi et al. (2017)
demonstrated that these mice display heterogeneity in the location of tau deposition in
the brain which resulted in the creation of five pathology classes. Additionally, when the
resulting brain homogenates are examined by EM, three different fibril morphologies are
observed in variable proportions. As part of this thesis project | continued the examination
of the three different fibril morphologies found in the five pathology classes. | examined
primarily Class lll tau filaments with electron microscopy, as this class was not previously
examined in the publication (Eskandari-Sedighi et al., 2017). Additionally, | completed 3D-
reconstructions on fibrils from Class I-IV so that | could compare these structures both
with each other and with other published tau structures. The questions that | aimed to
answer in this portion of the thesis project was: Are the structures of the three observed
tau fibril morphologies different from each other and other published tau structures? Are
there meaningful differences in the proportion of the three tau fibril morphologies and
does this contribute to disease?

Overall, the central hypothesis for this thesis project is that the tau protein can
adopt numerous different conformations which contribute to the manifestation of different
tauopathies and the differences seen between these tauopathies. This has been seenin
the published tau fibril structures from AD (Falcon et al., 2018a, Fitzpatrick et al., 2017),
CTE (Falcon et al., 2019), PiD (Falcon et al., 2018a), and CDB (Zhang et al., 2020). In each
of these diseases, the tau protein adopts fibril structures which are unique. | will provide
additional evidence for this through EM examination and 3D-reconstruction of tau fibrils
from AD and a mouse model of FTDP-17. Secondly, | hypothesize that the tau protein can
adopt multiple conformations which all lead to the same disease but may explain the
differences seen between individuals. | will do this through the examination of mouse-
derived tau fibrils which model FTDP-17, a disease which displays high degrees of

variation in disease manifestation and progression.
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Chapter 2

Materials & Methods

2.1 Tau protein purification from mouse brain

Mouse brains were purified following the protocol from Sahara et al. (2013) by
Ghazaleh Eskandari-Sedighi. Mouse brains were bisected down the midline, frozen on
dry ice, and stored at -80°C until use. Tissues were homogenized in 10 volumes of tris-
buffered saline (TBS: 50 mM Tris/HCI (pH 7.4), 274 mM NaCl, 5 mM KCI, 1% protease
inhibitor mixture, 1% phosphatase inhibitor cocktail (Sigma), ImM phenylmethylsulfony!
fluoride (PMSF)). The homogenates were centrifuged at 27,000xg for 20min at 4°C to
obtain supernatant and pellet fractions. Pellets were homogenized in 5 volumes of high
salt/sucrose buffer (0.8 M NaCl, 10% sucrose, 10 mM Tris/HCI, (pH 7.4), 1 mM EGTA, 1 mM
PMSF)) and centrifuged at 27,000xg for 20min at 4°C. The supernatant was collected and
incubated with 1% final concentration sarkosyl (Sigma) for one hour at 37°C followed by
centrifugation at 150,000xg for one hour at 4°C to obtain salt and sarkosyl-extractable
and sarkosyl-insoluble fractions. The sarkosyl-insoluble pellet was resuspended in TE

buffer (10 mM Tris/HCI (pH 8.0), 1 mM EDTA) to volume equivalent to half that of the brains
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used to produce brain homogenate. Following purification, a western blot with CP13
(detecting phosphorylated Ser202), CP27 (detecting total human tau protein), PHFI
(detecting phosphorylated S396 and S404), and ET3 (detecting 4R tau residues 273—
288) antibodies was performed on the resuspended pellet to confirm the presence of the

tau protein.

2.2 Tau protein purification from human brain

Human brain samples of the frontal cortex were purified by Chae Kim and Dr.
Miroslava Kacirova. Slices were homogenized in 10 volumes of Tris-buffered saline (TBS:
50 mM Tris/HCI (pH 7.4), 274 mM NaCl, 5 mM KCI, 1% protease inhibitor mixture, 1%
phosphatase inhibitor cocktail, 1TmM phenylmethylsulfonyl fluoride (PMSF)). The
homogenates were centrifuged at 27,000xg for 20min at 4°C to obtain supernatant and
pellet fractions. Pellets were homogenized in 5 volumes of high salt/sucrose buffer (0.8
M NaCl, 10% sucrose, 10 mM Tris/HCI, (pH 7.4), 1 mM EGTA, 1 mM PMSF) and centrifuged
at 27,000xg for 20min at 4°C. The supernatant was collected and incubated with 1% final
concentration sarkosyl for one hour at 37°C followed by centrifugation at 150,000xg for
one hour at 4°C to obtain salt and sarkosyl-extractable and sarkosyl-insoluble fractions.
The sarykosyl-insoluble pellet was resuspended in water and protease inhibitor cocktail

(0.5ug/mL aprotinin, 0.5ug/mL leupeptin, 0.05mM PMSF).

2.3 Negative stain electron microscopy

Aliquots of 1-3puL containing purified human or mouse derived tau fibrils were loaded
on to freshly glow discharged 400 mesh carbon coated copper grids (Electron
Microscopy Sciences) and absorbed for 1 minute. Grids were washed with 50uL each of

0.1M and 0.01M ammonium acetate and stained with 2x50uL of freshly filtered 2% uranyl
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acetate. Once dry, grids were visualized with a Tecnai G20 transmission electron
microscope (Thermo Fisher FEl) using an acceleration voltage of 200kV. Electron

micrographs were recorded with an Eagle 4kx4k CCD camera (Thermo Fisher FEl).

2.4 3D fibril reconstruction

Micrographs which contained single, isolated tau fibrils with a visible crossover region
were selected. Using EMAN'’s boxer program (Ludtke et al, 1999), crossover regions
were selected and segmented into overlapping boxes of 200 x 200 pixels spaced 1-b
pixels apart along the helix and centered using the unbend or align helix feature. Angles

were assigned to each box, with the assumption that the selected region was 180° and

that each box represented a different view of the same fibril. SPIDER operation Back
Projection 3D (BP 3D) (Frank et al., 1996) was used to generate a reconstruction using the
box files and angular assignments. UCSF Chimera (Pettersen et al., 2004) was used to

visualize the reconstructions (Figure 2.1).

2.5 Cross-section rotation

The final 3D-reconstructions were used as a starting point. Using EMAN proc3D and
align3D commands (Ludtke et al., 1999), the reconstructions were normalized, aligned,
and rotated 90°. The 3D map was converted into a stack of 2D particles, which were
aligned to a reference image using EMAN until the resulting image did not change on
subsequent iterations. The last 2D average image was centered using IMAGIC (van Heel
et al.,1996). The centered 2D cross-section was replicated 290x using the EMAN proc2D

command. Using the IMAGIC rotate image command, the replicated cross sections were
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rotated back 90° and the 2D projection was set to a 3D volume using the IMAGIC header

command to yield the final fibril reconstruction (Figure 2.7).
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Figure 2.1. Overview of the 3D-reconstruction and cross-section rotation process. The first step in 3D-
reconstruction is to place boxes along the crossover region of the fibril using boxer which then generates a series

of images. These images represent the fibril at different angles. Angles are assigned to each image, and back
projection generates a 3D-model of the original fibril. This model is rotated 90° and cross sectioned. A reference

cross section is selected and used to align the cross sections. The resulting average is replicated, and angles are

assigned to these images. The final reconstruction is generated by assembling the cross sections into a 3D-model.
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Chapter 3

Structural Analysis of Mouse-derived Tau

Protein Aggregates

3.1 Characterization of mouse-derived tau protein aggregates

One of the objectives of this thesis project was to characterize tau protein
aggregates extracted from TgtauP39' mouse brains. These mice express a mutant version
of the human form of tau, 2N4R, at low levels, making them an approximate model for
FTDP-17. These mice have been previously characterized by Eskandari-Sedighi et al.
(2017) using immunohistochemistry and Thioflavin S, Gallyas-Braak, and Bielschowsky
staining procedures. They have been shown to slowly develop pre-tangles, granofibrillary
tangles, and NFT-like structures in the CNS. However, the exact location of the tau
deposition in these animals showed heterogeneity, which resulted in the creation of five
pathological classes (I, Il, lll, IV, V) based on the location of tau deposition. (Figure 3.1)
Preliminary electron microscopic characterization prior to the commencement of this
project revealed that these animals present with three different tau fibril morphologies:

straight, coiled, and twisted ribbon-like (Figure 3.2). The proportions of these fibril
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morphologies varied between pathology classes. The continued structural
characterization of the three filament morphologies using electron microscopy and 3D-
reconstruction is of interest as it will allow for comparison not only between the three
morphologies but also with published tau structures which will contribute to the tau strain

hypothesis (Gerson et al., 2016, Sanders et al., 2014).
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Figure 3.1. The five mouse pathology classes. Mouse brain sagittal cross
sections in middle column display the primary locations of tau pathology (grey)
for each of the five classes. The primary locations of tau pathology are also listed
in the right-hand column. This figure was adapted and reproduced with
permission under the Creative Commons Attribution 4.0 International license

(http://creativecommons.org/licenses/by/4.0/) from Eskandari-Sedighi et al. (2017).
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Figure 3.2. Electron micrographs of mouse-derived tau fibrils. Three different
fibril morphologies are shown: straight (a), coiled (b), and twisted ribbon-like (c).
Scale bars are 100nm. This figure was reproduced with permission under the
Creative Commons Attribution 4.0 International license

(http://creativecommons.org/licenses/by/4.0/) from Eskandari-Sedighi et al. (2017).
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3.1.1 Electron microscopic characterization of mouse-derived tau protein aggregates

Purified tau fibril samples from pathology classes |, II, lll, and IV were observed with
EM as described in section 2.3. The focus was primarily on class Il samples, as the other
classes have been previously characterized in the publication by Eskandari-Sedighi et al.
(2017). In total, seven class Il samples were visualized, along with one class |, and two
class IV. A ‘typical’ micrograph for the samples in shown in Figure 3.3a. Class Ill samples
are composed almost exclusively of straight fibrils (Figure 3.3b); 82.3% in fibril counts. The
remaining fibrils are twisted ribbons, 3.1%, or fibrils that were obscured or do not fit into

the classification system (Table 3.1). Data for class |, Il, and IV from Eskandari-Sedighi et

al. (2017) is displayed in Table 3.2.

Figure 3.3. Electron micrographs of tau fibrils from class Ill samples. Negative
stain electron microscopy was performed on pathology class Il insoluble tau
fractions. a. A representative micrograph of a typical class Ill sample. b. Electron
micrograph displaying straight fibrils (black arrows) and twisted ribbon-like fibrils

(white arrow). Scale bars are 200nm.
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Table 3.1. Distribution of tau fibril morphologies in pathology class Ill. N
refers to the number of distinct samples for which fibril counts were

completed.

Straight Fibril | Coiled Fibril | Twisted Ribbon-like Fibril | Other
7 127 0 4 15

80% 0% 3% 17%

Table 3.2. Distribution of tau fibril morphologies according to pathology class. N refers
to the number of distinct samples for which fibril counts were completed. Mouse line
refers to the genetic background of the P301L mice used. This table was adapted and
reproduced with permission under the Creative Commons Attribution 4.0 International

license (http://creativecommons.org/licenses/by/4.0/) from Eskandari-Sedighi et al. (2017).

Mouse Pathology Class | Pathology Class Il Pathology Class IV
lines Fibril Types Fibril Types Fibril Types
Straight Coiled  Twisted Straight ~ Coiled  Twisted Straight ~ Coiled  Twisted
N Fibril Fibril Ribbon-like N Fibril Fibril Ribbon-like N Fibril Fibril Ribbon-like
Fibril Fibril Fibril

C57BL/6 2 39 35 1 2 189 0 0 3 6 0 0

52% 47% 1% 100% 0% 0% 100% 0% 0%
129SvEv 1 22 0] 1 1 55 0 0 3 23 0 0

96% 0% 4% 100% 0% 0% 100% 0% 0%
FVB/NJ 2 21 o] o] 3 121 1 0 3 14 0 0

100% 0% 0% 99% 1% 0% 100% 0% 0%
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3.1.2 3D-reconstruction and measurements of mouse-derived tau protein aggregates

Collected electron micrographs were processed as described in sections 2.4 and
2.5 to generate 3D models of the tau fibrils. At least one fibril from each class was
reconstructed. The twisted ribbon-like fibrils were reconstructed easily, while the straight
and coiled fibrils posed additional challenges. The straight fibrils lack an easily identifiable
crossover region and therefore require a system of trial-and-error to determine the
correct location to select. The coiled fibrils often curve so much that the boxer software
(Ludtke et al., 1999) cannot properly select the fibril. To counter this, they must first be
‘straightened’ by rotating the image so that the fibril is vertical in the desired area for

reconstruction.

Once reconstructed, the fibrils from each pathology class and morphology were
compared to one another. The structure of fibrils of the same morphology remained
consistent despite the pathology class, i.e. twisted ribbon-like fibrils from class Ill are the
same as twisted ribbon-like fibrils from class I. This was found to be the case for all fibril

morphologies (Figure 3.4).

Measurements of width and helical pitch were completed for fibrils of each
morphology using the ‘ruler’ tool in Adobe Photoshop. The widths of the fibrils, while
seemingly similar to each other, displayed significant differences. The average width of
straight fibrils was 21.7nm for class I, 19.7nm for class Il, 16.5nm for class Ill, and 21.9nm for
class IV (Table 3.3). Pairwise t-tests resulted in p < 0.01 for all comparisons, except for
class | and IV straight fibrils which resulted in p > 0.05. An ANOVA analysis of straight
fibrils from all classes resulted in p < 0.01. The average width of coiled fibrils was 26.3nm
for class | and 25.9nm for class Il (Table 3.3). A pairwise t-test nor an ANOVA was possible
for this fibril morphology as only one coiled fibril was measured from class Il. The average
width of twisted ribbon-like fibrils was 23.2nm for class | and 20.5nm for class Ill (Table

3.3) with a pairwise t-test resulting in p > 0.05; an ANOVA analysis was not possible for
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twisted ribbon-like fibrils. The helical pitch was found to differ for coiled and twisted
ribbon-like fibrils. Coiled fibrils have a larger average helical pitch, 136.9nm for class | and
141.7nm for class Il, compared to twisted ribbon-like fibrils, 82.1nm for class | and 75.9nm
for class Ill (Table 3.3). A pairwise t-test was not possible for coiled fibrils as only one fibril
was measured from class |l, but a pairwise t-test for twisted ribbon-like fibrils result in p >

0.05; an ANOVA analysis was not possible for helicity measurements.
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Class | - twisted
ribbon-like

Class | - coiled

Class Il - twisted
ribbon-like

Class Il - straight Class IV - straight

Figure 3.4. 3D-reconstructions of fibrils from mouse pathology classes I-IV. Top left panel corresponds to a coiled
fibril from mouse pathology class | and top right panel corresponds to a twisted ribbon-like panel from mouse
pathology class |. Bottom left panel corresponds to a straight fibril from mouse pathology class Il. Bottom middle
panel corresponds to a twisted ribbon-like fibril from mouse pathology class lll. Bottom right panel corresponds to a
straight fibril from mouse pathology class IV. All 3D-reconstructions were width matched with the measurements from

electron micrographs. Two side views and a top view is shown for each. Scale bars are 200nm.

44



Table 3.3 Width and helical pitch measurements of tau fibrils from pathology classes

I-IV. N refers to the number of distinct fibrils for which measurements of width and helical

pitch were made.

N Class | N Class Il N Class lll N Class IV
Straight Fibril 217 19.7 16.5 219
width (nm) 22 w227 M wioa |70 B | 2B 427
Coiled Fibril 26.3
width (nm) 24 wea3z |1 299 B -
Coiled Fibril
Helical Pitch 17,357, | 1 1417 - -
(nm) '
Twisted
Ribbon-like 5 23.2 B 6 20.5 N
Fibril Width +/- 3.7 +/-7.9
(nm)
Twisted
Ribbon-like 82.1 B 4 75.9 B
Fibril Helical +/- 9.8 +/-1.6
Pitch (nm)
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Chapter 4

Structural Analysis of Human-derived Tau

Protein Aggregates

4.1 Characterization of human-derived tau protein aggregates

The second objective of this thesis project was to examine tau fibrils which were
purified from AD patient brains. We obtained samples from sporadic AD (sAD) cases,
including rpAD and spAD. The rpAD samples used for analysis were collected from
donors of 57, 64, and 66 years in age at the time of death and the spAD samples were
collected from a donor of 90 and 67 years in age. The initial characterization of these
samples was completed by Chae Kim and Dr. Miroslava Kacirova in Dr. Jiri Safar’s
laboratory at Case Western Reserve University. They performed western blots, silver
staining, and conformation-dependent immunoassay (CDI) on the samples and found that
preliminary CDI data suggested differences in the structural organization of rpAD and
spAD tau aggregates and in the organization of fAD tau aggregates (Figure 4.1). Briefly,
CDlis a technique which allows for quantification of a protein’s resistance or susceptibility

to denaturation. Through the use of primary antibodies specific to tau in its native and
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denatured form and secondary antibodies which allow for signal detection, it is possible
to measure the amount of tau in the native or denatured conformation, before and after
exposure to a strong denaturant. It is the difference in the denatured/native (D/N) value
that can suggest differences in structural organization (Daude et al., 2020, Safar et al.,
1998). Through additional characterization with electron microscopy, | will expand on the
initial CDI results for rpAD and spAD; fAD will not be addressed in this thesis as no fAD
samples were received. Based on the similarities and/or differences seen between
samples from rpAD and spAD, | can determine if the structure of the tau protein plays a

role in how AD develops and progresses.

_ ] T
£ 1500 51
£™ 2
= I B
L 52
2 1000 5 B 101
e =2z *
= ®<
] gQ
7] E-
o o0
T 500+ £O 51
7 S~
3 o
=
S o 0
sp p cwp dp sp p cwp dp
sAD fAD (PSENT) sAD fAD (PSEN1)

Figure 4.1. Levels and conformational characteristics of sarkosyl-insoluble tau
in sAD and fAD. CDI was carried out on sarkosyl-insoluble tau from spAD
(orange), rpAD (blue), fAD with cotton wool plaques (grey), and fAD with dense
plagues (green). The levels of sarkosyl-insoluble tau were quantified (right panel).
fAD has approximately 3-fold higher levels of sarkosyl-insoluble tau than sAD. CDI
data (left panel) suggests that the conformation of tau in spAD and rpAD was
statistically significant and that the conformation of tau in fAD cotton wool plaques
and dense plagues was also significant, although the difference was more

significant in fAD. This figure was provided for use by Dr. Jiri Safar.
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4 1.1 Electron microscopic analysis of human-derived tau protein aggregates

Purified tau fibril samples from rpAD and spAD were observed with EM as described
in section 2.3. In total, four cases of rpAD and three cases of spAD were analyzed with
EM. Overall, the quality of the samples was inconsistent, with some samples having many
fibrils and others having next to none. Only two rpAD and one spAD sample yielded fibrils
on which further analysis could be completed. In these samples both PHFs and SFs were
observed (Figure 4.1), with PHFs being the more prominent species. PHFs display a
noticeable ‘fuzzy’ crossover region, while SFs do not. The proportion of PHFs to SFs was
approximately equivalent for rpAD at spAD cases; 64.4% and 77.1% for PHFs in rpAD and
SpAD, respectively; and 35.6% and 22.9% for SFs in rpAD and spAD, respectively (Table
4.).
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PHF SF

rpAD

spAD

Figure 4.2. Electron micrographs of PHFs and SFs fin rpAD and spAD cases.
Negative stain electron microscopy was performed on samples from rpAD and
spAD. Both PHFs and SFs were present in both types of AD. PHFs can be
distinguished by ‘fuzzy; regions interspaced by sharp, narrow regions. SFs do not

contain this ‘fuzzy’ region. Scale bars are 200nm.
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Table 4.1. Fibril counts of PHF and SF in rpAD and spAD cases. N

refers to the number of distinct samples for which fibrils were

counted.
N PHFs SFs
58 32
"PAD 3 64.4% 35.6%
47 12
SPAD 2 77.1% 22.9%

41.2 3D-reconstruction of human-derived tau protein aggregates

Collected electron micrographs were processed as described in sections 2.4 and
2.5 to generate 3D models of the tau fibrils. Only PHFs from both rpAD and spAD were
reconstructed, as the micrographs collected of SFs were not of adequate quality for 3D-
reconstruction; the fibrils were either too short or obstructed by other fibrils. Additionally,
SFs have the added challenge of lacking a visible crossover region. The reconstructed
PHFs from rpAD and spAD appear similar to each other. Both reconstructions display a
clear, narrow crossover region, corresponding to the narrow region seen in the
micrographs, and a wider region, corresponding to the ‘fuzzy’ region seen in the

micrographs (Figure 4.3).
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Selected region

SPAD PHF

Selected region
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Figure 4.3. 3D-reconstruction
of PHFs from rpAD and spAD.
Top panel corresponds to the
reconstruction of a rpAD PHF
and bottom panel corresponds
to the reconstruction of a spAD
PHF. Pink boxes on electron
micrographs  highlight the
region which was selected for
reconstruction. The generated
3D-reconstructions were
width-matched with
measurements  from  the
electron micrographs. Two
side views and a top view is
displayed for both the rpAD
PHF and the spAD PHF. Visual
comparison between the two
3D-reconstructions show
strong similarity between each

other. Scale bars are 200nm.



Measurements of width and helical pitch were completed for PHFs and SFs from
rpAD and spAD using the ‘ruler’ tool in Adobe Photoshop. PHFs were found to have
variable average widths, ranging from 23.2m and 26.1nm at the widest point in rpAD and
SpAD, respectively, to 8.8nm and 10.0nm at the narrowest point in rpAD and spAD,
respectively (Table 4.2). Paired t-tests for the width of PHFs from rpAD and spAD at the
widest point resulted in p < 0.01 and a paired t-test for the width of PHFs from rpAD and
spAD at the narrowest point resulted in p < 0.01. SFs did not display variability in their
width. The average width of SFs in rpAD was 12.1nm and 14.9nm in spAD and a paired t-
testresulted in p <0.05. The average helical pitch of PHFs in rpAD and spAD was 89.2nm
and 92.9nm (Table 4.2), respectively, and a paired t-test resulted in p > 0.05. The helical

pitch of SFs was not measured as they do not have an obvious crossover region.

Table 4.2. Width and helical pitch measurements of PHFs and SFs from
rpAD and spAD cases. N refers to the number of distinct measurements

made for width and helical pitch.

N rpAD N spAD

PHF Narrowest Region 39 8.8 39 10.0
Width (nm) +/-1.6 +/-1.8

PHF Widest Region Width 39 23.2 39 26.1
(nm) 438 +-36
PHF Helical Pitch (nm) | 36,995, 45 D50
SF Width (nm) CRE 8 s
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Chapter 5

Discussion

5.1 Structural comparison of mouse-derived tau filaments and

relevance to disease

The mouse-derived tau filaments have three distinct morphological differences,
which resulted in the creation three categories: straight fibrils, coiled fibrils, and twisted
ribbon-like fibrils (Eskandari-Sedighi et al., 2017). These morphological differences are
readily visible by eye and reinforced by quantitative measurements of width and helical
pitch. Straight, coiled, and twisted ribbon-like can be considered three unique structures
that the tau protein can adopt. This result is consistent with past studies of tau fibrils from
FTDP-17. EM studies of fibrils extracted from individuals with FTDP-17 with a P301L tau
mutation revealed filaments of irregular twisted ribbons and straight filaments with a
stranded rope appearance (Spillantini et al, 1998) (Figure 5.1). Another study which
observed tau fibrils from P301L tau transgenic mice found fibril results consistent with
those found in humans (Gotz et al, 2001). The twisted ribbon and stranded rope
morphologies observed by these two studies remain consistent with fibrils we observed

and classified as coiled and twisted ribbon-like, respectively, however the straight fibrils
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we found differ from the two previously described morphologies as there is a lack of any
observable crossover. In both studies (Gotz et al, 2001, Spillantini et al., 1998),
researchers completed measurement of width and helicity. Twisted ribbon filaments from
human origin were found to have a width of about 15nm and a helical pitch of greater
than 130nm (Spillantini et al., 1998). The width of the straight, stranded rope fibrils was
about 12nm (Spillantini et al., 1998). Twisted ribbon filaments of transgenic mouse origin
also had a width of about 15nm (G&tz et al., 2001). These measurements are not identical
to what we found when completing width and helicity measurements on the fibrils from
our TgtauP30lk mice (Figure 3.3). Straight fibrils from pathology class Ill have a width which
is the most similar to those previously found, having a width of about 16nm. The remainder
of the width measurements completed were larger than the previous measurements, with
the widest fibril measurement of about 25nm being from coiled fibrils. This difference can
likely be accounted for by the selected area for measurements. In the fibril measurements
completed here, the largest section of coiled and twisted ribbon-like fibrils was selected.
Measurement of the narrowest portion of the fibril would result in a smaller width
measurement. The researchers who completed measurements on FTDP-17 filaments
previously (Gotz et al., 2001, Spillantini et al., 1998) do not specify which region, widest or
narrowest, is measured. The measurements of helical pitch are most similar to the
previous results in the coiled fibrils, which was measured to be greater than 130nm.
Twisted ribbon-like fibrils were found to have a smaller pitch of about 80nm, however the
previous researchers did not complete measurements for the fibrils which appear most
similar to twisted ribbon-like fibrils in our classification system. Overall, the measurements
completed on the different fibril morphologies are fairly consistent with previously
published results. Currently, these published electron micrographs and measurements
are the only insight to the structure of the tau protein in FTDP-17; there is not a high-
resolution structure available. The 3D-reconstructions | have generated based on the

electron micrographs and confirmed fibril measurements provide the framework for
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further high-resolution models as the models | have generated represent the architecture

of three tau fibril morphologies seen in FTPD-17 cases.

Figure 5.1. Electron micrographs of tau filaments from FTDP-17 with a P301L
mutation. Panels A and B show twisted ribbon fibrils and panels C and D show
stranded rope fibrils. Panels B and D show immuno-gold labelling of the tau
filaments with a phosphorylation dependent anti-tau antibody AT8. Scale bar is
100nm. This figure was reproduced from The American Journal of Pathology,
Volume 153, Issue 5, M.G. Spillantini, R.A. Crowther, W. Kamphorst, P. Heutink, J.C.
van Swieten, Tau Pathology in Two Dutch Families with Mutations in the
Microtubule-Binding Region of Tau, Pages 1359-1363, Copyright 1998 with

permission from Esevier.
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The architecture of the three mouse-derived tau fibril morphologies remained
consistent across all pathological classes, however the proportion of the morphologies
varied. Straight fibrils were the most common in all classes observed and the amounts of
coiled and twisted ribbon-like fibrils varied. Only classes | and Il contained coiled fibrils
and classes | and lll contained twisted ribbon like-fibrils. Overall, class | displayed the
most variability in the observed fibril morphologies while classes II-IV were almost
exclusively composed of straight fibrils. The observed difference in the proportion of tau
fibril types may be related to the difference in tau pathology distribution. Certain areas of
the brain may tend to develop one fibril morphology over another. This is difficult to prove
as it would require the isolation and examination of individual mouse brain regions; it is
only possible to speculate about which brain areas tend to develop each fibril
morphology. It is also be possible that the different fibril morphologies represent the
progression of disease. Straight fibrils, being the most common, may be the first
morphology to develop. The coiled and twisted ribbon-like fibrils then appear as the
disease progresses. The opposite could also be true, with the less common coiled and
twisted ribbon-like types undergoing an unknown conformational change to become
straight fibrils as disease progresses. Presently, the data collected does not provide
significant evidence for either possibility, however it does not completely rule them out.
To confirm one of these possibilities, time course experiments would be necessary.
Through examination of the tau fibril species present at different time points in disease

we could determine if the fibrils morphology correlates with disease progression.

A future experiment which would provide supporting data for the similarities and
differences between the three tau fibril morphologies is immuno-EM. This technique
involves the use of antibody labelled gold particles which are expected to bind to your
protein of interest, in this case the tau protein. The sample and antibody-linked gold
particles bind and are absorbed on to a grid for EM visualization. This experiment would

confirm that the fibrils we observe are the tau protein if we see tau fibrils ‘decorated’ with
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gold particles (Figure 5.1). Using antibodies that bind different regions of the tau protein,
i.e. R1, R2, R3, R4, we could determine which regions of the tau protein are in the fibril
core and which are in the fuzzy coat (Falcon et al., 2018b, Go6tz et al., 2001). Currently, this
technique is not able to differentiate different fibril conformations, i.e. AD fibrils vs PiD
fibrils, from one another as there are no available antibodies that bind different tau
isoforms differently. However, if antibodies capable of this were available, this technique
would provide strong evidence for the presence of different tau fibril conformations. The
immuno-EM can be compared to the results from AD tau fibrils, or other tauopathies, to
provide a more in-depth analysis of the similarities and differences between different tau

fibril structures.

In future experiments it would be also useful to collect additional micrographs
using cryo-EM. Cryo-EM and the subsequent image processing can generate high
resolution structural models of your protein of interest. This would require numerous
quality control and optimization steps to prepare the mouse-derived tau samples and the
collection of thousands of electron micrographs. With this data we could generate an
atomic resolution model of the three tau fibrils found in the mouse-derived tau samples.
An atomic resolution model would allow us to definitively determine if the three tau

morphologies represent novel conformations of the tau protein in mice.

Finally, to confirm the relevance of the mouse-derived tau fibrils, EM
characterization of human-derived FTDP-17 samples, specifically with the tau P301L
mutation, would be required. Human derived FTDP-17 fibrils have been previously
characterized by negative stain EM (Spillantini et al., 1998), however this was done many
years ago when cryo-EM was not well developed. Following the previously established
protocol (Spillantini et al., 1998), tau can be purified from the human samples. Preparation
of the sample for cryo-EM will require optimization, as there is not currently published

literature. Once analysis is complete, the generated structural models of human FTDP-17
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tau with a P301L mutation can be compared to those which | have generated from mouse-
derived tau samples and to those which have been published for tau in AD (Falcon et al.,
2018b, Fitzpatrick et al., 2017), PiD (Falcon et al., 2018a), CTE (Falcon et al., 2019), and
CBD (Zhang et al., 2020). By comparing the tau fibril structure from FTDP-17 with the tau
structure from these four diseases, we would be able to determine if the structure of tau

fibrils in FTDP-17 represent novel conformations.

5.2 Structural comparison of human-derived tau filaments and

relevance to disease

As described in Chapter 4, there were no visible differences between the PHFs in
rpAD or spAD which is consistent with results published by Falcon et al. (2018b) where
they visualized purified tau fibrils from both sporadic and inherited AD using cyro-EM.
They found that the structure of PHFs and SFs did not vary between individual cases of
AD. The reconstructions of PHFs which | generated provide additional evidence for this
finding. In this project, we used different methods to purify, visualize, and reconstruct
fibrils from human sAD samples. Our purification protocol differs in centrifugation speeds
and lengths, and protease inhibitor use. To visualize the purified tau fibrils, | used negative
stain EM, while the Falcon group used cryo-EM (Falcon et al., 2018b, Fitzpatrick et al.,
2017). This means that our results are lower resolution. It is only possible to see the
architecture of the tau fibrils in the reconstruction. However, this is adequate for the
purpose of this thesis as it allows for the comparison of the overall structure of the tau
PHF. An overlay of the AD core generated by Fitzpatrick et al. (2017) (PDB 503l) with the
top view from my rpAD PHF reconstructions shows that the tau fibril core can fit into the
3D-model | generated and a side-by-side comparison shows similarities in the fibril

architecture (Figure 5.2).
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Figure 5.2. Top view and side-by-side comparison of tau PHF 3D-
reconstructions with published structure. a. The tau core structure of tau PHF
(brown) (PDB 503L) was overlaid on the top-view of the 3D-reconstruction from a
rpAD PHF (purple). The two protofilaments can be fit into the fibril structure. b.
Side-by-side comparison of published PHF fibril (blue) (This figure was adapted
and reproduced with permission from Springer Nature Customer Service Centre
GmbH: Springer Nature, Nature, Cryo-EM structures of tau filaments from
Alzheimer’s disease, Anthony W. P. Fitzpatrick et al. 2017) with generated 3D-

reconstruction (purple).
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Fitzpatrick et al. (2017) also completed measurements of width and helicity on the
PHFs and SFs they observed. They found that PHF had a width of 1504, or 15nm, at the
widest area and 70A, 7nm, at the narrowest. These measurements are approximately
consistent with the measurements completed for the PHFs | observed. They were found
to have a width of about 25nm at the widest area and 10nm at the narrowest. Helicity
measurements were also completed for PHFs. Fitzpatrick et al. (2017) found that the
spacing between crossovers ranged from 650-800A, or 65-80nm. Our helical pitch
measurement of about 90nm is similar to the published findings. Measurements for SFs
are also approximately equivalent, with Fitzpatrick et al. (2017) measuring the width to be
100A, or 10nm, and our recorded width for SFs being about 15nm. They also completed
measurements of helical pitch for SFs, recording the distance between crossovers as
between 700 and 900A. We did not complete measurements of helical pitch for SFs as
our micrographs were not of sufficient quality to identify the crossover region of the fibril.
Overall, the measurements which | completed for width and helicity on tau PHFs and SFs
provide another level of confirmation for our data. While the measurements are not
identical to that of Fitzpatrick et al. (2017), they are likely within an acceptable range, as
in Gotz et al. (2001) the researchers recorded a width of about 20nm for AD PHFs and
SFs. These differences can likely be accounted for by subtle differences in fibril
appearance due to stain selection, or lack of in the case of Fitzpatrick et al. (2017), the
use of different software to complete fibril measurements, and simple human error, as
these measurements must be done by hand and a certain amount of variability between
those completing the measurements is expected. Based on the comparison of
quantitative measurements, fibril appearance, and 3D-reconstructions with published
data | can conclude that we observed PHFs and SFs from AD patients which are

consistent with published data.

In the future, it would be beneficial to complete 3D-reconstructions of SFs from AD

samples. This would allow for a complete comparison of both PHF and SF tau fibril
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structures to each other and to the published structures. Additionally, samples from fAD
should be characterized. At this point, it is only possible to say that the structure of PHF
from sAD is consistent between the 3D-reconstructions | have generated and the
published models. Characterization of fAD samples would provide a more complete
analysis of the tau fibril structures in AD. In their second paper, Falcon et al. (2018b)
examined 15 sAD cases and 2 fAD cases. By characterizing additional fAD cases, | could
provide stronger support for the arguments that the structure of PHFs and SFs remains
consistent across all cases of AD, regardless of disease type. Overall, the reconstructions
| have generated provide strong support for the published PHF structure, but more work

is needed to confirm the SF structure.

Additional confirmation experiments, immuno-EM and cryo-EM, which were
described for the mouse FTDP-17 samples, would also be applicable to the human AD
samples. Immuno-EM would allow for identification of specific regions of the tau protein
in PHFs and SFs. If the selected gold-conjugated antibodies bind to the tau fibrils, we
know that region is present and accessible by the antibodies. This would provide
confirmation that we are visualizing and reconstruction tau fibrils and that the predicted
regions are present in the fuzzy coat and core of the fibril (Falcon et al., 2018b, Fitzpatrick
et al., 2017). Cryo-EM characterization of the human AD samples would allow us to collect
higher resolution information. This would therefore increase the resolution of the
reconstructions to atomic level. The higher resolution reconstructions could be more
directly compared to the published models (Falcon et al., 2018b, Fitzpatrick et al., 2017)

and would provide stronger confirmation for the structure of PHFs and SFs.

The knowledge that PHFs and SFs have a consistent structure is advantageous to
the development of treatments for AD. If we know that the structure the tau protein adopts
does not change in different forms of AD, we can develop a way to target this specific

structure. Already researchers are exploring therapies, such as B-breakers and anti-
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aggregation agents, which target tau aggregation (Buee, 2019). Knowledge of the
structure of PHFs and SFs in AD will allow researchers to design better drugs which target
tau aggregation, potentially through rational drug design. By preventing the assembly of
tau into disease driving PHFs and SFs, it may be possible to slow the progression or

completely prevent AD.

5.3 Comparison of mouse and human-derived tau filaments

The structure of tau fibrils from the mouse and human sources differ significantly
from each other. The fibrils in the FTDP-17 mouse model adopt different conformations
from the fibrils in human AD. This is confirmed by width and helicity measurements from
each disease. Straight fibrils from mouse pathology class Il are the most similar to human
SFs, with widths of 16.52nm (mouse straight fibrils) and 12.24nm (rpAD) and 15.89nm
(spAD). However, the difference is enough to potentially allow for variability in the fibril
structure. Human AD PHFs are most similar in width to coiled and twisted ribbon-like fibrils
from mouse FTDP-17 samples, with widths of 24.34nm (rpAD), 26.42nm (spAD), 26.31nm
(class |, coiled), and 23.16nm (class |, twisted ribbon-like). However, measurements of
helical pitch are different for these fibrils, with PHFs having helical pitches of 91.52nm
(rpAD) and 90.73nm (spAD), coiled fibrils having a helical pitch of 136.96nm (class |), and
twisted ribbon-like fibrils having a helical pitch of 82.05nm (class [). The difference in
helical pitch indicates that while the core structure may be similar, the stacking differs,
allowing differences in helicity. The finding that the structure of tau fibrils is different in
AD and FTDP-17 is consistent with the published findings that tau adopts additional
different fibrillar conformations in PiD (Falcon et al., 2018a), CTE (Falcon et al., 2019), and
CBD (Zhang et al., 2020) (Figure 5.3). The tau protein seems to be capable of adopting
multiple distinct conformations which are disease dependent. This means that the

difference in tau structures does not contribute to the variability seen within single
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tauopathies. However, the variability in tau structures does contribute to the manifestation
of different tauopathies as the conformation of the tau protein has been shown to vary in
different diseases. Additionally, the proportion of the different tau fibril conformations may

contribute to the variability seen within single tauopathies.
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Figure 5.3. Comparison of tau filament cores from CDB, PiD, AD, and CTE.
Shown are the schematic structures of the protofilament cores from four
tauopathies. In each tauopathy, the tau protein adopts a different structure,
demonstrating that the tau protein adopts disease dependent conformations.
Red arrows in CBD and CTE folds indicate areas of unknown extra density. This
figure was reproduced with permission from Springer Nature Customer Service
Centre GmbH: Springer Nature, Nature, Novel tau filament fold in corticobasal

degeneration, Wenjuan Zhang et al. (2020).
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Chapter 6

Conclusion

In conclusion, the major goal of this thesis project was to visualize and reconstruct
tau fibrils from human and mouse sources. | have generated 3D-reconstructions of three
fibril morphologies, straight, coiled, and twisted ribbon-like, from TgtauP3°t mice, which
model human FTDP-17, and of PHFs from human AD. By completing quantitative
measurements on electron micrographs of width and helical pitch, | have demonstrated
that all the tau fibrils studied here are unique from each other. The 3D-reconstructions |
generated of the tau fibrils support this data as they provide visual confirmation of the tau
fibril architecture. We can see that the four tau fibril structures; straight fibrils, coiled fibrils,
and twisted ribbon-like fibrils from mice, and PHFs from humans; appear different.
Additionally, | have provided evidence that AD tau structures remain consistent in
different cases, which aligns with published results (Falcon et al., 2018b, Fitzpatrick et al.,
2017). The reconstruction of PHFs | generated appears the same as the published
structure, and the published tau core structure fits into my 3D-reconstruction. | was not
able to confirm the structure of SFs, as the samples which | received did not contain SFs
which were candidates for 3D-reconstruction. However, | expect that we would see the

same result.
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Overall, in this thesis, | demonstrated that the tau protein is capable of adopting
numerous different, disease dependent conformations. The structure of the tau fibrils
does not vary within a single disease; the structures of PHF from AD remained consistent
across all cases | examined and with published tau structures. However, the proportion
of the different structures between individual cases does vary. This is seen very clearly
in the four TgtauP3%L mouse pathology classes; each class has a different proportion of
the three fibril morphologies despite having the same tau mutation. Although additional
work is required to confirm, it is likely that the variability in the proportion of different tau

fibril morphologies can explain the variability seen in human cases of FTDP-17.
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