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PREFACE

It is estimated that over 45 million people worldwide live with diverse forms of
dementias, and this is expected to increase to 130 million by 2050. Alzheimer’s disease
(AD) has been established as the commonest cause of dementia and it is also the sixth
leading cause of death in the elderly in the United States. Tau is a microtubule-associated
protein, and it is mainly found in the central nervous system. Tau protein is primarily
involved in the development and maintenance of the neurons in the brain. However,
under pathological conditions, Tau protein abnormally assembles into insoluble
aggregates in neuronal membranes causing synaptic dysfunction and neuronal cell death.
Pathological Tau first aggregates as oligomers, then into paired helical filaments (PHFs),
and finally as neurofibrillary tangles (NFTs), after it has been post- translationally
modified (PTM). There are several PTMs including phosphorylation, glycosylation,
acetylation, ubiquitination, conformational changes, nitration, and truncation (proteolytic
cleavage). Of all these forms of post-translational modifications (PTMs),
hyperphosphorylation has been identified as the major cause of Tau fibrillation and
increased cell cytotoxicity.

My interest in Alzheimer’s research stemmed from my passion to develop effective
therapeutic options to treat AD in the near future. This I hope to achieve by having a
greater understanding of how posttranslational modification, herein
hyperphosphorylation, identified as the commonest cause of Tau fibrillization, leads to all

the debilitating effects AD has been identified to comes with.
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ABSTRACT

PHOSPHORYLATION PATTERNS, AGGREGATION PROPENSITIES, AND
MORPHOLOGICAL STUDIES OF THE VARIOUS TAU PROTEIN ISOFORMS
by

ERVING TORGBOR LARYEA

Advisers: Colin G. Wu, Ph.D. and Sanela Martic-Milne, Ph.D.

Tau protein is a microtubule-binding protein as well as a biomarker of
neurodegeneration. Its core function is to stabilize microtubules for proper neuronal
communication. When hyperphosphorylated, it detaches itself from microtubules and
self-assembles into cytotoxic structures. However, little is known about how
phosphorylation, the commonest posttranslational modification process found in
eukaryotic cells regulate Tau protein structure, conformation, and function. Herein, the
role of specific kinases or kinase combinations from the three main classes of proteins
kinases that phosphorylate Tau: Proline-directing protein kinase (Glycogen synthase
kinase (GSK-3f)) and non-proline directing protein kinase (Microtubule associated
regulating kinase (MARK4)) and Tyrosine kinase (Fyn) were systematically evaluated in
vitro. After the expression and purification of all the six Tau isoforms from E. Coli cells,
Tau 441, also known as full length Tau, which comprises of all the domains found in the
other isoforms was extensively investigated. Phosphorylation of Tau 441 by GSK-3p,
MARK4 and Fyn was detected by immunostaining using phosphospecific antibodies.
With Tau protein been identified to co-localize with sulfated aminoglycans such as
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heparin and heparin sulfates, single and multi-kinase phosphorylated aggregation studies
of Tau 441 were conducted in the presence or absence of heparin. Functional assays
including proteostat assays, turbidity assays and SDS-PAGE were used to evaluate the
aggregation properties of Tau 441 after phosphorylation.

The phosphosites on all the single and multi-kinase phosphorylated Tau 441
samples were characterized by Tandem mass spectrometry. Tau 441 protein structure and
conformational changes after phosphorylation was also determined by Hydrogen
Deuterium Exchange mass spectrometry (HDX-MS). The flexibility and accessibility to
the first and second hexapeptide repeats (H1 and H2), a repeat motif found in the MTBR
of Tau protein identified to increase the aggregation tendencies of Tau protein were used
to describe the single kinase or multi-kinase combinations evaluated ability to promote

Tau fibrillization.
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CHAPTER ONE

INTRODUCTION

1.0 Neurodegeneration

Neurodegeneration is defined as the progressive loss of neuronal structure or
function in the human body[1]. The loss of neuronal structure and function is caused or
aggravated by neurodegenerative processes[2][3].

Because neurons are the building blocks of the nervous system[4], neuronal
injuries or deaths cause a gradual decline or shutdown in the processes the neurons are
involved in. The progressive nature of these degenerations or neuronal cell death makes
treatment of these neurological disorders extremely challenging. Currently, there is no
known cure for neurodegenerative diseases[5]. However, Alzheimer's treatment targeting
amyloid-p appears to be very promising. Numerous researchers have reported
neurodegeneration at various sites in the neuron, including the axons, cell bodies, and the
dendrites[6][7]. Most neurodegenerative diseases, including Alzheimer’s disease (AD),
Spinal muscular dystrophy (SMD), Lewy body disease (LDD), Amyotrophic lateral
sclerosis (ALS), Parkinson’s disease (PD), and Huntington’s disease (HD), worsen as the
neurodegenerative process worsens.

Although AD and PD are the commonest neurodegenerative diseases[8][9], the most
researched are AD, PD, HD, and ALS[10]. While every neurodegenerative disorder is
characterized by the progressive loss of neuronal structure and function, yet, they all have
distinct pathophysiological and clinical hallmarks, which are critical for their

identification and diagnoses. A greater understanding of the differences and similarities
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between these conditions at both the molecular and systemic levels will lead to
discovering better therapeutic options to improve the lives of persons living with the
diseases.

1.1 Alzheimer’s disease

AD is a neurodegenerative disease characterized by the loss of neuronal and
synaptic activity[11]. The loss of neuronal and synaptic activity results from the gross
atrophy observed in the cerebral cortex, subcortical regions, as well as degeneration in
the temporal lobe, parietal lobe, and parts of the frontal cortex and cingulate gyrus in AD
brains[12][13]. AD causes a gradual decline in memory and learning skills[14]. Age,
family history, genetics, down syndrome, head injuries, past head trauma, and mild
cognitive impairment predisposes an individual to AD[15][16][17].

Emil Kraepelin first identified AD symptoms; however, the neuropathological
characteristics were first observed by Alois Alzheimer (both German psychiatrists). AD
brains, at the molecular level, are characterized by two lesions, namely: the extraneuronal
amyloid plaques and intraneuronal neurofibrillary tangles (NFTs)[18][19][20].

The amyloid plaques are made up of small peptides, called beta-amyloid (A-beta or AB);
usually, 30 — 51 amino acids long[21]. AP peptides are fragments of a precursor protein
called amyloid precursor protein (APP) located on chromosome 21 and are made up of 19
exons[22][23][24]. APP usually runs between 110 to 140 kDa on an SDS — PAGE. APP
is made up of a heterogeneous group of ubiquitously expressed polypeptides. The
heterogeneity is due to alternative splicing and ligation of the 19 exons and the post-
translational modifications the protein undergoes. APP is sequentially cleaved by beta-
secretase and gamma-secretase into AB40/AB42[25].
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These fragments can cluster outside the neuron as f-amyloid fibrils, amyloid
plaques, or senile plaques [26]. Even though AP deposits extra neuronally, the amyloid
plaques also penetrate neuronal membranes because they are transmembrane proteins
[27]. Increased levels of both AB40 and AB42 have been implicated in either familial or
sporadic AD forms, with AB42 being the most prone to amyloidosis because of its
hydrophobic core [28].

Even though A can exist both in monomeric and oligomeric forms, recent
studies have pointed to oligomeric AP as the most toxic to nerve cells[29][30]. Also,
because oligomeric AP is flexible and soluble, it aggregates easily; hence, it is
responsible for the prion-like infection seen in AD. Even though the processes that lead
to the accumulation of oligomeric AP in the central nervous system are not well
understood, there is enough evidence showing the mechanism via which misfolded Ap
can induce the misfolding of the other proteins, particularly Tau[31].

Neurodegenerative disorders with misfolded Tau implicated are called
tauopathies. The morphological changes observed in the Tau structure via its aggregation
into NFTs in AD patients’ are observed in neurons located in regions of the brain
responsible for motor and cognitive function[32][33]. The density of the aggregated
fibrils and filaments from Tau protein has been shown to correlates with the observed
decline in intellectual power associated with patients living AD and other
tauopathies[34]. The detailed mechanism describing the formation of NFTs is yet to be

deciphered, and the peripheral role of NFTs in AD is still being investigated.



1.2 AD facts

AD is the sixth leading cause of death in the United States of America, with it
being the cause of one out of every three senior death[35]. AD has also been identified to
kill more than both breast cancer and prostate cancers put together[36]. Every 70
seconds, someone in America develops AD; by 2050, this time is expected to decrease
every 33 seconds[37]. Over the coming decades, the "baby-boom" population is projected
to add 10 million people to these numbers[37]. Thus, in 2050, the incidence of AD is
expected to come up to nearly a million people per year, with a total estimated prevalence
of 11 to 16 million people[37]. Significant cost implications related to AD and other
dementias include an estimated $148 billion annually in direct (Medicare/Medicaid) and
indirect (e.g., decreased business productivity, foregone earnings for patients and their
family members) costs[37]. In addition, more than 11 million family members and other
unpaid caregivers provided an estimated 15.3 billion hours of care to people with

Alzheimer's or other dementias in 2020[38].

1.3 Tau protein

Tau protein, a microtubule-associated protein (MAP), is predominantly expressed
in the neurons of the central nervous system. It is primarily involved in maintaining the
cytoskeletal network's proper function, that is, microtubule stabilization and its
assembly[39]. Tau protein was first discovered in 1975 in Marc Kirschner’s laboratory at
Princeton University [40]. Tau is intrinsically distorted and in its native state does not
cluster, but when it is hyperphosphorylated in neurodegenerative diseases, it aggregates

as NFTs in neuronal bodies[41].
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Figure 1.1: Formation of neurofibrillary tangles from Tau epitopes: Microtubules are
stabilized by phosphorylated Tau epitopes. Hyperphosphorylation of Tau by kinases
destabilizes the microtubules making Tau dissociate from the microtubules as monomeric
Tau. Monomeric Tau aggregates into oligomeric Tau and then aggregates into
neurofibrillary tangles. Image adopted from StressMarq Bioscience Inc, (Jan 28, 2008).

Phosphorylated Tau epitopes stabilize the microtubules[42][43]. When Tau is
hyperphosphorylated, it destabilizes the microtubules, and this causes monomeric Tau to
assemble as oligomers and then into PHFs. PHFs further clusters as NFTs[44][45].
Hyperphosphorylation of Tau, one of the main causes of tauopathies, triggers Tau's
dissociation from microtubules and promotes its aggregation[46].

Extensive research has been done on AP and its role in the familial onset of AD
has been established. However, a growing body of evidence points to Tau protein and its
role in the pathogenesis of AD. The aggregation of Tau fibrils within neuronal bodies
ultimately bursts the cell membrane[47]. Several mutated forms of Tau have been
identified, and how they impact neurodegenerative diseases have been studied. Thus, this
confirms the role of mutated Tau as the causative agent for synaptic failure and cell

dysfunction[48], [49].



However, it remains largely unknown how the differentially phosphorylated
states of Tau aggregates and disrupts memory loss and motor function. In addition, how
the aggregates contribute to cell toxicity is also not well understood. A greater
understanding of how the various Tau epitopes aggregate and contribute to cell toxicity
will lead to developing effective therapies for AD.

1.3.1 Tau Isoforms

The MAPT gene that encodes for the Tau protein is located on chromosome
179g21[50]. Via alternative splicing, the 16 exons of the MAPT gene are alternatively
ligated to form the six isoforms of Tau[51][52]. These Tau isoforms exhibit reduced
mobility on sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE),
such that their apparent molecular weights do not correspond to their actual molecular
weights. Their primary function is to stabilize the microtubules via polymerization[53].

The six isoforms range from 352 to 441 (36.8 to 45.9 kDa) amino acids long[54].
Although Tau expression is developmentally regulated, all the six Tau isoforms are
expressed in the CNS of the adult human brain. But in the fetal brain, only the shortest
Tau isoform (Tau 352) is expressed[54]. The variation in the amino acid sequence is
because of the involvement of the three to four microtubule-binding carboxy-terminal
repeats encoded by exon 9, 10, 11, and 12[55], and the presence of at least two amino
acid inserts 29 amino acids long also encoded for by exon 2 and 3. The inclusion or
exclusion of exon 2 or 3 or both gives rise to the Tau isoforms with 0, 1, or 2 N —
terminal inserts, while the inclusion and exclusion of exon 10 generate the 3R and 4R

microtubule-binding repeats[56].
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Figure 1.2: Splicing of MAPT gene: The MAPT gene comprises 16 exons and is located
on chromosome 17q21. The 16 exons are alternatively spliced and ligated into the 6 Tau
isoforms. The longest isoform is Tau 441 (441 amino acids), and the shortest is Tau 352
(352 amino acids). The various isoforms are differentially expressed in the human body,
with Tau 352 being predominantly found in fetal brains while the other isoforms are
mainly found in adult brains. Image adopted from cellular biology of Tau diversity and
pathogenic conformers (Sang-Gyun et al, 2020)[57]

All the six Tau isoforms mentioned above contain the amino-terminal projection
domains and the acidic insertions or repeats are represented with the letter N[55]. They
also have proline-rich regions [58] and a microtubule-binding domain (MBD) made up of
either three (3R), or four (4R) repeats. Each repeat is made up of between 31 to 32 amino
acid residues. The MBDs that binds onto microtubules are found in the C-terminal region
of the protein. The MBD and the proline-rich regions are both positively charged. The

N-terminal domain and a short portion of the C-terminus are acidic[55].



1.3.2 Microtubules

Microtubules are made up of polymers of the globular proteins a- and -
tubulins[59][60]. Each subunit has an approximate molecular mass of 50 kDa. These two
subunits form the af-tubulin heterodimer, which has been identified as the structural and
functional unit of the microtubule[61]. The a and B subunits in the heterodimer are folded
independent of each other, and each subunit is GTP bound. Whereas the a-subunit cannot
be accessed for biochemical reactions because the GTP attached to it cannot be
exchanged with GDP, the GTP bound to the - subunit can be hydrolyzed twice. Firstly,
during the formation of the ap-tubulin heterodimer and secondly, during the
incorporation of the heterodimer into the microtubule[60].

The af-tubulin heterodimer incorporated into microtubules follows a complex
mechanism, and several chaperone proteins, including CCT and prefoldin, are involved in
this process[60]. Besides these tubulin chaperone proteins, there are also tubulin folding
cofactors[62] that are also molecular chaperones that are specifically required in the of3-
tubulin dimerization process and the acquisition of the af-tubulin quaternary
structure[63]. Stabilization of the microtubule cytoskeleton maintains neuronal functions,
and this is achieved via the intercalation of microtubules with microtubule-binding
proteins, of which Tau is one of them.

Tau is mainly expressed in the neurons, and it stabilizes axonal microtubules by
decreasing its inherent instability. The six Tau isoforms differentially regulate
microtubular instability. The three or four microtubule-binding regions on Tau bind the
heterodimers at the microtubule lattices. These microtubule-binding repeats are made up

of prolines and essential amino acid residues that counteract the acidic amino acid

8



residues found on the surface of the microtubules allowing for selective binding. Tau then
binds the structural and functional subunit of the microtubules in different Tau-af tubulin
heterodimer conformations, hence improving the stability of the microtubule.

Paclitaxel, discodermolide, and epothilones, plus other microtubule-stabilizing
compounds[64][65], compete with Tau for the same binding sites on the B-tubulin
subunit on the microtubule. To understand how Tau protein polymerizes or detaches
itself from microtubules, these compounds are used as controls in microtubule
polymerization assays.

1.3.3 Post-translational modifications

Biomolecules including proteins undergo chemical changes, which in turn
activate or deactivate them. These changes are known as post-translational modifications.
Proteins are post-translationally modified after translation via changes in their structure
and active sites. These modifications are typically catalyzed by enzymes[66]. These
enzymes recognize and target specific amino acid sequences in particular proteins[66].
These chemical changes are crucial in regulating the ability of these modified proteins to
target distinct subcellular compartments. Their interaction with ligands or other proteins,
protein folding, and their functional state, such as catalytic properties if they were
enzymes or their signaling functions if they were signaling molecules, are all greatly
modified[67].

Post-translational modification results in the cleavage of specific sites on
precursor proteins, formation of disulfide bonds, or covalent addition and/or removal of
low-molecular-weight groups[68]. The chemical modifications proteins undergo are as

follows; acetylation, amidation, biotinylation, glutathionylation, glycation (nonenzymatic
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conjugation with carbohydrates), glycosylation (enzymatic conjugation with
carbohydrates), hydroxylation, methylation, mono-ADP-ribosylation, myristoylation,
cysteinylation, deamidation, farnesylation, formylation, geranylgeranylation, oxidation,
palmitoylation, phosphorylation, poly (ADP-ribosyl) ation, stearoylation, or
sulfation[69]. Of all these post-translational modifications proteins undergo,
phosphorylation and glycosylation are the major post-translational modification players

that determine protein activity and function.

1.3.4.1 Phosphorylation

Phosphorylation which is the attachment of the phosphoryl group to biomolecules
is the most predominant post-translational modification in eukaryotic cells.
Phosphorylation occurs on serine, threonine, and tyrosine residues via the formation of
phosphodiester bonds[69][70], on histidine, lysine, and arginine via the formation of
phosphoramidate bonds[72][73], and aspartic acid and glutamic acid via the formation of
mixed anhydride linkages.

Only serine, threonine, and tyrosine phosphorylations will be discussed since they
occur in eukaryotic cells, and they are relevant to Alzheimer’s disease pathogenesis. The
addition of phosphoryl groups to hydroxyl groups on serine, threonine, or tyrosine amino
acids is achieved via an esterification reaction [74]. Serine phosphorylation is the
commonest form of phosphorylation, followed by that of threonine[75]. Although
tyrosine phosphorylation is comparatively rare, is critical for many protein signaling
pathways[76] Tyrosine phosphorylated proteins have been widely studied using protein

antibody interactions since they are relatively easy to purify[77].
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1.3.4.2 Tau Phosphorylation

Phosphorylation of Tau stabilizes microtubules (MTs) for proper neuronal
communication [78][79]. When Tau gets hyperphosphorylated in AD, monomeric Tau
accumulates as oligomeric Tau, then to PHFs, and lastly as NFTs[80]. With the
identification of hyperphosphorylated Tau as the fundamental component of NFTs, Tau
phosphorylation is considered the rate-determining step of Tau fibrillization[81].
Hyperphosphorylated Tau detaches itself from MTs, resulting in the collapse of the
microtubular cytoskeleton[82].

In tauopathies, Tau becomes hyperphosphorylated at multiple serine and
threonine residues, with Tau phosphorylation occurring mainly in the proline-rich domain
(PRDs) (~22 sites out of 93 amino acids in the PRD can be phosphorylated)[83]. Tau in
AD-derived PHFs can be phosphorylated at ~45 residues. Tau can be phosphorylated by
several protein kinases, including glycogen synthase kinase 3 (GSK-3p), protein kinase
A (PKA), cyclin-dependent kinase 5 (cdkS), microtubule-associated regulatory kinase
(MARK), and stress-activated kinase / C-Jun N-terminal kinase (SAPK/JINK)[84].

Phosphorylation of the KXGS motifs[85][86] in the microtubule-binding domain
precedes Tau amyloidogenesis and promotes Tau dissociation from the MTs[87]. The
four sites mostly phosphorylated in this region are S258, S262, S289, and S356[88].
Phosphorylation at these residues significantly affects MT-Tau binding abilities, with

S262 been the first site to be phosphorylated in AD[89].
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Figure 1.3: Schematic showing all the phosphorylation sites in the various domains on all
the isoforms of Tau: (A) Figure 4A shows the distribution of Tau all the phosphorylation
sites in the various domains as determined by Hanger et al. in 2007 using mass
spectroscopy. The different Tau domains are also colour coded for easy identification;
green (N-Terminal domain), gray (Proline-rich domain), light blue (Microtubule binding
domain), and dark blue (Terminal domain). All the major phosphorylation sites that
promote Tau aggregation or detachment from microtubules are shown in yellow.

(B) Figure 4B also shows all six spliced isoforms of Tau in the CNS. The alternatively
spliced exons that lead to the formation of all the six isoforms are identified as red boxes.
Vertical red lines at the top of Figure 4B represent the phosphorylation sites in all the
isoforms and spots the phosphosites listed in Figure 4A are located in Figure 4B. Image
adopted from Morishima-Kawashima et a/, (1995)[90].
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The phosphorylation of other sites has been strongly linked to the pathogenesis of
AD[91]. It is still unclear whether elevated phosphorylation levels are required to induce
Tau aggregation in vivo and the extent to which phosphorylated Tau epitopes are

neurotoxic.

1.4 Tau aggregation

Aggregation triggers conformational changes in Tau[92], and this is the primary
cause of neurodegeneration in neurodegenerative diseases. /n vitro studies have shown
that hyperphosphorylated Tau co-aggregates with native Tau, deactivating the functional
molecules' in native Tau[93]. The overall aggregation of Tau into NFTs causes loss of
cognitive and motor functions.

Although the Tau aggregation process is not well understood, several studies have tried to
understand it by investigating the cause of aggregation from the perspective of the
different domains on the protein. With native Tau being very soluble, the movement of
the C-Terminal domain away from the MTBRs, causes it to associate with the
N-Terminal region, making Tau adopt an amyloid-prone conformation[94], promoting
aggregation.

1.4.1 Mechanisms of protein aggregation

The mechanisms for Tau aggregation are still being studied and not adequately
understood. Rather, broad protein aggregation mechanisms that have been proposed, and
Tau protein is believed to also follow these propositions. It also important to note that a
combination of two or more of the mechanisms to be discussed leads to the formation of
the Tau protein aggregates observed. Five protein aggregation mechanisms are discussed

below.
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The first is the reverse association of monomeric proteins mechanism. This
mechanism is based on the intrinsic ability of the native monomeric protein to self-
associate and dissociate reversibly[95]. However, over time, these reversible associations
form small or large oligomeric structures that are irreversible[96].

With some native monomeric proteins not having an inherent ability to associate
and dissociate reversibly, a second mechanism was proposed. Here, when a protein
assumes an altered conformation, they show a high tendency to associate. And via this
process they aggregate into highly ordered oligomers[97]. This mechanism is usually
followed when stress is applied to the protein sample in a form of heat or temperature
change.

The third, which is the primary nucleation mechanism is the most widely used to
explain the formation of fibrils and filaments as seen in Tau proteins[98]. Before a
protein aggregates following this mechanism to be discussed, the critical nucleus, which
is the building block for the oligomerization process has to be formed. No visible
aggregates are observed, until after the critical nucleus forms. This time is called the lag
phase. It is after this phase that visible oligomerization and amyloid fibril formation is
observed.

The fourth which is the secondary nucleation mechanism is preceded by the
primary nucleation mechanism[99]. Fibrils of smaller sizes, formed via primary
nucleation act as nucleus for further oligomerization[ 100]. Morphological structures and
surface area of the fibrils act as kinetic traps for the further oligomerization[101].

The last which is the 3D domain swapping is another striking mechanism for

amyloid fibril formation. In this mechanism, identical proteins replace their domain with
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an identical domain of another subunit. The swapped domain may be an alpha helix, -
sheet, or an entire tertiary globular domain. The result is usually an intertwined dimer or
a highly ordered oligomer[102]. Ribonuclease A adopt this mechanism to form amyloid
like fibrils[103].

1.4.2 Methodologies for ageregation detection

Due to the nature of protein interactions, protein aggregation may occur at various
points throughout the lifetime of a protein. Tau protein aggregation properties have been
studied with numerous techniques, including electron microscopy, SDS-PAGE, dynamic
light scattering, sedimentation, Circular dichroism, Fluorescence spectroscopy, (FT-)
infrared spectroscopy, Raman spectroscopy, Nuclear magnetic resonance spectroscopy,
and birefringence following the binding of dyes such as Congo red, thioflavin T (ThT1),
or thioflavin S (ThS), among others. The techniques mentioned above are currently used
for protein aggregation and describe the presently employed analytical techniques and
emerging technologies for aggregate detection, characterization, and quantification. Each
analytical approach has its specific advantages but also has its limitations. The limits of
detection and the possibility of creating artifacts through sample preparation by inducing

or destroying aggregates need to be considered with each method used.

1.4.2.1 Fluorescence spectroscopy

Fluorescence spectroscopy is a rapid, non-destructive technique that allows for
protein aggregation detection [ 104][105]. Here, the fluorescence intensity recorded
equals the level of protein aggregation. The fluorescence intensity of the aggregated

protein is measured by either exciting the electrons of the dye added to the protein
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samples or by measuring the fluorescent intensity of intrinsic fluorescent amino acids
such as tryptophan. The fluorescence signals measured is based on the dye’s sensitivity to
solvent polarity, viscosity and temperature.

The most frequently used extrinsic dyes for protein aggregate characterization are
I-anilinonaphthalene-8-sulfonate (ANS) and 4,4’ -bis-1- anilinonaphthalene-8-sulfonate
(Bis-ANS), Nile Red and SYPRO Orange. Bis-ANS and ANS hardly fluoresce in
aqueous environments but strongly fluoresce when interacting with hydrophobic sites.
Hydrophobic interactions and electrostatic interactions have both been discussed as the
mechanism by which of ANS binds to proteins. For Bis-ANS, hydrophobic interactions
are seen as the most dominant[106]. However, the major limitation of using of using Bis -
ANS is experienced due to its larger size, which causes fluorescence to be inhibited as a
result of steric hindrance.

Another class of dyes called molecular rotors, used extensively for protein
aggregates characterization show significantly increased fluorescence intensities due to
the decrease in the torsional relaxation of the molecules they are made of. These
molecular rotors rotate freely in solution, however changes to the micro-environment
constrict the dye’s movement, causing them to fluorescence. One such example is
Thioflavin T (ThT). A novel protein aggregation dye, ProteoStat manufactured by Enzo
Life Sciences Inc., which I used in this dissertation for my studies is also a molecular
rotor. The ProteoStat dye, in the absence of protein aggregates, spins in solution and does
not fluorescence. But, in the presence of protein aggregates, the dye slides into the

exposed cavities of the aggregated protein, constraining the rotation of the dye, causing it
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to fluorescence[107]. It is currently the only commercial dye marketed for protein

aggregate detection for visible to sub-visible aggregates.

1.4.2.2 Transmission electron microscopy

Transmission electron microscopy has a wide range of application in the physical,
chemical, and biological sciences. In this analytical technique, a beam of electrons is
transmitted through a specimen to form an image. The specimen is usually an ultrathin
section less than 100 nm thick or a suspension on a grid. An image is formed from the
interaction of the electrons with the sample as the beam is transmitted through the
specimen. The image is then magnified and focused onto an imaging device, such as a
fluorescent screen, a layer of photographic film, or a sensor such as a charged coupled-

device.

Transmission electron microscopes are capable of imaging at a significantly
higher resolutions, owing to the smaller de Broglie wavelength of electrons. This enables
the instrument to capture fine detail of aggregated proteins such as Tau fibrils and
filaments. At lower magnifications, TEM image contrast is due to differential absorption
of electrons by the material due to differences in composition or thickness of the grid. At
higher magnifications, complex wave interactions modulate the intensity of the image,
requiring expert analysis of observed images. Alternate modes of use allow for the TEM
to observe modulations in chemical identity, crystal orientation, electronic structure, and
sample-induced electron phase shift, as well as regular absorption-based imaging. The

TEM images below were adopted from the Rankin et al, (2008) paper “Pre-assembled tau
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filaments phosphorylated by GSK-3p form large tangle-like structures” to emphasis

lower and higher resolution TEM images[ 108].

Figure 1.4: TEM micrographs showing tangle-like filaments after GSK-3f3
phosphorylation: Micrographs of image A and B were taken at 20,000 x. The scale bar of
500 nm on image B is applicable to Image A. Panel C is the same field of Panel B but
was imaged at 50,000 x at a scale of 250 nm. Tangle characteristics, such as non-
touching filaments (A), branching filaments (*) and tendril-like fibers between longer
filaments (A ) are identified on the micrograph.



The TEM images A and B above shows images were taken at a lower resolution and
image C taken at a higher resolution. This goes to affirm how owing to the smaller de

Broglie wavelength of electrons, finer details of fibrils and filaments are captured.

1.5 Dissertation research

Tau protein aggregation is one of the key features common to Tauopathies, a
group of neurodegenerative diseases including Alzheimer's disease (AD). Although Tau
is always found aggregated and hyperphosphorylated in these pathologies, the precise
role of the one or two 29-member amino acid N-terminal repeat and phosphorylation in
the Tau aggregation process still remains to be established.

Although Amadoro et al. (2004)[109] established the physiological role of the N-
terminal imperfect repeats in the N-terminal domain, his research did not focus on how
these repeats can affect Tau protein aggregation. After confirming the ability of the
expressed and purified Tau isoforms to form fibrils and filaments (Chapter 2), the ability
the various isoforms to co-exist based on their N-terminal repeats and the role of the N-
terminal repeats in Tau aggregation promoting neuronal cell death was investigated in
Chapter 3.

With Tau fibrillization being at the center of loss of neuronal communication in AD,
there is the need to investigate which kinases or kinase combinations cause Tau to
misfold, leading to the improper neuronal communication. Multi-site phosphorylation
occurs in NFT-Tau, and this is as a result of the catalytic activities of the different
kinases, although the functional significance of this phenomenon is not completely
understood. Three main kinases classes phosphorylate Tau; namely the serine and

threonine proline-directed protein kinases, serine and threonine non-proline directed
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protein kinases, and protein tyrosine kinases. GSK-33, MARK4 and Fyn, the three
protein kinases used in this dissertation were each selected from these three classes.
With over 85 putative sites on Tau that can be phosphorylated, individual
phosphorylation at specific serine/threonine/tyrosine residues elicits a biological effect
that corresponds to a unique physiological role [110][111]. GSK-3f3 was extensively
studied in this dissertation since recent evidence has confirmed its role in signaling is
essential for the coordination of progenitor cell proliferation and differentiation during
brain development[112]. Of the 36 sites on Tau that GSK-3f has been identified to
phosphorylate [113], and the main phosphorylation sites identified are Ser199, Thr231,
Ser396, and Ser413[114]. These sites have been shown to play a key role in facilitating
the function of multiple signaling molecules activity (including DISC1, Par3/6, and
Whnits) that are key in regulating neuronal development|[115]. This makes GSK-3f a key
kinase to study extensively and understand its role in tauopathies, in my case AD.
MARK4, a non-proline directed serine-threonine kinase that phosphorylates MAP
proteins including Tau was also studied extensively studied in this dissertation. MARK4
plays a significant role in the microtubule dynamics, cell polarity, cell cycle, neuronal
differentiation, and programmed cell death[116]. MARK4 phosphorylates amino acids in
the microtubule-binding region of Tau and regulates the transition between stable and
dynamic microtubules[117]. My research into MARK4 was prompted by the observation
of the phosphorylated KXGS motifs in Tau protein and their strong effect on microtubule
affinity. Fyn exerts several distinct functions such as axon-glial signal transduction,

oligodendrocyte maturation and myelination, and it is implicated in neuroinflammatory
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processes. Based on these established findings, research into Fyn to understand it’s role
in neurodegenerative diseases, particularly Alzheimer disease is critical[118].

Gamblin et al. (2007) phosphorylated Tau with GSK-3p, a serine and threonine
proline-directed protein kinase[119]. Although the phosphorylation of Tau with GSK-3f3
did not yield much aggregation, they observed the formation of tangle-like filament
characteristics of AD[119]. With Goedert et al. (1996) having discovered the co-
localization of heparin or heparan sulfate to Tau preventing Tau from binding to
microtubules inducing microtubule disassembly[120], Gamblin et al. (2008) further
tested the role arachidonic acid, also a protein aggregation inducer like heparin played in
neurofibrillary pathology[ 108]. Phosphorylation of Tau by GSK-3 either prior to or
following polymerization of Tau with heparin promoted polymer/polymer interactions
that result in stable clusters of Tau filaments[ 108]. Based on these findings others also
tested out other kinases. In Chapter 4, I investigated the single and combinatorial
phosphorylation properties of all three kinases (GSK-33, MARK4 and Fyn) with or

without heparin.

Although Tau protein is flexible, NFT-Tau is highly insoluble. During the course
of NFT formation, hyperphosphorylation causes Tau protein progressively assumes a
rigid conformation. Elucidating the structural factors that drive Tau pathology is crucial
to understanding the shift in conformational bias induced by hyperphosphorylation.
Wilson et al. (2015), however, studied GSK-3P phosphorylated Tau using Time-Resolved
ElectroSpray Ionization Mass Spectrometry - Hydrogen/Deuterium Exchange (TRESI-
MS HDX) to gain insight into the structure and conformation of differentially

phosphorylated Tau proteins[121]. HDX-MS, unlike other protein structure and
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conformational studies techniques, provides a detailed picture of the residual structure of
Tau and the shifts in conformational bias induced by hyperphosphorylation[122]. By
comparing the native and hyperphosphorylated ensembles of Tau, specific
conformational preferences that can easily enhance Tau protein aggregation can be
identified. GSK-3p hyperphosphorylation resulted in the release of the Tau’s global fold,
causing the development of new intramolecular interactions in the MTBD. This
significantly increased the exposure of the second hexapeptide (H2) repeat; however, the
first hexapeptide (H1) repeat, which has also been implicated in amyloidogenesis,
remained largely sequestered[121]. To identify the role other kinases, play in the
structural and conformational changes observed in Tau pathology, I dedicated Chapter 5
to study GSK-38, MARK4 and Fyn single and sequentially phosphorylated Tau proteins

using HDX-MS.
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CHAPTER TWO

EXPRESSION AND PURIFICATION OF ALL SIX ISOFORMS OF TAU

2.0 Introduction

Recombinant Tau has been shown to closely mimic the essential properties of
naturally occurring human Tau protein[123]. Hence, recombinant human Tau is used
extensively to study the molecular, biochemical, and cellular aspects of Tau-related
diseases known as Tauopathies. Recombinant Tau also makes high yield pure Tau, a
critical substrate for all the in vitro tauopathy studies done, ranging from (i) Tau-Tau
interactions leading to its aggregation into straight filaments (SFs) and paired helical
filaments (PHFs) that are similar to those isolated from brains of patients with
Tauopathies[124] (ii) Tau — microtubules (MTs) interactions to understand how Tau
polymerizes MTs, and also to[125] (iii) the interaction of misfolded Tau proteins with
normal Tau proteins causing the cellular spread of their prion-like character[126][127].
Expression and purification of Tau, like most proteins that self-assemble, are usually
complicated by high protein aggregation and truncation tendencies, making it very
challenging and expensive to purify and store.

Therefore, in this chapter, I sought to identify parameters that would ensure
optimal expression and purification steps for the six Tau isoforms (352 — 441). The
following expression conditions were investigated: the choice of E. Coli host strain to
use, the induction temperature, duration of induction, IPTG concentration to use and the
storage buffer that would help to maintain the integrity of the protein before and after the

cleavage of the his-tag from the C-terminal domain (CTD). After the optimization stage,
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the newly established protocols were employed to do large-scale protein expression and
purification for all the Tau isoforms.

Expression and purity check for all the Tau isoforms after the purification process
was assessed by SDS — PAGE and Western blots. Image analysis software’s were also
employed to assess the Tau isoforms sample purity.

2.1 Materials
All the buffers and reagents were prepared with reagent-grade chemicals and double
distilled water that was further purified with a Smart2Pure 6 UV/UF system
(ThermoFisher, Waltham, MA, USA). All the solutions after preparation, were filtered
with a 0.22- uM PES filter. The stock solution of A1 buffer was prepared to have final
concentrations of 20 mM NaPi pH 7.5, 300 mM NacCl, 30 mM Imidazole, and 1 mM
DTT, 5% (v/v) glycerol. The stock solution of A2 buffer was prepared to have final
concentrations of 20 mM NaPi pH 7.5, 30 mM NaCl, 30 mM Imidazole, and 1 mM DTT,
5% glycerol and the stock solution of B1 buffer used to detach the protein of choice from
the nickel beads was also prepared to have final concentrations of 20 mM NaPi pH 7.5,
300 mM NacCl, 2M Imidazole, 1 mM DTT, 5% (v/v) glycerol. The codon-optimized
constructs used to express the recombinant human Tau (amino acid residues 352 to 441)
in E. coli was synthesized by VectorBuilder Inc. (Chicago, IL, USA). NiCo21(DE3),
Acella and Rosetta 2 competent cells the DNA plasmids were transformed into was
purchased from New England Biolabs (Ipswich, MA, USA). Odyssey blocking buffer
was purchased form Li-Cor Biosciences (Nebraska, USA). Laemmli sample buffer was

purchased from Bio-Rad Laboratories (Hercules, CA, USA).
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2.2 Methods

2.2.1 Transformation of Tau plasmid DNA into NiCo21 (DE3). Acella and Rosetta 2

competent cells

Recombinant Tau plasmid DNA extracted from the six Tau isoforms were
transformed into competent cells. 1.5 pL (~85 ng/mL) of isolated Tau (381 - 441)
plasmid DNA was added to 50 pL of NiCo21 (DE?3) cells (New England Biolabs,
Ipswich, MA, USA), and that of Tau 352 was added to Acella and Rosetta 2 competent
cells (New England Biolabs, Ipswich, MA, USA). The competent cells and plasmid DNA
mixtures were incubated on ice for 30 min. The cells were heat-shocked at 42 °C for 1
min and incubated on ice for 3 mins. 400 pL of super optimal (SOC) medium
(ThermoFisher Scientific, USA) was added, and the mixtures were incubated at 37 °C for
1 h. 100 pL of the NiCo21 (DE3) and Acella competent cells with the plasmid DNA
mixtures were plated on Lysogeny broth (LB) agar supplemented with Carbacillin
(50 ug/mL) while the Rosetta 2 competent cells with Tau plasmid DNA mixture was
plated on Lysogeny broth (LB) agar supplemented with both Carbacillin (50 pug/mL) and
Chloramphenicol (34 pg/mL). The plates were incubated overnight at 37 °C. The codon-
optimized constructs used to express recombinant Tau (amino acid residues 352 to 441)

in E. Coli cells were synthesized by Vector Builder Inc. (Chicago, IL, USA).

2.2.2 Expression of the Tau constructs (352 - 441)

Medium to large single colonies from NiCo21 and Acella plates were inoculated
into 10 mL LB broth supplemented with 10 pL of Carbacillin (50 pg/mL). In contrast, the

Rosetta 2 colonies were inoculated into 10mL LB broth supplemented with 10 puL each of
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Chloramphenicol (34 pg/mL) and Carbenicillin (50 pg/mL). The cultures were grown
overnight at 37 °C. After 24 hours, 1 mL of the overnight cultures were inoculated into
50 mL LB broth supplemented with 10 puL of Carbenicillin and grown at 37 °C with

250 rpm agitation. The cultures were grown until an ODs75 = 0.4—0.6 was reached. The
addition of 50 pL isopropyl B-d-thiogalactoside (IPTG 1mM) to the cultures induced the
expression of Tau. The culture was allowed to grow overnight. A 10 mL sample was
aliquoted from the cultures pre IPTG and labeled negative IPTG samples. Both pre IPTG
and post IPTG cultures were centrifuged at ~6,000xg for 5 min. The soluble
(supernatant) fraction was pipetted into an Eppendorf tube for sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS PAGE). The resultant pellet was resuspended in
150 puL Tris HCI (10 mM) and sonicated (10% power, 5 s), and centrifuged

(~6,000%g for 5 min). Tau expression in the soluble and insoluble fractions of pre-IPTG

and post IPTG cultures were analyzed by SDS-PAGE and Western blotting (WB).

2.2.3 SDS-PAGE and Western Blot

To access Tau protein expression in the various Tau constructs, SDS-PAGE and
WB were run. The Tau protein samples (352 - 441) from the soluble and insoluble
fractions were loaded and separated on standard 10% SDS-PAGE gel. The samples were
analyzed against a protein ladder from New England BioLabs (Molecular weight
range = 15 — 250 kDa) for 45 mins at 180 V in a BioRad Mini-PROTEAN Tetra system
(BioRad Laboratories, California, USA). The gels were stained with a Coomassie-based
stain (Cambridge, UK) overnight at room temperature (RT). The gels were imaged with a

ChemiDoc Touch imaging system (BioRad Laboratories, California, USA). To identify
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Tau-positive bands, WB was performed prior to antibody detection as described below.
For the WB, after the Tau protein samples were separated on 10 % polyacrylamide gel,
the gels were equilibrated in Towbin buffer (25mM Tris base, 190mM Glycine, 20%
(v/v) methanol) for 60 minutes. The proteins were then transferred from the gel to
Immobilon®- FL PVDF membrane from Millipore Sigma. After the transfer, the
remaining protein-binding sites of the membrane were blocked with Odyssey® Blocking
Buffer (Li-Cor Biosciences) for 60 mins at RT. After blocking the protein sites with the
blocking buffer, the blots were incubated overnight with rabbit monoclonal anti-his-tag
antibody (1:1000 dilution) at 4 °C. After the overnight incubation, the unbound antibody
was washed off three times for 15 mins with 1x TBS containing 0.05 % Tween 20 before
the blots were further incubated with a secondary antibody IRDye® 800 Conjugated
Affinity Purified Goat anti-rabbit IgG (1:5000 dilution) for 45 minutes at RT. The blots
were washed three 3 x 15 mins with 1x TBS containing 0.05 % Tween 20 and 3 x 15
mins with 1x TBS. The blots were visualized with Li-Cor's Odyssey Infrared Imaging
System, and Li-Cor's Image Studio 2.0 software to capture images and for densitometric

analysis.

2.2.4 Large-scale expression of Tau constructs (352 - 441)

Large scale cultures for Tau expression were produced by inoculating 4L of
terrific broth (TB) with the overnight cultures using the expression parameters described
above. The overnight cell growth was done at 16°C. The cells from the C-terminal His-
tag Tau constructs 352 — 441 were harvested by centrifugation at 4000 rpm for 90 mins at

4°C. The cell pellets were resuspended in a lysis binding buffer {(20 mM NaPi pH 7.5,
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300 mM NacCl, 30 mM Imidazole, 1 mM DTT, 5 % glycerol +1 % NP40} and 1mM
PMSF. The suspended pellets were sonicated on ice at 45% amplitude using a Fisher 505
dismembrator (Fisher Scientific, Hampton, NH, USA). After sonicating for 30 min (15 s
on, 45 s off), the cell lysates were heated for 90 mins at 75°C. The cell lysates were
clarified by centrifugation (18,000 rpm at 4 °C) for 90 mins. The supernatants were then
filtered through a 0.45 um PES membrane. The C-terminal His-tag Tau protein of the
various isoforms were isolated from their crude extracts using affinity chromatography.

2.2.5 Protein purification using affinity Chromatography

A Ni-NTA column (GE Healthcare, Chicago, IL, USA) was used for the affinity
chromatography step of the large-scale purification process. The filtered supernatant was
mixed with Nickel beads for 15 minutes and then run through the column. The filtrate
was collected as flow through (FT). Several washes were done, and the fractions
collected for SDS-PAGE and WB. The first of three washes using 75 mL of A1 buffer
was collected and labelled Wash 1 (W1). The first of three washes using 75 mL of A2
buffer was collected and labelled Wash 2 (W2). The final wash was done using 25 mL of
the B1 buffer was collected and labeled Elute (El). This final wash detaches the C-
Terminus Tau 441 from the Nickel beads. The Hise- tag was cleaved by incubating the
elute containing the protein of choice (Tau 352 - 441) with TEV protease at room
temperature for 72 h in the ratio of 1 mole of TEV protease to 10,000 moles of Tau while
dialyzing into storage buffer (20 mM NaPi pH 7.5, 300 mM NaCl, 2 M Imidazole, ] mM
DTT, 5% glycerol). The protein in the Vivaspin 20 dialysis bag contained the dialyzed
Tau protein in storage buffer. The Vivaspin 20 dialysis bag was selected based on the

molecular weight of the protein been cleaved (5 kDa cut off). After cleavage, a second
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affinity purification was done to separate the cleaved Hise - tag Tau and the TEV
protease.

At each step of the purification process, aliquots were taken for SDS-PAGE and
WB analysis. Protein concentration and purity were estimated using the Bicinchoninic
acid assay (BCA) (G-Biosciences, Missouri, USA) and SDS-PAGE, respectively.

2.3 Results and discussion

In order to avoid the purchase of Tau protein for my experiments from
commercial sources, | expressed and purified all the six Tau isoforms using E. Coli cells.
Buffers of different imidazole concentrations were used at the different stages of the
purification process. Five different samples were saved at each step of the affinity
purification process. They were labelled supernatant (SNT), flow through (FT), wash1
(W1), wash 2 (W2) and elution (EL). These samples collected were separated on a 10%
SDS — PAGE alongside a protein ladder. This was done to access the purity of all the six
Tau isoforms expressed. All the gels run confirmed the successful expression and
purification of the six isoforms of Tau (352 - 441). Although the molecular weights of the
isoforms range from 36.8 — 45.9 kDa, they run a little higher on the gels.

Recombinant Tau 441, the longest isoform of Tau expressed using E. Coli cells
was purified by affinity chromatography. An SDS-PAGE was later run to confirm the
sample purity. Figure 2.1 shows an elution (EL) lane with a single, clean, intense band
indicating t Tau 441 expression and the cleanliness of the gel shows the absence of

contaminants after the purification stage.

29



kDa

250

75

25

15

Figure 2.1: SDS-PAGE showing expressed and purified Tau 441: The gel is an SDS -
PAGE analysis showing expressed and purified Tau 441 from E. Coli cells via affinity
chromatography. The first lane contains molecular weight marker. Lanes 2 through to 6
contains the supernatant (SNT), flow through (FT), wash 1 (W1), wash 2 (W2) and
elution (EL). After several washes with Al buffer and A2 buffer, the elution buffer (B1)
high in imidazole concentration was used to detach Tau 410 from the nickel beads.

. After scanning the gel with the ChemiDoc Touch imaging system, the purity
level of Tau 441 was quantified using the Image Lab 6.0 from BioRad (an image analysis
software). Purified recombinant Tau 441 had a purity level above >90%.

Tau 412, the 1N4R isoform expressed by NiCo21 cells was also purified by
affinity chromatography. Figure 6 indicates an elution (EL) lane showing a single, strong,
clean band of Tau 412. The image analysis software, Image Lab 6.0 from BioRad also
showed the purity level of Tau 412 to be above >80%, comparable to the purity level
from rPeptide (Watkinsville, GA, USA).

.The purity level >80% obtained for Tau 412 was also comparable to the purity level

obtained after purifying Tau 441.
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Figure 2.2: SDS-PAGE showing expressed and purified Tau 412: The gel is an SDS -
PAGE analysis showing expressed and purified Tau 412 from E. Coli cells via affinity
chromatography. The first lane contains molecular weight marker. Lanes 2 through to 6
contains the supernatant (SNT), flow through (FT), wash 1 (W1), wash 2 (W2) and
elution (EL). After several washes with Al buffer and A2 buffer, the elution buffer (B1)
high in imidazole concentration was used to detach Tau 412 from the nickel beads.

Tau 410, the 2N3R isoform was expressed in NiCo21 cells. After the expression,
Tau 410 was also purified by affinity chromatography. A high imidazole salt buffer was
employed at the end of the purification process to elute his-tag Tau 410 from the nickel
beads. Figure 7 shows an SDS-PAGE with an elution (EL) lane indicating a single,
intense, clean band of Tau 410, indicating the expression and purity of Tau 410. The
purity level of Tau 412 was also assessed to be above >80%. This was comparable to the

purity level of full-length Tau, Tau 441 and Tau 412 as showed in the SDS-PAGE above.
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Figure 2.3: SDS-PAGE showing expressed and purified Tau 410: The gel is an SDS -
PAGE analysis showing expressed and purified Tau 410 from E. Coli cells via affinity
chromatography. The first lane contains molecular weight marker. Lanes 2 through to 6
contains the supernatant (SNT), flow through (FT), wash 1 (W1), wash 2 (W2) and
elution (EL). After several washes with Al buffer and A2 buffer, the elution buffer (B1)
high in imidazole concentration was used to detach Tau 410 from the nickel beads.

After the elution of Tau 383 from nickel beads used for the purification process,
an SDS-PAGE was employed to assess the expression and purity of the ON4R isoform
expressed by NiCo21 cells. Figure 8 shows an elution (EL) lane also with a single,
intense, clean band showing expressed and purified Tau 383. The purity level of Tau 383
was assessed to be above >80%, which is comparable to the earlier expressed and

purified isoforms.

32



Figure 2.4: SDS-PAGE showing expressed and purified Tau 383: The gel is an SDS -
PAGE analysis showing expressed and purified Tau 383 from E. Coli cells via affinity
chromatography. The first lane contains molecular weight marker. Lanes 2 through to 6
contains the supernatant (SNT), flow through (FT), wash 1 (W1), wash 2 (W2) and
elution (EL). After several washes with Al buffer and A2 buffer, the elution buffer (B1)
high in imidazole concentration was used to detach Tau 383 from the nickel beads.

The SDS-PAGE in Figure 9 shows expressed and purified Tau 381 from E. Coli
cells. The elution (EL) lane shows a single, intense, clean band showing expressed and
purified Tau 381. The purity level of Tau 381 was assessed to be above >80%. Protein
purification uses a multistep process aiming to isolate a protein of interest from a diverse
mixture utilizing unique physico-chemical characteristics including mass, net charge,
isoelectric point, solubility etc . Although Tau 381 is a 3R, the buffers that were used for
the washes and extraction of the final protein sample from the nickel beads were the same

buffers used for Tau 441 and Tau 412 which are 4R isoforms.
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Figure 2.5: SDS-PAGE showing expressed and purified Tau 381: The gel is an SDS -
PAGE analysis showing expressed and purified Tau 381 from E. Coli cells via affinity
chromatography. The first lane contains molecular weight marker. Lanes 2 through to 6
contains the supernatant (SNT), flow through (FT), wash 1 (W1), wash 2 (W2) and
elution (EL). After several washes with Al buffer and A2 buffer, the elution buffer (B1)
high in imidazole concentration was used to detach Tau 381 from the nickel beads.

Tau 352, the shortest Tau isoform was expressed in both Acella and Rosetta 2 cell
lines due to the low yield observed in the NiCo21 cell lines used. The ON3R isoform
expressed in Acella and Rosetta 2 was also purified by affinity chromatography. Figure
10 shows elution (EL) lanes of single, intense, clean band of Tau 352 from both Acella
and Rosetta 2 cell lines. The purity level of Tau 352 was assessed by the image analysis
software, Image Lab 6.0 from BioRad showed Tau 352 bands purity levels to be above

>80%.
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Figure 2.6: SDS-PAGE showing expressed and purified Tau 352: The gel is an SDS —
PAGE showing expressed and purified Tau 352 from Acella and Rosetta 2 cell lines via
affinity chromatography. The first lane is the protein ladder with known molecular
weight marker. Lanes 2 through to 5 contains the flow through (FT), wash 1 (W1), wash
2 (W2) and elution (EL) from the Rosetta 2 cell lines while lanes 7 through to 10 contains
the flow through (FT), wash 1 (W1), wash 2 (W2) and elution (EL) from the Acella cell
lines. After several washes with Al buffer and A2 buffer, the elution buffer (B1) high in
imidazole concentration was used to detach Tau 352 from the nickel beads. The SDS-
PAGE shows a single clean band in the elution lanes which is Tau 352.

All the purified isoforms were subjected to an SDS-PAGE and a Western blot.
The SDS-PAGE below is a summary gel showing all the Tau isoforms. The elutions from
all the expressed and purified Tau isoforms were loaded and separated on a 10% gel. The
protein bands from lanes 2 through to 7 are loaded from the highest number of amino

acids (Tau 441, lane 2) to the least number of amino acids (Tau 352, lane 7).
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1=Tau441,2=Tau412,3 =Tau 410, 4 =Tau 383, 5 =Tau 381, 6 = Tau 352

Figure 2.7: Summary SDS-PAGE of all Tau isoforms: Aliquots of the Tau samples
(elutions) collected from the affinity purification process were used for the summary
western blot. From left to right: lane 1 is the protein ladder with known molecular
weights. Lanes 2 through to lane 7 has the various Tau isoforms loaded from the isoform
with the highest number of amino acids (Tau 441) to the Tau isoform with the least
number of acids (Tau 352).

WBs were also done to assess the identity of the expressed and purified Tau
isoform with an anti — His-tag antibody. Six different blots were run, using Tau samples
from the isoform with the highest number of amino acids (Tau 441) through to the

isoform with the least number of amino acids (Tau 352).
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Figure 2.8: Western blots of all the Tau isoforms: Aliquots of the various elutions
collected were used for the running of the western blot. From the alphabets A to F above,
the first lanes show a protein standard to right: lane 1 is the protein ladder with known
molecular weights, lanes 2 through to lane 7 has the various Tau isoforms loaded from
the isoform with the highest number of amino acids (Tau 441) to the Tau isoform with
the least number of acids (Tau 352). An anti his-tag antibody was used as the primary
antibody to detect all the Tau isoforms.
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2.4 Conclusions

In this chapter, the expression and purification of all the Tau isoforms via the
optimization of the expression and purification process was assessed.

All the Tau isoforms were successfully expressed and purified via the use of
affinity chromatography. After the expression of the Tau isoforms, affinity
chromatography was employed to separate the protein of interest from their crude
extracts. The purity of the Tau samples (elutions) collected at the end of the purification
process was accessed on an SDS — PAGE. The gels from the SDS — PAGEs showed that
all the Tau isoforms were expressed, and the single, clear, clean bands seen on the gels
also showed that the various isoforms were clean. Via the use of an anti-his-tag antibody,
WBs was also used to confirm the purified samples were the various Tau isoforms. The
image analysis software, Image Lab 6.0 from BioRad was used to evaluate the purity
levels of the Tau isoforms. The purity levels for all the isoforms were >80% comparable

to commercially Tau from rPeptide (Watkinsville, GA, USA).
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CHAPTER THREE

AGGREGATION OF NON — PHOSPHORYLATED ISOFORMS OF TAU

3.0 Introduction

Tau is a MAP protein, and it primarily stabilizes the microtubules. Although Tau
is mostly found in the central nervous system, recent advances made to
fully understanding the role it plays has led to its discovery outside the CNS. Tau has
been identified to have diverse roles in molecular pathways including cell signaling,
regulation of genomic stability, binding to and regulating mitochondria proteins,
maintaining the cytoskeleton and improvement of synaptic plasticity. Although Tau is
naturally a highly soluble unfolded protein, it aggregates into fibrils and filaments under
pathological conditions. Tau protein on aggregation deposits inside neuronal bodies
destabilizing microtubules and eventually disrupts neuronal communication. The six Tau
isoforms differ by the presence of either zero, one, or two N-terminal acidic inserts or
three or four C-terminal microtubule-binding repeats[128]. And each isoform is
developmentally generated based on the functionality of the neurons it is been expressed
in. Tau containing pair helical filaments or neurofibrillary tangles are the closest link with
cell loss and intellectual decline. Several technological advancements have been made to
understand Tau pathology and this includes the use of MRI of the brain and
histopathological analyses.

But to better understand the aggregation properties and morphological changes
Tau protein undergoes, the Tau fibrillization process must be usually replicated by adding

polyanionic co-factors such as heparin, poly-Glutamine, nucleic acids, etc. and anionic
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surfactants such as fatty acids, alkyl sulfate detergents, etc. to recombinant Tau. The
fibrils and filaments formed resemble those observed in A.D. brains and other
tauopathies[ 129][130][131][132]. Hence recombinant Tau protein has proven to be a
valuable tool to study the biochemistry and effects of Tau aggregation.

In the healthy adult brain, the 3R and 4R isoforms exist at an equal ratio.
However, it has been observed that the ratio between the 3R and 4R isoforms are
distorted in different tauopathies. The preferential deposition of specific isoforms occurs
in different tauopathies because they all influence microtubule dynamics differently.
While Tau tangles formed in Pick’s disease (PiD) mainly consist of 3R-Tau isoforms, the
4R-Tau isoforms are also mostly aggregated in progressive supranuclear palsy (PSP) and
corticobasal degeneration [133][134]. While the cause of these disease-specific Tau
isoforms (3R/4R) aggregation differences is unknown, these variations observed may be
related to either the degeneration of specific cell populations or aberrant cell trafficking
of the individual Tau isoforms.

Microtubule, a major component of the cytoskeleton is formed when tubulin binds
to Tau. Tubulin binding to Tau is regulated by the function of the neuron. In AD, all six
Tau isoforms (both 3R- and 4R-isoforms) are abnormally aggregated into paired helical
filaments.

It still largely remains unknown how each of these Tau isoforms, when
aggregated via hyperphosphorylation, affects memory loss and motor function. It is also
unknown how the N-terminal imperfect repeats impact aggregation.

This chapter, besides assessing the individual aggregation properties of the six

isoforms, the aggregation dynamics of the different isoforms of Tau, with three or four
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microtubule-binding repeats but a different number of N-terminal acidic inserts, were
evaluated using protein aggregation techniques and transmission electron microscopy
method to assess the role of these N-terminal repeats in aggregation. The ability of the six
isoforms to co-exist based on their N-terminal imperfect repeats will also be evaluated.

Here, heparin was employed as the anionic polymer to induce aggregation. The
different Tau isoforms were aggregated in the presence of heparin. The aggregation
properties of all the Tau isoforms were monitored as a function of time using
fluorescence spectroscopy. The morphological changes of all the aggregated isoforms
were also evaluated with transmission electron microscopy.

3.1 Materials

All the Tau isoforms (Img/mL, amino acids 352 - 441) used for the aggregation
studies were expressed and purified from the Wu laboratory as described in chapter 2.
Heparin sodium salt from porcine (53.54 uM) used to induce aggregation was purchased
from Sigma-Aldrich (St. Louis, MO, U.S.A.). The 1 % Uranyl acetate (Amresco, Solon,
OH, U.S.A.) and 2 % glutaraldehyde (Sigma-Aldrich, St. Louis, MO, U.S.A) were
prepared with double-distilled water. Formvar carbon film on 200 mesh nickel grids were
purchased from Electron Microscopy Science (Hatfield, PA, USA).

3.2 Methods

3.2.1 Fluorescence spectroscopy

All the expressed and purified recombinant Tau isoforms (Tau 441 - 352) with
their His-tag cleaved were aggregated in vitro using heparin in a Tau to heparin ratio 4:1.
50uL of all the Tau isoforms (352 —441) at 1 mg/mL were incubated with SuL (53.54
M) of heparin. All the samples were incubated at 37°C for 14 days, during which a
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time-dependent aggregation study was conducted. The extent of aggregation was
evaluated on days 3, 5, 7, and 14. This was to assess which day had the most fibrils and
filaments formed. 10uL aliquot of the Tau — heparin samples were obtained on the days
mentioned above, and 1uL of Proteostat fluorescence dye was added. The aggregated
Tau samples (Tau 352 — 441) were incubated in the Proteostat dye at room temperature
for 15 minutes. 3uL of the samples were spotted on the H1 Synergy TAKE — 3 BioTek
plate reader (BioTek Instruments Inc., VT, U.S.A.). The fluorescence measurements were
then taken (Emission 550nM, Excitation 600nM, 25°C). Experiments were done in
triplicates.

3.2.2 Transmission electron microscopy (T.E.M)

Transmission electron microscopy (T.E.M.) was carried out on the F.E.I.
Morgagni M268D transmission electron microscope (Eye Research Institute, Oakland
University). The aggregated Tau — heparin samples were incubated for 14 days at 37 °C
were used for the T.E.Ms. 10 uL of each sample (aggregated Tau isoforms in the
presence of heparin) were deposited on Formvar-carbon coated 200 mesh nickel grids
(Electron Microscopy Science, Hatfield, PA, USA) and allowed to absorb for 2 hours in
ambient light. The grids were washed three times with ImL DI water and blotted dry. 2%
glutaraldehyde solution (Sigma-Aldrich, St. Louis, MO, U.S.A.) was loaded onto the grid
for 5 minutes. This was to stabilize the fibrils and filaments. The grids were rewashed
with ImL DI water, blotted dry, and loaded with 1% Uranyl Acetate (Amresco, Solon,
OH, U.S.A.) solution also for 5 minutes. This was to stain the fibrils and filaments for
ease of imaging by electron microscopy. The grids were finally washed three times with
ImL DI water, blotted dry, and imaged at 22000x, 56000x, and 140000x magnification to
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obtain an overall evaluation of the samples. The grids for each sample were made in
duplicates.

3.3 Results and discussion

3.3.1 Aggregation of each Tau isoform (352 - 441)

With the exceptions of full-length Tau or C-terminal Tau mutants forming
aggregates at submicromolar concentrations, Tau, like any other amyloidogenic or prion-
like protein, does not typically spontaneously aggregate when incubated at physiological
pH, temperature, ionic strength, and concentration (1-10 uM)[135]. Typically, full-length
Tau protein and their C-terminal mutants are prone to spontaneous aggregation above 200
uM, and this could be attributed to the high concentrations being required to overcome
charge repulsion within the peptide or protein. Hence to easily overcome charge
repulsion, kinetic and thermodynamic barriers to observe fibrillization in Tau in vitro for
fibrils and filament studies, polyanionic co-factors are employed. Although the
mechanisms through which Tau protein aggregates remain elusive, Kuret ef al. in 2005
identified a five-step pathway amyloidogenic proteins, including Tau protein, follows to
form clusters in the presence of anionic inducers[136][137].

The five-step pathway they proposed are

(1) covalent modifications, such as disulfide bond formation, or from noncovalent

intramolecular interactions stemming from partially folded species of Tau are
trapped into assembly-competent intermediate.

(2) this assembly-competent intermediate is formed when the kinetic and

thermodynamic fibrillization barriers are overcome.

(3) the assembly-competent intermediates clusters into nuclei.
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(4) Elongation of competent assembly conformations of Tau.

(5) Lastly, equilibrium is attained between filamentous and all non-filamentous

tau species, together with unfolded and partially folded species.

It is assumed that all the Tau isoforms in order to aggregate in the presence of
heparin must follow this stepwise pathway. The addition of heparin to the recombinantly
expressed and purified Tau isoforms resulted in all the isoforms clustering and forming
fibrils and filaments. Esteves-Villanueva et al. (2015), a past member of the Martic
laboratory-confirmed aggregation in Tau using heparin as an inducer. He further
confirmed the formation of fibrils and filaments using transmission electron
microscopy[ 138]. The Martic laboratory also has, on several occasions, confirmed
protein aggregation by fluorescence spectroscopy and fibril/filament formation using
transmission electron microscopy. The aggregation propensities of the six isoforms were
completed within 0 — 14 days. All the Tau isoforms showed an increase in aggregation
over time in the presence of heparin, with the highest aggregation been observed usually
on the 14" day for all six Tau subtypes. Proteostat aggregation studies, which is arguably
the simplest and most widely used technique to monitor Tau aggregation into fibrils and
filaments, was used. The Proteostat dye in the presence of the aggregated Tau isoforms
gave a characteristic sigmoidal increase in fluorescence intensities that showed the
difference between their monomeric and fibril or filamentous states.

Transmission electron microscopy (T.E.M.) is a static imaging technique that
complements approaches such as Proteostat aggregation assay, thioflavin-dye
fluorescence, and laser-light-scattering spectroscopies by detecting individual Tau

fibrils and filaments at nanometer resolution.
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To gain insight and to also establish the type of aggregates formed after the
recombinant Tau isoforms were induced with heparin, this tool was used. The
aggregated Tau samples spotted onto the T.E.M. grids after 14 days all confirmed the
formation of fibrils and filaments in all six Tau isoforms. Demonstrating the increase in
F.I. recorded as a result of Tau fibrillization.

Protein aggregation is a complex phenomenon, and parameters such as the
hydrophobicity of the protein alongside the isoelectric points also contribute to protein
aggregation[ 139]. This was established through numerous kinetic studies on the
formation of amyloid fibrils. A decrease in solubility, which leads to aggregation of the
unfolded protein molecules, is due to the exposure of hydrophobic groups on the protein.
Also, since at the isoelectric point, the net charge on the protein is zero, at this pH, the
protein is expected to be most insoluble.

Recombinant Tau 441, typically referred to as full-length Tau, was aggregated in
the presence of heparin. Tau 441 showed a gradual increase in fluorescence intensity
(F.L), with the highest F.I observed on the 14" day (Figure 3.1A). Although the
difference in F.I. between days 5 and 7 was not significant, a drastic increment in FI was
observed between day 7 and 14" day (Figure 3.1A). The calculated p-value of 0.0031 for
day 7 versus day 14 indicated that the observed increment was statistically significant.
Aggregation of Tau 441 resulted in a change in its morphology. The 14" day aggregated
Tau 441 T.E.M images showed the intrinsically disordered protein (IDP) forming fibrils

and filaments (Figure 3.1B).
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Heparin being anionic upon binding Tau repels the anionic amino acids, causing
Tau protein distortion, leading to clustering, which promotes the formation of these

insoluble precipitates observed with T.E.Ms.
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Figure 3.1: Aggregation plot and T.E.M images of Tau 441: Tau 441 was aggregated in
the presence of heparin in the Tau to Heparin ratio of 4:1. Aggregation studies were done
by measuring the fluorescence intensities of aggregated Tau 441. Tau/Heparin sample
was incubated for 14 days, with aliquots been obtained on days 3, 5, 7, and 14 for
analysis. Measurements were done in triplicates. Figure 3.1A shows a gradual increase in
aggregation of Tau 441 over time, with the highest aggregation of Tau 441 observed on
the 14" day. Aggregated Tau 441 samples from Day 14 were used for the morphological
studies. Tau 441 showed fibril and filament formation after 14 days of incubation, as
observed in Figure 3.1B. {Graph = Mean &+ SD, n value = 9, paired t test : Day 7 vs Day
14 (p value = 0.0031)}.

Tau 412 similarly showed a gradual increase in the F.I., with the highest recorded

on the 14" day (Figure 3.2A).
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Figure 3.2: Aggregation plot and T.E.M images of Tau 412: Fluorescence aggregation
assay was employed to evaluate the aggregation property of Tau 412. An aliquot of Tau
412 was aggregated with heparin in a Tau to Heparin ratio 4:1 at 37 °C. All the
measurements done on each day were done in triplicates. Figure 3.2A shows a gradual
increase in aggregation of Tau 412 over time, with aggregation leveling off on the 7™ day.
The change in Tau 412 morphology was shown by forming very clear and distinct fibrils
plus filaments, as shown in Figure 3.2B. {Graph = Mean + SD, n value =9, paired t test :
Day 7 vs Day 14 (p value = 0.6135)}.

Unlike Tau 441, where a drastic increment in F.I. was observed from day 7 to day
14 (Figure 3.1A), in Tau 412, the aggregation intensities started to level off by day 7
through 14 (Figure 3.2A). The calculated p-value of 0.6135 for day 7 versus day 14
showed the difference in F.I observed on these days was not statistically significant. The
14" day aggregated Tau 412 T.E.M grids also showed the formation of very clear and
distinct fibrils and filaments (Figure 3.2B), consistent with the morphological changes
observed in Tau 441 (Figure 3.1B). Although Tau 441 has 2 N-terminal repeats and Tau
412 has 1 N-terminal repeat, both isoforms in the presence of heparin, formed of fibrils

and filaments.
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In Tau 410, the highest F.I. was also observed on the 14™ day (Figure 3.3A), just
like Tau 441 and Tau 412. Unlike the first two isoforms aggregated, the F.I. of Tau 410
started to level off from day 3 through day 7 (Figure 3.3A) with the highest aggregation
observed on the 14" day. With a calculated p-value of 0.0067, the observed increment in
F.I on day 14, identified as the highest for the 2N3R isoform (Tau 410) was not due to

chance.
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Figure 3.3: Aggregation plot and T.E.M of Tau 410: Tau 410 aggregation propensity was
monitored by measuring the fluorescence intensities of aggregated Tau 410 using
Proteostat fluorescence dye. Samples were incubated at 37 °C for 14 days. Figure 3.3A
shows a rapid increase in aggregation in Tau 410 even at Day 3. Aggregation in Tau 410
levels off from Day 3 through to Day 7, observed on the 14th day with the highest
aggregation. A change in the Tau 410 protein structure was also observed. Transmission
electron microscope images of Tau 410 in Figure 3.3B showed the extensive formation of
fibrils and filaments. {Graph = Mean + SD, n value = 9, paired t test : Day 7 vs Day 14 (p
value = 0.0067)}.
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. Even though Tau 410 has 2 N-terminal repeats and 3 MTBDs, the highest F.I.
observed on day 14 was comparable to the F.I. observed in Tau 441, which has 2 N-
terminal repeats and 4 MTBDs. This similarity in F.I. observed could be attributed to the
same number of N-terminal repeats. The T.E.M images of Tau 410 showed the formation
of clear and distinct fibrils and filaments (Figure 3.3B) extensively. The increased F.I.
readings that indicate aggregation and the extensive formation of fibrils and filaments
observed in Tau’s 441, 412, and 410 are expected. These isoforms are predominantly
expressed in the adult brain and are therefore implicated in A.D.

Tau 383 showed a gradual increase in aggregation with the highest F.I. also
observed on the 14" day (Figure 3.4A). Just as it was observed in Tau 441 and 410, the
calculated p-value of 0.0344 for Tau 383 showed the observed increment on day 14 was
statistically significant. Aggregation was observed in Tau 383, a ON4R isoform, just as it
was also observed in full-length Tau, or Tau 441, which has 2 N-terminal repeats and 4
MTBDs.

This decrease observed in F.I. on day 14 between Tau 383 and Tau 412 could be
as attributed to the absence of the 1 N-terminal inserts in Tau 383. Indicating the role, the
N-terminal acidic role may play in promoting Tau aggregation. Going to affirm the need
to assess or evaluate the ability or role of the N-terminal repeats play in the Tau
aggregation process. TEM samples were also prepared and imaged on the 14" day. Tau
383 TEM images also extensively showed fibrils and filaments' formation (Figure 3.4B)
like it was observed in Tau 441 (2N4R), 412 (1N4R), and 410 (2N3R), all with different

N-terminal acidic inserts and microtubule binding regions.
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Figure 3.4: Aggregation plot and T.E.M images of Tau 383: A representation of Tau 383
fluorescence intensity plot vs. days and its corresponding T.E.M. images from day 14
after aggregation. Samples for the aggregation studies were incubated for 14 days at
37°C. Samples were prepared for analysis for reproducibility of results. In Figure 3.4A,
aggregation was leveling off in Tau 383 on Day 5 and 7, with the highest aggregation
intensity observed on Day 14. In Figure 3.4B, Tau 383 showed the extensive formation of
fibrils and filaments. {Graph = Mean + SD, n value =9, paired t test : Day 7 vs Day 14
(p-value = 0.0344)}.

Tau 381 was like the other isoforms was also aggregated with heparin, and the
F.I. measured with fluorescence spectroscopy, as shown in Figure 3.5A. Herein, the F.I.
of Tau 381 also increased gradually, with a p-value of 0.0214 confirming the highest
aggregation observed on the 14" day was not due to chance. Like the other isoforms
aggregated earlier (Tau 441, 412, 410, and 383), Tau 381, a IN3R isoform similarly
showed the widespread formation of fibrils and filaments (Figure 3.5B) just as expected
in AD brains. The observance of fibrils and filaments in all these isoforms also confirms

the identification of different isoforms aggregation in different tauopathies.
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Figure 3.5: Aggregation plot and T.E.M images of Tau 381: Tau 381 was aggregated
with Heparin, a polyanionic polysaccharide, and its aggregation property was evaluated
on days 3, 5, 7, and 14. All measurements were done in triplicates. Transmission electron
microscope grids of aggregated Tau 381 samples were prepared for the day 14 sample
and imaged. Figure 3.5A shows a gradual increase in aggregation of Tau 381 over time,
with the highest aggregation of Tau 381 observed on the 14™ day. Widespread formation
of fibrils and filaments was also observed in Tau 381, as shown in Figure 3.5B. {Graph =
Mean £ SD, n value = 9, paired t test : Day 7 vs Day 14 (p value = 0.0214)}.

Via alternative splicing, Tau 352, the isoform with the least number of amino
acids is formed. With all the isoforms been developmentally expressed, although Tau 352
is commonly observed in neonates, it also aggregated in the presence of heparin. The F.I.
started to level off after day 7, with very little difference between F.I. observed on day 7
and day 14 (Figure 3.6A). The p-value of 0.9097 confirmed the difference between the
F.I observed for Tau 352 on day 7 versus day 14, like in Tau 412 was not statistically
significant. Of all the six isoforms, the least F.I. was recorded in Tau 352, indicating the

least aggregation (Figure 3.6A). Although aggregated Tau 352 showed the formation of
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fibrils and filament, the least fibril and filament formation was also observed in Tau 352

(Figure 3.6B).
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Figure 3.6: Aggregation plot and T.E.M images of Tau 352: Tau 352, the shortest isoform
of Tau, were aggregated, and its aggregation property was assessed. The fluorescence
intensities observed in Figure 3.6A show a gradual increase in the aggregation of Tau 352
over time, with the highest aggregation of Tau 352 observed on the 14" day. Although
aggregation was seen in Tau 352, it showed the least aggregation. More so, even though
there was the formation of fibrils and filaments in Figure 3.6B, Tau 352 also showed the
least number of fibrils and filaments. {Graph = Mean + SD, n value = 9, paired t test :
Day 7 vs Day 14 (p value = 0.9097)}.

Besides the use of heparin, in other vitro assays, the use of arachidonic acid as an
inducer to model aggregation, has been pivotal in gaining an understanding of how Tau
aggregates into fibrils and filaments, especially in the longest Tau isoform (2N4R).
However, other aggregation inducers have been less successful for modeling aggregation
in the shorter IN4R and ON4R Tau isoforms in vitro. Herein, Tau aggregation into fibrils

and filaments in all the isoforms was achieved using heparin.
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Besides the use of heparin, the Martic laboratory has also confirmed Tau protein
aggregation using other protein aggregation inducers including arachidonic acid. Goedert
et al., 1996; Wilson & Binder, 1997 and Combs, 2017 also showed that in vitro Tau
aggregation was greatly enhanced by the addition of heparin and arachidonic acid as an
aggregation inducer. They also observed aggregation of Tau into fibrils and
filaments[120][140][141]. Results from these studies are consistent with the findings of
the fluorescence study and the T.E.M images from our research.

Since A.D. is characterized by the formation of fibrils and filaments, this proof of
principle was critical as this establishes that all the recombinant Tau isoforms expressed

and purified all form fibrils and filaments when aggregated
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Figure 3.7: Aggregation plot of all the six Tau isoforms: Shows a summary plot of all the
Tau isoforms at day 14, with Tau 412 showing the highest aggregation and Tau 352, the
shortest isoform showing the least aggregation. (Graph = Mean + SD, n value = 9)
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Figure 3.8: T.E.M images summary of all six Tau isoforms: Shows a summary of all the
T.E.M images of the Tau isoforms at day 14.

To fully understand Tau and how it promotes proper neuronal communication, it
is also imperative to know the function each domain on Tau plays. While initial work has
shown that the N-terminus of Tau is vital in determining microtubule spacing in
microtubule bundles within the axon, that is, the N-terminus of these MAPs may interact
with each other on adjacent microtubules to determine spacing as a function of their
length and reach, little or not much is known about the N-terminal imperfect repeats
besides their acidic nature[142]. Other findings have also suggested that the N-terminal
imperfect repeats and the N-terminal projection domain may facilitate cargo delivery in

the axon[143]. However, isoform-specific differences in the aggregation behavior of Tau
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based on the N-terminal imperfect repeats on the microtubule surface are not yet fully
understood.

3.4.2 Aggregation of Tau based on their N-terminal repeats

The study by Amadoro et al. (2004) established the physiological role of the N-
terminal imperfect repeats in the N-terminal domain. Their study indicated the potential
toxic action these repeats may undergo whenever Tau undergoes a proteolytic attack
leading to the cytoplasmic dispersion of some of its shorter N-terminal fragments[109].
However, the ability of the N-terminal repeats to co-exist and also their role in Tau
aggregation promoting neuronal cell death has not been well studied and is not fully
understood.

Here, the Tau isoforms were aggregated based on their number of N-terminal
imperfect acidic repeats (i.e., after it has been established that all the six isoforms shown
above are able to aggregate individually after 14 days of incubation). This incubation of
the Tau isoforms as a function of their N-terminal repeats they were done over a 14-day
period.

Aggregation was observed for all three pooled Tau isoforms with different N-
terminal repeats after 14 days of incubation. The least F.I was observed in the pooled ON
(Tau 383 and Tau 352) Tau isoforms. The isoforms with 1N terminal (Tau 412 and 381)
and 2N terminal repeats (Tau 441 and Tau 410) pooled together showed increased F.I
readings on the 14" day. The calculated p-value of 0.8232 showed the difference between
the pooled 1N and 2N isoforms on day 14 was not statistically significant. This indicates

the presence of the N-terminal imperfect repeats for both the 1N and 2N isoforms may
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Figure 3.9: Aggregation plot of the Tau isoforms based on their N-repeats (ON,1N and
2N): Aggregation plot of Tau isoforms based on their N repeats (ON, 1N, and 2N): Tau
isoforms pooled together based on their N-terminal repeats were aggregated. Proteostat
aggregation assays of aliquots from days 0 and 14 were run. Although an increase in F.I
was seen in the ON Tau isoforms from Day 0 to Day 14, it showed the least aggregation.
The Tau isoforms with 2N terminal repeats showed the highest FI, hence the highest
aggregation over time, with the highest FI observed on the 14™ day. {Graph = Mean +
SD, n value =9, unpaired t test : IN vs 2N Day 14 (p value = 0.8232)}.
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potentially play a role in aggregating Tau causing a disruption in neuronal

communication.

3.5 Conclusions

The aggregation of Tau into fibrils and filaments in all the six isoforms was
evaluated in this chapter. This was to establish the ability of Tau to aggregate in the
presence of heparin, an inducer. While fluorescence studies showed an increase in
aggregation for all the various isoforms of Tau over time, the T.E.M. images further
confirmed the aggregates formed were fibrils and filaments consistent with what is
observed in A.D. brains. Tau 352 showed the least F.I. readings as well as the least
formation of fibrils and filament. This can be attributed to its predominance in neonates.

The aggregation of the Tau isoforms based on the number of N-terminal repeats
they each have was also evaluated to establish their ability to co-exist and their role in
aggregation. The order of aggregation after 14 days of incubation from the highest to the
lowest of the Tau isoforms aggregations based on the N-terminal repeats were 2N > 1N >
ON. The T.E.M images further conformed the aggregates observed by the F.S were fibrils
and filaments, also observed in AD brains.

Gamblin, Berry & Binder ef al. (2000) also observed that performing these
reactions in oxidizing or reducing conditions (i.e., with or without DTT) can change
aggregate morphology observed earlier[ 144]. Combs et al. (2017), observed that after
increasing the arachidonic acid to Tau ratio, a homogenous population of Tau oligomers
was formed[141]. For my future work, I would aggregate all the isoforms in different Tau

to heparin ratios and follow if this also leads to the formation of oligomeric Tau. I would
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further induce these reactions with Dithiothreitol (DTT) to observe if there would be
changes to aggregate morphologies observed in the absence of DTT for all the isoforms. I
would also test out the ability of the pooled 2N, 1N and ON N-terminal repeats to

aggregate in vivo since the earlier results are based on in vitro analysis.
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CHAPTER FOUR

IN VITRO TAU 441 PHOSPHORYLATION AND PHOSPHORYLATION INDUCED
AGGREGATION ANALYSIS

4.0 Introduction

The commonest post-translational modification observed in eukaryotic cells is
phosphorylation. This biochemical process in biological systems is vital for the cellular
storage and transfer of free energy. Adenosine 5’-triphosphate (ATP), the most abundant
energy carrier molecule, has two high-energy phosphate-phosphate bonds broken. The
energy released from this process is used to drive the phosphorylation reaction. The
phosphoryl group released is attached to the organic molecule be phosphorylated; in this
context, Tau 441. Tau plays a crucial role in stabilizing neuronal cytoskeleton, regulating
microtubule dynamics, axonal transport, and neurite outgrowth, and all these functions of
Tau are modulated by site-specific phosphorylation[145]. Although several protein
kinases phosphorylate Tau in vitro, it is still unclear how many phosphorylate Tau in vivo
and how the various kinases work to induce hyperphosphorylation leading to Tau
aggregation. Identification of the protein kinases that phosphorylate Tau and the specific
phosphor-sites implicated in both physiological and pathological processes could provide
potential therapeutic targets for the treatment of AD and other tauopathies.

Although hyperphosphorylation has been identified as the commonest cause of
Tau aggregation, the mechanism by which it induces aggregation is not well understood.
In an Alzheimer’s disease patient's brain, Tau protein is invariably found in a

hyperphosphorylated and aggregated form. Whether (hyper)phosphorylation of Tau can
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drive aggregation is still not clear. Several kinases are being investigated to understand
how phosphorylation induces Tau aggregation, including MARK4, Fyn, and GSK-3p.
These kinases were carefully selected because of their biological relevance and the
specific sites each phosphorylates on Tau. MARK4 is a non-proline-directed serine-
threonine protein kinase, and it phosphorylates the serine and threonine residues on Tau
in the microtubule-binding region (MTBR). GSK-3f is a proline-directed serine-
threonine kinase, and it phosphorylates the serine and threonine residues in the PRD with
the PXXP motif and Fyn is a protein tyrosine kinase phosphorylates responsible for
phosphorylating the tyrosine residues on Tau. Several studies have also confirmed
phosphorylation of Tau using GSK-33, MARK4, or Fyn and they further confirmed their
role in Tau pathology[146][147][148][149][150][151][152]. 40 out of the 85 putative
phosphor-sites on Tau 441 have been identified as sites that can potentially be
phosphorylated by GSK-3f, making it the most prolific kinase to phosphorylate Tau
protein.

Although there is no conclusive evidence showing how an up-regulated Tau
kinase activity can cause hyperphosphorylation of Tau in AD brains leading to enhanced
Tau aggregation, there is evidence that suggests that the loss of Tau normal function due
to hyperphosphorylation is sufficient to cause neurodegeneration[153][154]. Research
has also shown that both the abnormally hyperphosphorylated Tau isolated from AD
brains and in vitro hyperphosphorylated Tau become toxic enough to sequester normal
Tau and other MAPs, such as MAP1 and MAP2, and this in turn causes microtubule

disassembly[155][156][157].

60



In this chapter, I studied the differentially phosphorylated states of human
recombinant Tau 441 in vitro to better understand whether an upregulated kinase activity
can cause (hyper)phosphorylation promoting Tau aggregation. This I did by evaluating
the ability of the differentially phosphorylated Tau forms to aggregate when
phosphorylated using single or multiple kinase combinations. Aggregation properties of
phosphorylated Tau protein was also evaluated in the presence of heparin, an anionic
polymer that induces protein aggregation.

4.1 Materials

Tau-441 protein (recombinant tau-441, 2N4R) was expressed and purified from
the Wu laboratory (Oakland University, MI). Commercial Tau used as control was also
purchased from rPeptide (GA, USA). MARK4, Fyn or GSK-3 protein kinases at a
concentration of 0.1 mg/mL were purchased from SignalChem (Richmond, British
Columbia, Canada). ATP was purchased from Sigma-Aldrich (St. Louis, MO, USA). The
stock solution of phosphate buffer (pH 7.0) was prepared using 60 mM sodium phosphate
monobasic (anhydrous) obtained from Fisher Scientific (NJ, USA) and 60 mM sodium
phosphate dibasic, anhydrous, obtained from J. T. Baker (NJ, USA). The pH was
adjusted using sodium hydroxide (NaOH) obtained from Fisher Scientific (NY, USA).
The stock solution of kinase buffer was a mixture of 50 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) from Sigma-Aldrich, 100 mM sodium chloride
(NaCl) from Fischer Scientific, | mM dithiothreitol (DTT) obtained from Thermo
Scientific Pierce (Rockford, IL, USA), and 10 mM magnesium chloride (MgCl») from
Amresco (Solon, OH, USA). The pH was adjusted to 7.4 using sodium hydroxide
(NaOH).
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Anti—Tau antibody D8 (Santa Cruz Biotech, USA) was used to detect total Tau
441. Rabbit polyclonal anti-Tau pS262 (Abcam, Cambridge, USA), rabbit monoclonal
anti-Tau p-tyrosine (Santa Cruz Biotech, USA) and rabbit monoclonal anti - Tau pS199
(Life Technologies, CA, USA) were used to detect phosphorylation by MARK4, Fyn and
GSK-3p.

The samples used as controls for the aggregation studies included [a] non-
phosphorylated Tau 441 (1mg/mL) incubated at 37°C with kinase buffer (pH 7.4) and
phosphate buffer (pH 7.0) [b] Tau - Heparin control prepared from 1mg/mL Tau 441 and
53.54 uM heparin [c] MARK4 and GSK-33 (No heparin) was prepared with SuL. of Tau
441 at Img/mL, 1uL of the protein kinase at 0.1mg/mL (MARK4 and GSK-38), 0.5uL of
ATP at 50mM, 3.5uL of kinase buffer pH 7.4 and 0.5uL of phosphate buffer pH 7.0 [d]
MARK4 and GSK-3f (No Tau) contained of 1uL of the protein kinase at 0.1mg/mL
(MARK4 and GSK-38), 0.5uL of ATP at 50mM, 6.5uL of kinase buffer pH 7.4, 2.5uL of
phosphate buffer pH 7.0 and 1.5uL of 53.54 uM [e] MARK4 and GSK-33 (No ATP)
contained of 1puL of the protein kinase at 0.Img/mL (MARK4 and GSK-38), 7.0uL of
kinase buffer pH 7.4, 2.5uL of phosphate buffer pH 7.0 and 1.5uL of 53.54 uM [f]
MARK4 and GSK-3f (No heparin, No ATP) contained of 1uL of the protein kinase at
0.1mg/mL (MARK4 and GSK-3p), 7.0uL of kinase buffer pH 7.4 and 2.5uL of
phosphate buffer pH 7.0 [g] MARK4 and GSK-3f3 (No heparin) comprised was of SuL of
Tau 441 at Img/mL, 1uL of the protein kinase at 0.1mg/mL (MARK4 and GSK-3p),
0.5uL of ATP at 50mM, 6.5uL of kinase buffer pH 7.4 and 2.5uL of phosphate buffer

pH 7.0.
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4.2 Methods

4.2.1 Single kinase phosphorylation of Tau 441

SuL of Tau 441 at Img/mL, 1uL of the protein kinase at 0.1mg/mL (MARKA4,
Fyn or GSK-3p) (SignalChem, Richmond, British Columbia, Canada), 0.5uL of ATP at
50mM (Sigma-Aldrich, St. Louis, MO, USA), 0.5uL of phosphate buffer pH 7.0 and
3.5uL of kinase buffer pH 7.4 were mixed and incubated at 37°C for 2 h.

4.2.2. SDS-PAGE and Western Blots

Following 2 hours of phosphorylation at 37°C, 10uL of the phosphorylated Tau
441 protein samples were loaded on 10% sodium dodecyl sulfate-polyacrylamide gel and
electrophoresis gel (SDS - PAGE) and was run for 50 minutes at 180 mA. The gel was
equilibrated in Towbin transfer buffer for 60 minutes. The proteins on the SDS — PAGE
was transferred from the gel to Immobilon®- FL. PVDF membrane (Millipore Sigma,
USA) at 15mA for 45 minutes using Bio-Rad trans-blot turbo system. After transferring
the proteins onto the membrane, the remaining protein-binding sites were blocked with
Odyssey® Blocking Buffer (Li-Cor Biosciences, Nebraska, USA) for 1 hour at room
temperature.

4.2.3 MARK4 phosphorylation:

After blocking the protein binding sites with blocking buffer, the membrane was
incubated overnight at 4 °C in rabbit polyclonal anti-Tau pS262 (Abcam, Cambridge,
USA); in a 1:1000 dilution, and anti - Tau D8 antibody (Santa Cruz Biotech, USA); in a
1:1000 dilution. After washing the PVDF membrane three times with 1x TBS containing
2% Tween 20, the blot was incubated with IRDye® 800 Conjugated Affinity Purified
Goat anti-rabbit IgG (Li-Cor Biosciences, Nebraska, USA); in a 1:5000 dilution and
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IRDye® 650 Goat anti-mouse IgG (Li-Cor Biosciences, Nebraska, USA); in a 1:5000 for
45 minutes at room temperature. After the 45 minutes incubation, the membrane was
washed three times with 1x TBS containing 2% Tween 20 and three times with 1x TBS.
After, the Blot was visualized with Li-Cor's Odyssey Infrared Imaging System and Li-
Cor's Image Studio 2.0 software to capture images and for densitometric analysis.

4.2.4 Fyn phosphorylation:

After blocking the protein binding sites with blocking buffer, the membrane was
incubated overnight at 4 °C in rabbit monoclonal anti-Tau p-tyrosine (1:1000 dilution)
and anti-Tau D8 antibody (1:1000 dilution) {(Santa Cruz Biotech, USA)}. After washing
three times with 1x TBS containing 2% Tween 20, the blot was incubated with IRDye®
800 Conjugated Affinity Purified Goat anti-rabbit IgG (Li-Cor Biosciences, Nebraska,
USA); 1:5000 dilution and IRDye® 650 Goat anti-mouse IgG (Li-Cor Biosciences,
Nebraska, USA); 1:5000 for 45 minutes at room temperature. After washing three times
with 1x TBS containing 2% Tween 20 and three times with 1x TBS, the Blot was
visualized with Li-Cor's Odyssey Infrared Imaging System and Li-Cor's Image Studio 2.0
software to capture images and for densitometric analysis.

4.2.5 GSK-3B phosphorylation:

After blocking the protein binding sites with blocking buffer, the membrane was
incubated overnight at 4°C in rabbit monoclonal anti - Tau pS199 (Life Technologies,
CA, USA) in 1:1000 dilution and anti - Tau D8 antibody (Santa Cruz Biotech, USA);
1:1000 dilution. After washing three times with 1x TBS containing 2% Tween 20, the
blot was incubated with IRDye® 800 Conjugated Affinity Purified Goat anti-rabbit IgG
(Li-Cor Biosciences, Nebraska, USA); 1:5000 dilution and IRDye® 650 Goat anti-mouse
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IgG (Li-Cor Biosciences, Nebraska, USA); 1:5000 for 45 minutes at room temperature.
After washing three times with 1x TBS containing 2% Tween 20 and three times with 1x
TBS, the Blot was visualized with Li-Cor's Odyssey Infrared Imaging System and Li-
Cor's Image Studio 2.0 software to capture images and for densitometric analysis.

After phosphorylation of Tau 441 by MARK4, Fyn and GSK-3f3 were confirmed
via Western blot using epitope-specific antibodies, the aggregation properties of the
various phosphorylated Tau samples were evaluated. Single kinase aggregation properties
and multiple kinase phosphorylation aggregation properties were all assessed.

4.2.6 Multiple kinase phosphorylation of Tau 441

50uL of Tau 441 at Img/mL, 10uL of the first protein kinase at 0.Img/mL (either
MARK4, Fyn or GSK-3 based on the multi-kinase combination been evaluated)
(SignalChem, Richmond, British Columbia, Canada), SpuL. of ATP at SOmM (Sigma-
Aldrich, St. Louis, MO, USA), 5uL of phosphate buffer pH 7.0 and 35uL of kinase buffer
pH 7.4 were mixed and incubated at 37 °C for 24 h. After 24 h incubation with the first
kinase, this was followed by addition of 10uL of the second kinase also at 0.Img/mL
(either MARK4, Fyn, or GSK-3f based on the multi-kinase combination been evaluated).
The reaction was allowed to go for another 24 h, totaling 48 h.

4.2.7 Heparin induced aggregation of phosphorylated Tau 441:

To assess the effect of heparin (the polyanionic polymer) on phosphorylated Tau
samples, the single and sequentially phosphorylated Tau samples were induced with
heparin in the Tau to heparin ratio 4:1. Aliquots of the samples were collected at the

designated times for analysis. Experiments were done in triplicates.
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4.2.8 Proteostat aggregation assay

10uL aliquots of the phosphorylated Tau samples, single or multiple kinases (with
or without heparin) from days 0, 3, 5, 7, and 14 were mixed with 1uL of Proteostat
fluorescence dye and incubated at room temperature for 15 minutes in the dark. 3uL of
the samples were spotted on the H1 Synergy TAKE — 3 Bio-Tek plate reader (Bio-Tek
Instruments Inc., VT, USA). The fluorescence measurements were then taken (Emission
550nM, Excitation 600nM, 25°C). Experiments were done in triplicates.

4.2.9 Turbidity assay measurements

Turbidity assay measurements were carried out using a Synergy H1 Take 3
reader, and data was generated using the Gen5 program (Bio-Tek Instruments Inc., VT,
USA). 3uL (days 0, 3, 5, 7 and 14) each of the phosphorylated Tau samples, single or
multiple kinases (with or without heparin) were loaded onto the Take 3 Bio-Tek plate
(Bio-Tek Instruments Inc., VT, USA) and the turbidity intensities determined at a
wavelength 360 nm at 25°C. All measurements were done in triplicates.

4.3 Results and Discussion

4.3.1 Phosphorylation of Tau 441 with GSK-33, MARK4. or Fyn

Phosphorylation regulates the binding of Tau to microtubules. There is significant
evidence to show that abnormal phosphorylation events in Tau result in Tau aggregation.
Hyperphosphorylation has been identified as a significant contributing factor to the Tau
protein pathogenic process. Therefore, the phosphorylation process is being studied
widely to understand how the several kinases that may hyperphosphorylate Tau can

promote Tau aggregation and microtubule disassembly.
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Herein, recombinant Tau 441 was phosphorylated using GSK-3, MARK4, or
Fyn in the presence of kinase-specific epitopes. Western blots (WB) confirmed
phosphorylation of Tau and the phosphorylation patterns of the various kinases (WB).

In Figure 4.1, Tau 441 was phosphorylated with MARK4 in vitro. The primary
antibody used was rabbit monoclonal anti-Tau pS262 antibody, which recognizes and
binds to phosphorylated Ser262 on Tau protein, and mouse monoclonal anti-Tau D8,
which recognizes N-terminus on Tau (amino acids 1-150).

Commercially procured Tau 441 was used as a control to confirm the
phosphorylation in the expressed and purified Tau 441 from our laboratory (Wu
laboratory). The Tau 441 expressed from the Wu laboratory here was labeled cleaved Tau
441. Anti—Tau antibody D8 bound and recognized the presence of total Tau 441 in both
phosphorylated Tau (pTau) and non-phosphorylated Tau (nTau) (Figure 4.1A) as
expected. This confirmed the protein was Tau since antibody D8 binds only Tau.
Phosphorylation was detected in Tau 441 with the secondary antibody, 800 GAM (Green
channel) and non-phosphorylated Tau 441 was also detected with another secondary
antibody, 680 GAR (Red channel). pS262 antibody-bound and also recognized
phosphorylated S262 in commercial pTau and cleaved pTau (Figure 4.1B). The
observance of an intense signal in both pTau/commercial and pTau/cleaved lanes (i.e.,
not in nTau/commercial and nTau/cleaved lanes) showed Tau was phosphorylated by
MARKA4. Besides this confirming the phosphorylation of Tau 441 by MARKA4, this

further confirmed S262 as a MARK4 phosphosite.
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Figure 4.1: Tau 441 phosphorylation by MARK4 protein kinase: Phosphorylation of Tau
441 by MARK4 was assessed using Tau-specific epitope S262. Commercial Tau was
used as a control in this experiment. Figure 4.1A shows the detection of total Tau in
commercial pTau 441, commercial nTau, cleaved pTau, and cleaved nTau using antibody
DS8. Figure 4.1B shows the detection of phosphorylation by MARK4 at S262 only in
commercial pTau and cleaved pTau. This shows MARK4 successfully catalyzed the
phosphorylation of S262 in both commercial and cleaved Tau 441 from our laboratory.

Cleaved Tau 441 was further phosphorylated using Fyn and GSK-3p protein
kinases. WB confirmed phosphorylation. With Fyn being a protein tyrosine kinase, anti-
Tau pTyr antibody recognizes and binds to phosphorylated tyrosine residues on Tau
protein. Mouse monoclonal anti-Tau D8 antibody (antibody to total Tau) was used as the
primary antibody. Anti—Tau antibody D8 bound and recognized the presence of total Tau

441 in both phosphorylated Tau (pTau) and non-phosphorylated Tau (nTau).
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Figure 4.2: Tau 441 phosphorylation by Fyn protein kinase: Tau 441 was phosphorylated
using Fyn kinase. Phosphorylation was detected with Tau-specific epitope anti-pTyr.
Total Tau 441 was detected using Tau antibody D8 (binds amino acids 341 — 360 on
Tau). Fig 4.2A shows the detection of total Tau 441 in both cleaved pTau and cleaved
nTau while Fig 4.2B shows detection of phosphorylation by Fyn (pTyr) in cleaved pTau.

Simultaneously, rabbit monoclonal anti-Tau pS199 antibody, which recognizes
and binds to phosphorylated S199 on Tau protein, and mouse monoclonal anti-Tau D8
(antibody to total Tau) were used as the primary antibodies for GSK-3p. Anti — Tau pTyr
antibody bound and recognized all phosphorylated tyrosine residues in pTau (Figure
4.2B) as expected, confirming the phosphorylation of all the tyrosine residues on Tau 441

by Fyn.

69



g 2 = 2
MW = & MW = &
kDa - kDa i
250 = s | 250 m—
25— 25 m—
15— 15 m—
e
S

Figure 4.3: Tau 441 phosphorylation by GSK- 3B protein kinase: Tau 441 was
phosphorylated with GSK-3f in this experiment. In Figure 4.3A, total Tau 441 was
detected in both cleaved pTau and cleaved nTau. And the phosphorylation capability of
Tau 441 was also assessed in Figure 4.3B using S199, a GSK-3f specific phosphosite.

Here, anti—Tau antibody pS199 bound and recognized phosphorylated Ser199 in
only the cleaved pTau lane (Figure 4.3B). This confirmed the phosphorylation of Tau 441
by GSK-3f and further confirmed Ser199 as a GSK-3f phosphosite.

4.3.2 Phosphorylated Tau 441 (with and without heparin) aggregation data analysis

The in vitro fluorescence spectroscopy and turbidity absorbance assays were used
to probe the structural changes upon Tau 441 phosphorylation by the protein kinases.
While fluorescence spectroscopy gave more information on the extent of Tau fibril and

filament formation after phosphorylation, the turbidity assay was used to access the
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formation of other insoluble precipitates that may not be fibrils and filaments in solution
after extensive phosphorylation. The composition of the buffers the kinases were in
versus the MES buffer/kinase buffers used for the phosphorylation reactions had the same
composition. This was to ensure that the buffers had no effect on the reading recorded
when the fluorescence and turbidity assays were done. All the assays were also done in
triplicates for reproducibility of the results.

Single kinase phosphorylation of Tau 441 (full length Tau 441) by GSK-3f
(proline directed protein kinase), Fyn (protein tyrosine kinase) and MARK4 (Non-proline
directed protein kinase) were evaluated. Figure 4.4A shows that the fluorescence
intensities remained unchanged between non-phosphorylated and phosphorylated Tau
441 (Fyn), indicating lack of protein aggregation via -pleated sheet formation. At day 7 ,
the phosphorylation by GSK-3 and MARK4 protein kinases resulted in a slightly greater
fluorescence compared to the non-phosphorylated Tau 441, with MARK4 spotting the
highest F.I. An unpaired t test (p-value = 0.0219) showed there was a significant
difference between pTau/GSK3p and pTau/MARK4 F.I at day 7, indicating the
differences observed is statistically significant. Although the F.I generally remained
unchanged, 1-way ANOVA confirmed differences existed in F.I readings observed at day
7 for pTau/GSK3, pTau/MARK4 and pTau/Fyn (p-value = 0.00468).

Due to the biological relevance of heparin on Tau aggregation, the heparin-
induced aggregation propensities of differentially phosphorylated Tau 441 were analyzed

for B-sheet formation after the protein was aged at 37°C.
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Figure 4.4: Single kinase proteostat and turbidity assays: (A) Proteostat aggregation assay
fluorescence intensities as a function of Tau 441 phosphorylation by using single kinases
in the absence of heparin; (phosphorylation time = 24 h; phosphorylation temperature =
37 °C; ageing time = 0, 3, 5, 7 or 14 days; ageing temperature = 37 °C), (Graph = Mean +
SD, n value = 9) (B) Proteostat aggregation assay fluorescence intensities as a function of
Tau 441 phosphorylation using single kinases and aging in the presence of heparin;
(phosphorylation time = 24 h; phosphorylation temperature = 37 °C; ageing time = 0, 3,
5, 7 and 14 days; ageing temperature = 37 °C), (Graph = Mean + SD, n value = 9) (C)
Turbidity assay as a function of Tau 441 phosphorylation using single kinases and aging
in the presence of heparin (phosphorylation time = 24 h; phosphorylation temperature =
37 °C; ageing time = 0, 7 and 14 days; ageing temperature = 37 °C). {Graph = Mean +
SD, n value =9).

Heparin, the polyanionic co-factor used to induce Tau aggregation into fibrils and
filaments in vitro has also been used by several laboratories including the Martic
laboratory [120][138]. The fluorescence aggregation assay (Proteostat) was used to

monitor Tau 441 aggregation. During the first 3 days of ageing of GSK-3f, Fyn and
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MARK4 phosphorylated Tau 441, the fluorescence intensity remained unchanged
indicating no aggregation.

A significant increase in fluorescence intensity at day 5 maintained through day 7
was observed for all 3 kinases with the highest recorded in GSK-3 and MARK4 (Figure
4.4B). A 2-way ANOVA (p-value = 0.8981) comparing F.I for days 5 and 7 in both
kinases showed the difference in readings were not statistically significant. A notable
change is the drop in fluorescence intensity after 14 days of ageing for pTau samples.
Therefore, the cause of the drop in the heparin induced aggregation of the phosphorylated
Tau samples was also assessed as a function of ageing time. The drop in fluorescence
intensity in Figure 4.4B, may be ascribed to the decrease in aggregation, and dissolution
of aggregates or formation of insoluble aggregates. The solution appeared cloudy and
hence, formation of insoluble aggregates was more likely reason for fluorescence
intensity decrease. To determine the insoluble aggregate formation, the UV-Vis turbidity
measurements were carried out. Figure 4.4C shows a slight increase in the UV-VIS
turbidity measurement at day 14, with pTau MARK4 being the most turbid. The 1-way
ANOVA (p-value = 0.0015) for day 14 indicates the turbidity increase observed in pTau
was not due to chance although very small. This most likely confirms the presence of
insoluble aggregates. The phosphorylated Tau protein samples with heparin followed
similar aggregation trend with nTau, at days 3 and 5 days. However, at 7- and 14-days
aggregation of pTau declined overtime but solutions became cloudy indicating increase
in turbidity. The presence of heparin induced both degradation and the formation of SDS
resistant aggregates in phosphorylated Tau 441 on day 7 (Figure A.li1). Although
Phosphorylated Tau 441 still formed SDS-resistant aggregates even on day 14 in the
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presence of heparin, pTau was extensively degraded and this was seen via the formation
of lower molecular weight fragments (Figure A.liii). The degradation pattern was
dependent on the protein kinase used for phosphorylation reaction. This phenomenon
could have accounted for the decline observed in fluorescence intensity at day 14. With
the increase in SDS resistant aggregates observed in Figure B.1, it is obvious the presence
of heparin induced an increased formation of SDS resistant aggregates than in Tau 441
without heparin absent even after 7 days. Phosphorylation seems to be promoting the
degradation of pTau with ageing of the sample. The Figure 4.4C shows an increase in
turbidity in the phosphorylated Tau samples with MARK4 catalyzed phosphorylation of
Tau 441 being the most and Fyn catalyzed phosphorylation of Tau 441 being the least
turbid.

In the absence of ATP, there is no phosphorylation of Tau. However, the
fluorescence signal was low when kinase was present, but not a co-substrate, (Figure C-
1) which indicates that heparin-induced Tau aggregation was modulated by a presence of
a kinase. Hence, protein kinase interferes with the formation of insoluble beta-sheet
structures. Also consistent with absence of phosphorylation, was the nonexistence of
cloudiness. The turbid assay also showed the absence of the formation of insoluble
precipitates (Figure D.1). These findings were in stark contrast to nTau aggregation.
Avila et al (1996) observed aggregation and filament formation when GSK-3p3-catalyzed
pTau 441 was aggregated in the presence of heparin[158].

The single kinase phosphorylation was followed with multi kinase

phosphorylations that produced the sequential phosphorylations.
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Figure 4.5: Multiple kinase proteostat and turbidity assays: (A) Proteostat aggregation
assay fluorescence intensities as a function of Tau 441 phosphorylation using multiple
kinases; (phosphorylation time = 48 h; phosphorylation temperature = 37 °C; ageing time
= 14 days; ageing temperature = 37 °C). {Graph = Mean + SD, n value = 9} (B)
Proteostat aggregation assay fluorescence intensities as a function of Tau 441
phosphorylation using multiple kinases in the presence of heparin; (phosphorylation time
= 48 h; phosphorylation temperature = 37 °C; ageing time = 14 days; ageing temperature
=37 °C). {Graph = Mean = SD, n value = 9}. (C) Turbidity assay as a function of Tau
441 phosphorylation using multiple kinases and aging in the presence of heparin
(phosphorylation time = 48 h; phosphorylation temperature = 37 °C; ageing time =0 - 14
days; ageing temperature = 37 °C). {Graph = Mean + SD, n value = 9}.

The following kinase combinations: GSK33/MARK4, GSK33/Fyn,
MARK4/GSK3p, MARK4/Fyn, Fyn/ GSK3p and Fyn/MARK4 were used to produce

sequentially phosphorylated Tau protein samples that were investigated.
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The proteostat assay was used to measure the aggregation propensities of the
sequentially phosphorylated Tau proteins. Regardless of the phosphorylation sequence,
the fluorescence intensities remained below ~1500 a.u. indicating negligible aggregation.
A slight increase in the fluorescence intensity (~1700 a.u.) was observed for GSK-
3B/MARK4 phosphorylation sequence after 7 days, compared to other kinase
combinations (Figure 4.5A). The 1-way ANOVA (p-value = 0.00653) confirmed the
observed increment in F.I readings at day 7 for pTau/GSK33/MARK4 was statistically
significant although negligible. Also, at day 14, the fluorescence intensity decreased as it
was observed for the prolonged aggregation of singly phosphorylated Tau in the absence
of heparin (Figure 4.4A). The sequentially phosphorylated Tau showed a slight increase
in the turbidity assay which could be indicative of the insoluble precipitates not
detectable by fluorescence, accounting for the drop in fluorescence intensity observed
(Figure E.1). Hence, the phosphoproteins formed insoluble structures in the absence of
heparin, but nTau did not (Figure E.1). The insoluble structures were similar for all
protein kinase combinations tested.

Sequentially phosphorylated Tau 441 aggregation with heparin, as was done in
singly phosphorylated Tau 441, was also investigated. As was observed on day 14 in the
singly phosphorylated Tau samples, there was a drastic decline in aggregation in the
sequentially phosphorylated Tau samples following a gradual increase in aggregation
after 7 days. The sequentially phosphorylated Tau sample GSK-3p/Fyn showed the
highest fluorescence intensity above ~2700 a.u (Figure 4.5B). A 1-way ANOVA p-value
of <0.01 shows the increment observed in GSK-3fB/Fyn F.I readings at day 7 is
statistically significant.
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As was expected, there was an increment in aggregation overtime with the
sequentially phosphorylated Tau samples induced with heparin (Figure 4.5B), and also a
significantly higher reading in the turbidity assays observed (Figure 4.5C) at day 14.

However, the role of phosphorylation in these increments in fluorescence and
turbidity readings observed remained unknown. The MARK4/GSK-3f sequentially
phosphorylated samples were investigated to identify the role of phosphorylation in the
increased fluorescence intensities and increased turbidity readings seen. In the absence of
ATP, sequential phosphorylation of Tau is not expected to occur. With both the
MARK4/GSK-3p sequentially phosphorylated Tau samples without heparin and ATP
showing fluorescence intensity below ~1500 a.u (Figure F.1), then the sequential
phosphorylation of the Tau sample did not increase aggregation, as was observed in
Gamblin et a/ (2007) phosphorylation of Tau with GSK-3B[119]. The presence of heparin
in sequentially phosphorylated MARK4/GSK-3f Tau samples with and without ATP all
showed fluorescence intensity above ~1700 a.u till 5 days after which there was a decline
in fluorescence intensity (Figure F.1). Notably, phosphoprotein resulted in more -sheet
than non-phosphorylated Tau protein when kinase was present during the heparin-
induced aggregation. Again, the protein kinase promoted Tau aggregation into insoluble
structures. This indicates phosphorylation of Tau increased fluorescence intensity in the
case of sequentially phosphorylated Tau samples in Figure 4.5B. Turbidity assays for the
MARK4/GSK-3p sequentially phosphorylated Tau samples with and without ATP
showed high turbidity reading after 14 days (Figure G.1). The calculated 1-way ANOVA
p-value of 0.14943 for day 14 indicated that the increase in turbidity observed for the
other sequentially phosphorylated Tau samples on day 14 was not statistically significant.
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Again, the phosphorylated protein forms more insoluble structures than the protein when
kinase was present, without a co-substrate. Data indicates that the phosphoprotein and
mixtures of protein and kinase exhibit propensity for formation of insoluble structures.
This could be attributed to the formation of other insoluble precipitates other than fibrils
and filaments or protein degradation. The presence of the kinases after also promoted the
cloudiness observed as this was not observed when Tau 441 only was aggregated with
heparin (Figure 4.5C).

The SDS-PAGE analysis indicated greater formation of HMW aggregates for
phosphorylated protein than the non-phosphorylated protein (Figure H-1). The presence
of heparin induced both degradation and the formation of SDS resistant aggregates in the
sequentially phosphorylated Tau 441 on day 7 (Figure H.1), as was observed with the
single phosphorylated samples assessed . Even though sequentially phosphorylated Tau
441, on day 14 still formed SDS-resistant aggregates. pTau further degraded (Figure
H.1ii1), analogous to the observation made in the single kinase phosphorylated Tau 441.

To confirm by SDS-PAGE the formation of SDS-resistant aggregates in the
absence of phosphorylation when Tau 441 was aggregated in the presence of heparin, and
to also establish the role of phosphorylation in the observed was insignificant, Tau 441
was incubated in the presence of the kinases (GSK-3, MARK4 and Fyn) and heparin
with no ATP and the gels run. The SDS-PAGE for the single kinases, GSK-33, MARK4
and Fyn additions to Tau 441 in the absence of ATP at day 7 (Figure 4.6A1i) showed the
formation of SDS-resistant aggregates that gradually degraded by day 14 (Figure

4.6Aii).
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1 —nTau4ll1

2 —Tau 441 (GSK-3P)
3 —Tau 441 (MARK4)
4 - Tau 441 (Fyn)

1 —nTau 411

2 —Tau 441 (GSK-3 followed by MARK4)
3 — Tau 441 (GSK-3p followed by Fyn)

4 - Tau 441 (MARK4 followed by GSK-38)
5 —Tau 441 (MARK4 followed by Fyn)

6 — Tau 441 (Fyn followed by GSK-3p)

7 — Tau 441 (Fyn followed by MARK4)

Figure 4.6: SDS-PAGE of single and multiple kinases in the presence of Tau 441 and
heparin (No ATP): (A) SDS-PAGES of Tau 441 with kinases in the presence of heparin
with no ATP; (incubation time = 24 h; incubation temperature = 37 °C; ageing time = 14
days; ageing temperature = 37 °C). (B) SDS-PAGES of Tau 441 with kinases in the
presence of heparin with no ATP; (incubation time = 48 h; incubation temperature = 37
°C; ageing time = 14 days; ageing temperature = 37 °C).
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Hence, protein kinase being co-present with Tau protein promoted degradation.
There was also an extensive formation of lower molecular products at day 14 than in day
7. This is synonymous to the observation made when Tau was aggregated with heparin
only in the Tau-heparin-buffers aggregation study (Figure B.1). This indicates
phosphorylation had no role to play in the SDS-resistant aggregates observed but that
protein kinase being co-present with Tau did contribute. The multi-kinase combinations
where the protein kinases were co-present with Tau protein, without ATP, showed the
same trend observed in the single kinase experiments. There was the formation of HMW
SDS-resistant aggregates at day 7 (Figure 4.6Bii) which also gradually degraded at day
14 (Figure 4.6Biii).

Although day 7 was characterized by the formation of lower molecular products,
there was an extensive formation of lower molecular products at day 14 (Figure 4.6Biii),
also analogous to the observation made in Figure 4.6A and Figure B-1. Figure 4.6Biii
clearly depicts that protein degradation was highly dependent on the protein/enzyme
composition. For example, lanes 2 and 6 (GSK-3p followed by MARK4 and Fyn
followed by GSK-3 phosphorylations) resulted in a complete degradation of protein, or
formation of insoluble structures which did not enter the gel. By contrast, lanes 4 and 5
(MARK4 followed by GSK-38 and MARK4 followed by Fyn phosphorylations) are
similar in terms of protein loading and fragmentation. The nTau, lane 1, without any
protein kinase clearly shows minimal protein degradation. Notably, lane 7 (Fyn followed

by MARK4 phosphorylation), gel behaviour was similar to that of nTau.
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4.4 Conclusions

The aggregation properties of in vitro phosphorylated single or multi-kinase Tau
441 were evaluated in this chapter. Proteostat assay, turbidity assay and SDS-PAGES
were employed for these assessments. The proteostat assay of the single kinase
phosphorylation of Tau 441 without heparin showed no aggregation over time. However,
when heparin, a polyanionic co-factor that induces aggregation, was added to the singly
phosphorylated Tau samples, the presence of the inducer caused significantly higher
aggregation of the phosphorylated Tau 441 samples. The drop in fluorescence intensity
(F.I) observed at day 14 could be attributed to visible cloudiness observed which was also
confirmed by turbidity assays. The SDS-resistant aggregates seen on the SDS-PAGE at
day 7 corroborated the increased fluorescence intensity observed by proteostat assay
when heparin was added as an inducer of aggregation in the single kinase proteostat
assays. This observation also confirms the ability of heparin to co-localize with Tau
leading to Tau fibrillization as observed by Goedert et al, 1996[159].

With Tau phosphorylated in vivo by several kinases, the role of sequential
phosphorylation on Tau aggregation was evaluated. The multi-kinase combinations
assessed were the GSK-33/MARK4, GSK-3p/Fyn, MARK4/GSK-33, MARK4/Fyn,
Fyn/GSK-3p and Fyn/MARKA4. This was done to establish which kinase combination
would yield the most aggregation of phosphorylated Tau 441. Like in the single kinase
phosphorylations, the sequentially phosphorylated Tau 441 combinations without heparin
showed no aggregation overtime. There was no significant increase in the F.I’s when

heparin was added, with the highest F.I recorded in the GSK-3/Fyn combination on day
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7. There was a drop in F.I on day 14 just was seen with the single kinase with heparin
proteostat assay.

To further confirm phosphorylation played no role in high F.I recorded, an SDS-
PAGE confirmed the formation of SDS-resistant aggregates and extensive formation of
lower molecular degradation products in the absence of Tau phosphorylation. This is
synonymous to the observation made when Tau was induced with only heparin and no

kinases.
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CHAPTER FIVE

MASS SPECTROMETRY ANALYSIS OF PHOSPHORYLATED TAU

5.0 Introduction

A fascinating way to study posttranslational modifications is via ‘proteomics.’
Proteomics being extremely sensitive, can be used to identify the specific amino acid
sites on a protein that undergo posttranslational modifications. Phosphorylation, the most
prevalent posttranslational modification (PTM) in eukaryotic cells has been found to play
a vital role in numerous cellular processes, including cell differentiation, proliferation,
and migration. Tau, one of the proteins implicated in AD, also undergoes several PTMs,
including phosphorylation. When Tau is hyperphosphorylated in the human brain, it
forms NFTs. With hyperphosphorylation being the primary cause of Tau fibrillization, it
is imperative to study and identify the phosphosites on Tau that contribute to the
conformational changes that promote Tau aggregation.

Significant advancements have been made in the development of analytical
techniques designed to measure protein structure and dynamics. Over the last two
decades NMR has been used to decipher the pattern of tau phosphorylation both
qualitatively and quantitatively [160][161]. However, in recent times, coupling of
electrospray ionization mass spectrometry (ESI-MS) to HDX has rapidly gained
popularity[ 162][163].

To understand and identify the phosphorylation patterns that lead to the structural
changes that cause Tau aggregation, we characterized differentially phosphorylated states

of full-length Tau 441 using tandem mass spectrometry and Time-resolved electrospray
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Mass spectrometry - Hydrogen deuterium exchange (TRESI-MS HDX). Tandem mass
spectrometry was used to identify all the amino acid sites phosphorylated by GSK-3f,
MARKA4, and Fyn, either singly or with multiple kinases combinations. TRESI-MS HDX
was also used to give a detailed account of the conformational shifts that occurred when
Tau 441 was phosphorylated. The structural changes in TRESI MS-HDX are observed
when the hydrogens on protein amide, hydroxyl, or thiol groups in the protein backbone
undergo exchange with deuterium from the solvent used (usually water).

In this chapter, the structural changes observed via phosphorylation were
rationalized as the cause of increasing amyloidogenic propensity, suggesting that GSK-
3B, MARK4, and Fyn mediated hyperphosphorylation observed in Tau 441 at specific
sites could be a causative event of Tau amyloidogenesis.

5.1 Experimental section

5.1.1 Materials and equipments

Tau-441 protein (recombinant tau-441, 2N4R) was expressed and purified from
the Wu laboratory (Oakland University, MI). MARK4, Fyn or GSK-3p protein kinases at
a concentration of 0.1 mg/mL were purchased from SignalChem (Richmond, British
Columbia, Canada). ATP was purchased from Sigma-Aldrich (St. Louis, MO, USA). The
stock solution of phosphate buffer, pH 7.0, was prepared using 60 mM sodium phosphate
monobasic, anhydrous, obtained from Fisher Scientific (NJ, USA) and 60 mM sodium
phosphate dibasic, anhydrous, obtained from J. T. Baker (NJ, USA). The pH was
adjusted using sodium hydroxide (NaOH) obtained from Fisher Scientific (NY, USA).
The stock solution of kinase buffer was a mixture of 50 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) from Sigma-Aldrich, 100 mM sodium chloride
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(NaCl) from Fischer Scientific, | mM dithiothreitol (DTT) obtained from Thermo
Scientific Pierce (Rockford, IL, USA), and 10 mM magnesium chloride (MgCl») from
Amresco (Solon, OH, USA). The pH was adjusted to 7.4 using sodium hydroxide
(NaOH).

The phosphorylated sample were separated by reverse phase chromatography and
analyzed on a Orbitrap Fusion™ Tribrid mass spectrometer (Thermo scientific). QStar
Elite Hybrid Q-TOF Mass Spectrometer coupled with HDX (AB SCIEX) was used for
the conformational studies of phospho-Tau.

5.1.2 Phosphorylation of Tau 441 by MARK4. Fyn or GSK-3f

Single and multi-kinase phosphorylated Tau 441 samples were generated as
described in chapter 4 for tandem mass spectrometry and Time-resolved electrospray
(TRESI) — Mass spectrometry (MS) — Hydrogen deuterium exchange (HDX).

5.1.3 Liquid Chromatography/Mass spectrometry/Mass Spectrometry (LC/MS/MS)

Single and multi-kinase phosphorylated Tau 441 samples were analyzed with
Orbitrap Fusion™ Tribrid mass spectrometer (Thermo scientific) at Wayne State
University (WSU). 25 ug of each sample was reduced with DTT and alkylated with
iodoacetamide, and then digested with 0.5 pg of either trypsin or chymotrypsin overnight
at 37°C. Samples were acidified with formic acid and dried. Phosphopeptides were
enriched using TiO2 tips with a Bravo automated liquid handling platform (Agilent),
acidified with formic acid, and dried. Samples were resuspended in 15 pl of 5%
acetonitrile, 0.1% formic acid and 0.005% trifluoroacetic acid (TFA). Half the sample
was separated by reverse-phase chromatography and analyzed on a Fusion Orbitrap mass

spectrometer (Thermo Scientific, WSU). MS1 scans were performed with a 375 — 1600
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m/z range in the Orbitrap at 240,000 resolution. MS2 Tons were scanned in the ion trap.
Peptides with +2 or +3 charges were fragmented by CID (32% collision energy), and
those with +3 to +7 were fragmented by ETD.

5.1.4 LC/MS/MS data Analysis:

Data were analyzed using PEAKS Studio software (Build 8.5). Data were filtered
to 10 ppm and 0.6 Da tolerances for parent and fragment ions, respectively. Spectra were
searched against a human protein database from Uniprot (downloaded 2018-05-06;
20,260 sequences), which contained the 441 isoform for Tau protein (accession P10636-
8). 4 search engines were used in the search (De Novo, Peaks DB, Peaks PTM, and
Spider). The results from 2 enzymes were combined into one search result. Data were
filtered to a 1% FDR level for peptides, at least 2 unique peptides, and a score of >20
(i.e., at least 99% confidence in PTM localization). For the Peaks DB search,
carbamidomethylation of C was included, variable modifications for oxidation of M,
deamidation for NQ, and phosphorylation of STY. Peaks PTM search had 313 built-in
mutations.

5.2 Time-resolved electrospray — Mass spectrometry — Hydrogen deuterium exchange

(TRESI-MS-HDX)

Phospho-Tau samples were analyzed with QStar Elite Hybrid Q-TOF Mass
Spectrometer coupled with HDX (AB SCIEX) at the Wilson laboratory (York University,
Canada)

1. Acquisition of Pepsin and Tau Protein Only Spectra: Samples were Electrospray-
ionization (ESI)-MS was carried out in positive ion mode with a voltage of +4,500 to
+5,000, 60-V declustering potential, and 250-V focusing potential. The spectra for both
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pepsin and native Tau 441 are acquired over a range of 350-1,500 m/z with a scanning
rate of 1 s,
After acquiring a pepsin-only spectrum, any other peaks appearing in this spectrum are

subtracted once the protein is added, and this is identified as the spectrum for native Tau

Acrylic chip packed
with immobilized
To MS protease

Protein

Deuterated
protein Ncthh

«~--- m

Deuterated Buffer

Outer Capillary
(metal)

SR =

Protein

Acid

Adjustable Inner Capillary
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Figure 5.1: TRESI-HDX MS apparatus:

The conformation of the Tau samples (phosphorylated and non-phosphorylated) was
evaluated by introducing the samples into the fused silica in the inner capillary of the
TRESI — MS HDX apparatus after it was buffered with D>0.

2. HDX-MS analysis of non-phosphorylated Tau and phosphorylated Tau 441 (single and
multi-kinase combinations): 50-100 uM Tau or phospho-Tau protein (Tau
expressed/purified as described in chapter 2 and phosphorylated Tau as described in

chapter 4) was introduced at a rate of 1 uL/min where the 50 mM ammonium acetate

&9



buffer was previously flowing. After a complete equilibration of the Tau samples with the
D>0, the proteins exposed to the deuterated solvent for a variable ‘labeling time’, resulted
in isotopic exchange of unprotected labile protons on the amide backbone and amino acid
side chains. The spectrum at the end of the analysis was an indication of phosphorylation

and conformational change.

3. Acquiring a Tau or phospho-Tau protein only spectrum (Acquisition of Time Points):
While 100 uM Tau/phospho-Tau protein was flowing at 1 pL/min, D>O was introduced
at a rate of 3 pL/min via a tee connector and allowed to react in the kinetic mixer. The
system was allowed to equilibrate for at least 10 min before acquiring the spectrum. It is
crucial to note that, after the exchange of hydrogen for deuterium, the labeling reaction
was quenched by the flow of acetic acid pH 2.4 at 10 uL/min, and digestion of the
labeled protein occurs in the proteolytic chamber. To increase the labeling time, the inner
glass capillary was manually mixing 42 m/s to 8s. The system was allowed to equilibrate
for at least 10 mins in between each pull-back. The structure of (hyper)phosphorylated
Tau was generated using FRODAN simulation with subsequent refinement using
VADAR. The Wilson laboratory (York University, Canada) did all HDX-MS analysis,
kinetic plots, FRODAN simulations, and VADAR refinements used in this chapter

5.3 Results and discussion

5.3.1 LC/MS/MS characterization of phosphosites on Tau 441

Site-specific phosphorylation causes a distinct conformational change. Tau-
specific phosphosite identification could lead to recognizing phospho-sites that promote

Tau detachment from microtubule or its aggregation into fibrils and filaments.
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As expected, the Liquid chromatography (LC) in tandem with mass spectrometry
data showed no phosphorylation when non-phosphorylated Tau 441 was characterized. In
contrast to what was observed in non-phosphorylated Tau, kinase-specific
phosphorylation sites were observed when specific kinases were employed to
phosphorylate Tau 441. In vitro phosphorylation of Tau 441 by GSK-3f3 showed
significant phosphorylation in the proline-rich (190-240 aa) and C-terminus (390-441aa)
domains. The most abundant phospho-sites observed were specifically pSer199, pSer396,

pSer400, and pSer404 (Figure 5.2).

Fyn Fvn
Tyr 310 yr 316 Fyn
Tyr 304
N . —r 7 ¢
R1 6 R2  R3 I(m
Ll A i\ l'.
Fyn
Tyr18 Fyn |
Tyr29 GSK-3p MARK4 GSK-3p
Ser 199 Ser 262 (R1) Ser 396
Ser 305 (R2) Ser 400
Ser 324 (R3) Ser 404
Ser 352 (R4)
Ser 356 (R4) MLJH
Ser 416
Ser 435

Figure 5.2: Schematic of Tau 441 showing phosphosites detected after in vitro
phosphorylation using specific kinases
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The tandem mass spectrometry analysis of Fyn-phosphorylated Tau 441 indicated
phosphorylation at pTyr18, pTyr29, pTyr310, pTyr316 and pTyr394, with the most
significant phospho-sites being pTry310 and pTyr394 (Figure 29). But in the case of the
in vitro phosphorylation of Tau 441 by MARK4, phosphorylation was observed at
pSer262, pSer305, pSer324, pSer352, pSer356, pSer416, and pSer435, but the greatest
intensities were seen pSer262, pSer258, pSer324, and pSer356 (Figure 29).

With Tau being phosphorylated in vivo by several kinases, Tau was sequentially
phosphorylated with multiple kinases to examine the role they play in changing the
conformation of Tau imparting its ability to aggregate. Tau 441 phosphorylated using
different kinase combinations were also analyzed using LC in tandem with MS. The in
vitro phosphorylation of Tau 441 using GSK-3f followed by MARK4 showed significant
phosphorylation in the proline-rich region (175-235aa), the MTBRs R1 - R2 (262—
305aa), and the C-terminal region (324-422aa), with pSer396, pSer400, and pSer404
being the most phosphorylated sites. These commonly phosphorylated sites in GSK-3f3
followed by MARK4 phosphorylation of Tau were similar to the commonly observed
sites in the GSK-3p only phosphorylation. Similarly, MARK4 followed by GSK-3f3
phosphorylation of Tau 441 also showed significant phosphorylation in the proline-rich
region (175-235aa), the MTBRs (262-324aa and 352-361aa), and the C-terminal region
(396—435aa). The most phosphorylated sites observed here were pSer352 and pSer356.

Tau 441, sequentially phosphorylated by GSK-3p followed by Fyn, was also
analyzed. Like the GSK-33 and MARK4 sequentially phosphorylated Tau samples, most
phospho-sites were also found in the proline-rich region (149-235aa), the MTBRs R2 —
R4 (285-356aa), and the C-terminal region (394—422aa).
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Figure 5.3: Schematic showing phosphosites detected after multi-kinase in vitro
phosphorylation of Tau 441

Besides the Ser’s and Thr’s, some Tyr residues were among the phosphorylated
sites observed, and this is because Fyn is a protein Tyr kinase. The frequently
encountered phosphosites here included pTyr394, pSer396, pSer400 and pSer404.
Likewise, the Fyn followed by GSK-3f phosphorylated samples also showed significant
phosphorylation in the proline-rich region (169—235aa and 289-324aa) and the C-
terminal region (356—416aa), with a few of the phosphosites identified in the N-terminal
region (pTyrl8, pTyr29, and pSer46). The most abundant phosphosites observed with
the Fyn followed by GSK-3p in vitro phosphorylation were pTyr394, pSer396, pSer400
and pSer404. The last kinase combinations analyzed were that of MARK4 and Fyn. The
in vitro MARK4 followed by Fyn phosphorylation of Tau 441 showed significant
phosphorylation in the MTBRs R1 — R3 (262-324aa) and the C-terminal region (352—

416aa).
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Table 5.1: Phosphorylated domains of sequentially phosphorylated Tau 441: Table of
Tau 441 shows the domains where the most phosphosites were detected after the in vitro
phosphorylation of Tau 441 by specific sequential kinases.

Phosphorylation
sequence

Phosphosites

GSK-3B/MARK4

MARKA4/GSK-3p

GSK-3B/Fyn

Fyn/GSK-3p

MARK4/Fyn

Fyn/MARK4

PRD (175 - 235), MTBR R1 — R2 (262 - 305), CTD (324 - 422)

PRD (175 - 235), MTBR (262 — 324 and 352 - 361), CTD (396 -
435)

PRD (149 - 235), MTBR R2 — R4 (285 - 356), CTD (392 - 422)

NTD (pTyr18, pTyr29, pSerd6), PRD (169 — 235 and 289 - 324),
CTD (356 - 416).

NTD (pTyrl8), PRD (pSer208, pSer237), MTBR R1 —R3 (262 -
324), CTD (352 - 361)

NTD (pTyr18, pTyr29), MTBR R1 — R3 (262 - 324), CTD (352 -
416

Other sites phosphorylated that fell outside the above listed groups were pTyrl8

in the N-terminal region, and pSer208 along with pSer237 in the proline-rich region. The

most abundant phosphosites observed with the MARK4 followed by Fyn in vitro

phosphorylation were pSer262, pSer352, pSer356 and pTyr394 all in the MTBRs. The

reverse, which is Fyn followed by MARK4 phosphorylation of Tau also exhibited

significant phosphorylation in the MTBRs R1 — R3 (262-324aa) and the C-terminal

region (352—416aa). The Fyn followed by MARK4 combination also showed

phosphorylation of pTyr18 and pTyr29 in the N-terminal region. The most abundant

phosphosites observed with the Fyn followed by MARK4 in vitro phosphorylation were

pSer324, pSer356 and pTyr394.
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5.3.2 Conformational analysis of phosphoproteins

Conformational changes play a crucial role in protein dynamics and are often
intimately related to protein functions. Before Tau protein aggregates, it assumes a
particular conformational state that promotes its clustering. Hyperphosphorylation,
identified as the primary cause of Tau fibrillization, gives rise to different
conformational changes in Tau, resulting in the formation of oligomers, pair helical
filaments, or straight filaments, and then neurofibrillary tangles (NFTs). Over the years,
the most comprehensive structural description of Tau protein was first achieved by NMR.
Mukrasch et al, in 2009 building on resonance data was able to describe the structure of
the full-length Tau protein[164]. This was the most challenging prospect ever to be
achieved for any large IDP due to their low spectral dispersion. NMR measurements was
afterwards used to predict the locations of residual secondary structures in Tau and has
also been used to identify site-specific mapping of ¢/¢ angle ‘conformational potentials’
in a Tau fragment that may promote aggregation. Other approaches after Mukrasch et al.,
2009 findings have been used to achieved even better results[165]. Wilson et al., 2015
using TRESI-MS-HDX, gave a detailed view of GSK-3 hyperphosphorylation-driven
conformational shifts in the full-length Tau 441[121]. The global and local structural
changes identified by Wilson and his group were rationalized as the cause of increasing
amyloidogenic propensity in the GSK-3 hyperphosphorylated Tau monomer. However,
little is known about how other phosphosites modulate Tau protein conformation and they
were evaluated next.

The conformational changes in Tau 441 phosphorylated with GSK-3p, Fyn, and
MARK4 were evaluated. By assessing the various phosphorylated ensembles, the
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ensemble that promotes the most aggregation can be identified. The exchange of the
hydrogens in the amide, hydroxyl, or thiol groups in the protein backbone with deuterium
are used to monitor the conformational changes if any. The TRESI-MS HDX data for
GSK-3B phosphorylated Tau 441 showed the most significant deuterium uptake in the
R3 region (326 — 336aa) of Tau 441. Other areas with considerable deuterium uptake
were in the proline rich region (226 — 230aa) and the MTBR (300 — 317aa and 331 —
360aa)(Figure 5.4). These regions showing high deuterium uptake is consistent with the
phosphosites observed in the tandem MS data on phosphorylation collected for GSK-
3B. Due to the consistency between the HDX-MS data (Figure 5.4) and the tandem MS
data (Figure 5.2), the conformational change observed in the GSK-3f phosphorylated Tau

441 ensemble can be attributed solely to phosphorylation.
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300 - 317 351 - 360

326-336

226 - 230

Figure 5.4: HDX-MS data and predicted conformation of GSK3p phosphorylated Tau
441 protein: (A) After the phosphorylation of Tau 441 by GSK-3, the sample was
subjected to TRESI — MS HDX. Deuterium uptake in Tau 441, which is a mark of
conformational change observed in Tau 441 showed the most significant deuterium
uptake in R3 region (326 — 336aa) of Tau 441. There was also extensive deuterium
uptake in the proline rich region (226 — 230aa) and the MTBR (300 — 317aa and 331 —
360aa). (B) A predicted conformation showing deuterium uptake in Tau 441
phosphorylated by GSK-3B: The predicted conformation shows regions on Tau 441 that
have their hydrogens in the amide backbone and amino acid side chains replaced by
deuterium. The deuterium uptake after the pTau Fyn sample was analyzed by MS-HDX
is indicative of Tau phosphorylation by GSK-3f. The regions marked blue on the Tau
cartoon (226 — 230aa, 300 — 317aa, 326 — 336aa, and the 351 and 360aa) were the regions
that showed high deuterium uptake. The conformational change observed in Tau after
phosphorylation was easily detected via the deuterium location on Tau.
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Figure 5.4B shows the global structure observed after the deuterium uptake in
GSK3 phosphorylated Tau 441. Here, there were observable new intramolecular
interactions in the MTBR, with the hexapeptide repeats (H2) which have been identified
to be largely implicated in amyloidogenesis shown to be exposed in the global structure
of the GSK-3f phosphorylated Tau. This indicates that, GSK-3f phosphorylated Tau
could be a probable cause of observable Tau aggregation. This is similar to the finding by

Wilson et al, 2015[121].
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(B)

175-180 331-336

Figure 5.5: HDX-MS data and predicted conformation of Fyn phosphorylated Tau 441
protein : (A) Fyn phosphorylated Tau 441 was subjected to TRESI — MS HDX. The
isotopic exchange of unprotected labile protons on the amide backbone and amino acid
side chains with deuterium which marked the conformational change observed in Fyn
was observed in the Proline rich region (175 — 180aa, 212 — 221aa, and 226 — 230aa) and
the MTBR R3 region (331 and 336aa). (B) A predicted conformation showing deuterium
uptake in Tau 441 phosphorylated by Fyn: The cartoon shows the regions on Tau 441
that have their hydrogens in the amide backbone and amino acid side chains replaced by
deuterium. The deuterium uptake after the pTau Fyn sample was analyzed by MS-HDX
is indicative of Tau phosphorylation by Fyn. The regions marked blue on the Tau cartoon
(175 — 180aa, 212 — 221aa, 226 — 230aa, and the 331 and 336aa) were the regions that
showed high deuterium uptake. The conformational change observed in Tau after
phosphorylation was easily detected via the deuterium location on Tau.
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In AD, Fyn has been shown to bind and co-localize with Tau directly[166]. Dawn
et al. (2016) demonstrated that the proline residues P213, P216, P219 are critical for Tau:
Fyn interactions[167]. The HDX-MS data for Fyn phosphorylated Tau 441 validated Fyn
binding and co-localizing with Tau.

The highest deuterium uptake following Fyn phosphorylation of Tau 441 was
observed in 175 — 180aa, 212 — 221aa, and 226 — 230aa all in the proline rich domain and
331 and 336aa also in the R3 region of the MTBD.

Here, the data from the TRESI — MS HDX for phosphorylated Tau by Fyn also
showed high deuterium uptake in this region, indicative of the increased Tau /Fyn
interactions (Figure 5.5A).

As was observed in GSK-3f phosphorylated Tau 441, even though there were
observable intramolecular interactions in the PRD and the R3 region, the hexapeptide
repeats were again sequestered in the Fyn phosphorylated conformation (Figure 5.5B).

MARK4 phosphorylated Tau 441 was also subjected to TRESI — MS HDX. Like
the other kinases, specific regions showed high uptake of deuterium. While MARK4
showed different deuterium uptake in the different regions of Tau 441, the proline-rich
regions, specifically between 151 — 221aa, showed the highest amount of deuterium
uptake.

The R3 region amino acid sequence of 331 — 336 also showed considerable

uptake of deuterium uptake when Tau 441 was phosphorylated with MARKA4.
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Even though the tandem MS data showed increased phosphorylation in pSer262,
pSer305, pSer324, pSer352, pSer356, pSer416, and pSer435, with the most significant
intensities seen in pSer262, pSer258, pSer324, and pSer356 (Figure 5.2), the increased
uptake of deuterium in 151 — 221aa could be attributed to the change in conformation that
resulted when the sites above in Tau were phosphorylated.

The conformational changes led to the hydrogen in amide, hydroxyl, or thiol
groups in these regions being more prone to deuterium uptake. As it was observed in the
GSK-3p and Fyn phosphorylated Tau ensembles, the hexapeptide repeats that promote
Tau aggregation were here again sequestered despite the intramolecular interactions

observed in the PRD and the MTBR (Figure 5.6B).
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195-209 175-180 331-338

212-221 §

151-155

Figure 5.6: HDX-MS data and predicted conformation of MARK4 phosphorylated Tau
441 protein: (A) The HDX-MS data shows the distribution of deuterium uptake in
MARK4 phosphorylated Tau 441 subjected to MS - HDX. The proline rich domain (151
— 155aa, 175 — 180aa, 195 — 209aa and 212 — 221aa) and the MTBR R3 (331 and 336aa)
showed high deuterium uptake in Tau phosphorylated by MARK4. (B) A predicted
conformation showing deuterium uptake in Tau 441 phosphorylated by MARK4: After
Tau 441 was phosphorylated with MARK4, the phosphorylated Tau sample was
subjected to TRESI — MS HDX. The Tau 441 cartoon regions marked red (151 — 155aa,
175 — 180aa, 195 — 209aa, 212 — 221aa, and the 331 and 336aa) were the regions that
showed high deuterium uptake, which is an indicator of conformational change in Tau
after phosphorylation by MARK4.
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Protein phosphorylation is a post-translational modification process that involves a
series of sequence-specific kinases and occurs on specific residues. In eukaryotes the
amino acid phosphorylated are the serine(s), threonine(s), and tyrosine(s).

Hence, after the single kinase phosphorylated samples were subjected to TRESI
MS — HDX, multiple kinases phosphorylated Tau 441 deuterium uptake data, and their
predicted conformational changes were also evaluated. That is, the same multi-kinase
phosphorylated samples subjected to LC/MS/MS.

Since it has been established that different kinases phosphorylate Tau in the human
brain, it is imperative that possible specific kinase combinations that could lead to
conformational changes triggering the most aggregation in Tau protein be known.

For the purposes of this experiments, one kinase was first utilized to
phosphorylate Tau, after which a second kinase was also introduced to phosphorylate the
protein further.

Equal phosphorylation times were allotted to each kinase introduced so they have
the same time period to induce conformation changes if any.

The initial set to be investigated were the GSK-3f and Fyn kinase combinations.
The GSK-3p followed by Fyn sequentially phosphorylated Tau was the first to be
evaluated, i.e., GSK-3f was added to native Tau to phosphorylate it for 24 hours and
after Fyn was also introduced into the same reaction to further phosphorylate Tau for

another 24 hours.
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151-155

Figure 5.7: HDX-MS data and predicted conformation of GSK3 and Fyn sequentially
phosphorylated Tau 441: (A) Tau 441 was phosphorylated with GSK-3 followed by
Fyn. The phosphorylated Tau sample was subjected to HDX-MS to assess the
phosphorylation patterns and conformational changes using the deuterium incorporated in
the protein. Amino acids spanning from 151 — 155aa, 175 — 180aa, 265 — 274aa in the
proline rich region and 351 — 360aa in the MTBR R4 which showed the highest
deuterium uptake in the GSK-3f followed by Fyn Tau 441 phosphorylation indicated the
phosphosites on Tau 441 following the GSK-3p followed by Fyn kinase phosphorylation.
(B) HDX-MS data showing the deuterium uptake in Tau 441 phosphorylated with Fyn
followed by GSK-3f: Once Tau 441 was phosphorylated with Fyn followed by GSK-3p,
the phosphorylated Tau sample was evaluated by HDX-MS. Amino acids 151 — 155aa,
175 — 180aa, 265 — 274aa in the proline rich region and 351 — 360aa in the MTBR R4
showed the highest deuterium uptake, indicating the phosphosites on Tau 441 following
the GSK-3p followed by Fyn kinase phosphorylation. (C) A predicted conformation
showing deuterium uptake in Tau 441 phosphorylated by GSK-3 and Fyn: The cartoon
of Tau 441 phosphorylated with GSK-33 and Fyn shows the regions on Tau with high
deuterium uptake. The amino acids marked red (151 — 155aa, 175 — 180aa, 265 — 274aa,
and 351 — 360aa).
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After the GSK-3f followed by Fyn sequential phosphorylation as shown above, it
was observed that the deuterium uptake was high in 151 — 155aa, 175 — 180aa, 265 —
274aa, and 351 — 360aa regions of Tau 441, with the highest observed uptake seen at 351
—360aa 90 (Figure 5.7A). The next to be evaluated in the GSK-3p and Fyn kinase
combination was the Fyn followed by GSK-3 sequentially phosphorylated Tau sample.
The Fyn followed by GSK-3f sequential phosphorylation of Tau sample showed the
same deuterium uptake pattern (151 — 155aa, 175 — 180aa, 265 — 274aa, and 351 — 360aa,
with the highest observed uptake seen between 351 — 360aa) (Figure 5.7B) as
sequentially phosphorylated Tau using GSK-3f followed by Fyn. It is important to note
that irrespective of the GSK-3f and Fyn kinase order used to phosphorylation Tau, the
regions that showed an increase deuterium uptake were similar in both cases. The
deuterium uptake detection is equivalent to phosphorylation which is the cause of the
conformational changes observed in Tau due to phosphorylation by GSK-3f and Fyn.
The deuterium uptake observed in GSK-3p/Fyn and Fyn/GSK-3p phosphorylated Tau
ensembles showed considerable intramolecular interactions in the PRD and MTBR. Here,
the H1 hexapeptide repeat was partially exposed, indicating the potential of this kinase
combination to aggregate Tau (Figure 5.7C).

The next set that was assessed were the MARK4 and Fyn kinase combination.
Here, the first phosphorylation pattern to be evaluated was the MARK4 followed by Fyn

sequentially phosphorylation of Tau.
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Figure 5.8: HDX-MS data and predicted conformation of MARK4 and Fyn
phosphorylated Tau 441: (A) MS HDX evaluated phosphorylated Tau sample (MARK4
followed by Fyn kinase phosphorylation) showed that amino acids 8 — 12aa, 175 — 180aa,
195 — 209aa in the proline-rich region, and 308 — 312aa in the MTBR R3 showed the
highest deuterium uptake, indicating the phosphosites on Tau 441 following the MARK4
followed by Fyn kinase phosphorylation. (B) HDX-MS data showing the deuterium
uptake in Tau 441 phosphorylated with Fyn followed by MARK4:When Tau 441 was
phosphorylated with Fyn followed by MARKA4, the phosphorylated Tau sample was
assessed by MS HDX. Amino acids 8 — 12aa, 175 — 180aa, 195 — 209aa in the proline
rich region and 308 — 312aa in the MTBR R3 showed the highest deuterium uptake,
matching the phosphosites on Tau 441 following Fyn followed by MARK4
phosphorylation of Tau. (C) A predicted conformation showing deuterium uptake in Tau
441 phosphorylated with MARK4 and Fyn: Tau 441 was phosphorylated with MARKA4,
after which the phosphorylated Tau sample was subjected to TRESI — MS HDX.
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HDX-MS data showed increased deuterium uptake in Tau 441 at 8 — 12aa, 175 —
209aa, 195 — 209aa, and 308 — 312aa. The highest deuterium uptake was observed at 175
— 180aa (Figure 5.8A). This was followed by the Fyn and MARK4 phosphorylation
evaluation. When Tau 441 was phosphorylated by Fyn followed by MARK4
combination, the deuterium uptake was high in exactly the same regions (8 — 12aa, 175 —
180aa, 195 — 209aa, and 308 — 312aa regions, with the highest observed at 195 — 209aa
and 308 — 312aa) (Figure 5.8B) as it was observed in the MARK4 followed by Fyn
sequential phosphorylation order. With the regions of high deuterium uptake not
changing irrespective of the order in which the kinases were used to phosphorylate Tau, it
could be said that the phosphosites observed when specific kinases are used to
phosphorylate Tau 441 is dependent on the kinases used not on the order in which they
are used to phosphorylate the protein. Just as it was observed in the single kinase
phosphorylation of Tau, the hexapeptide repeats H1 and H2 were all sequestered in the
global structure of the phosphorylated ensembles of the MARK4 and Fyn kinase
combinations (Figure 5.8C). Thus, making this sequential kinase combination less prone
to initiating Tau aggregation.
5.4 Conclusions
A change in Tau protein conformation has strongly been linked to Tau
phosphorylation, and this is essential for the study of pathology[125][126]. While the
phosphorylation of some sites on Tau promoted Tau detachment from microtubules,
phosphorylation of some other sites also promotes Tau aggregation[170]. In recent years,
diverse techniques have been employed to identify specific conformational changes that

are associated with certain phosphosites. Here, single, and sequentially phosphorylated
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Tau 441 were evaluated with LC in tandem with MS and TRESI MS-HDX. The
phosphosites from the singly or sequentially phosphorylated Tau using LC/MS/MS
coupled with data from the HDX-MS were used to identify the phosphosites on Tau and
also to describe the structure, conformational dynamics, and aggregation proneness of
Tau.

All the single kinase phosphorylated Tau samples showed phosphosites unique to
only the kinase used. On the other hand, the multiple kinase phosphorylated Tau
combinations evaluated showed irrespective of the kinase that was used in the 2-way
kinase sequence explored, the phosphosites observed were not affected. Also, the TRESI
MS-HDX also showed the two hexapeptide repeats, H1 and H2 largely sequestered in the
single kinase phosphorylated Tau samples. However, the GSK-3/Fyn and Fyn/GSK-33
sequential phosphorylated Tau samples showed the partial exposure of the first
hexapeptide repeat (H1), indicating the ability of this kinase sequential combination

promoting amyloidogenesis in Tau.
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CHAPTER SIX

CONCLUSIONS AND FUTURE WORK

6.1 Conclusions

Since Alzheimer’s disease still has no cure, there is the need to identify the
phosphorylation patterns which causes conformational changes in Tau, an intrinsically
disordered protein which is at the center of this neurodegenerative disease. Although
aggregated and/or hyperphosphorylated Tau forms are considered potential therapeutic
targets for Alzheimer’s disease and other tauopathies, there is still more work to be done
to determine the Tau epitopes and Tau forms to target. GSK-33, MARK4, and Fyn from
the three main classes of kinases that phosphorylate Tau on several sites had their
phosphorylation patterns and conformational changes evaluated to confirm which kinase
or kinase combination promoted the most aggregation. I hypothesized specific
phosphoproteins exbibit preferential aggregation properties and conformational changes.
This hypothesis was tested out by first phosphorylating Tau using GSK-33, MARK4, and
Fyn, confirming phosphorylation with western blots and LC/MS/MS, and then assessing
the ability of pTau to aggregate after incubation with fluorescence assays. Phosphorylated
Tau conformational changes for the various pTau samples were evaluated with HDX-MS.

After the expression and purification of all 6 Tau isoforms from E. Coli cells
(Chapter 2), their aggregation properties were evaluated in the presence of heparin, a
polyanionic polymer. All 6 isoforms showed aggregation, with the highest F.I recorded in

Tau 412 and the least in Tau 352. TEM analysis also showed the formation of fibrils and
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filaments in all six isoforms, confirming the aggregates formed were B-pleated sheets.
The ability of each isoform to aggregate confirmed the involvement of all the isoforms in
Tau fibrillization in different tauopathies. This proof of principle was critical as the
recombinantly expressed and purified Tau must mimic the properties human Tau has in
vivo. Tau protein plays a key role in axonal transport, tubulin assembly and microtubule
stabilization. The detachment of Tau and its aggregation disrupts these functions. MTBR,
a domain on Tau’s role on Tau aggregation and deposition has been studied extensively.
However, the role of the N-terminal acidic repeats in Tau aggregation is not known. With
the Tau isoforms been developmentally synthesized, their ability to co-exist and
aggregate based on the number of N-terminal acidic repeats each has was investigated.
The 1N and 2N N-Terminal acidic repeats showed the most aggregation with time, with
the p -value (0.8232) showing no statistical difference between F.I readings at day 14.
Their aggregation into fibrils and filaments was confirmed using transmission electron
microscopy (Chapter 3). This finding may support the involvement of the N-terminal
repeats in Tau aggregation since the isoforms without N repeats did not show any
increased aggregation at day 14.

With hyperphosphorylated identified as the major cause of Tau fibrillization, the
role of kinase activity to upregulate Tau aggregation overtime via extensive fibril and
filament formation was also evaluated. Sulfated aminoglycans including heparin have
also been shown to co-localize with Tau causing Tau aggregation. Hence, the
phosphorylation patterns and aggregation properties of phosphorylated full-length Tau
with and without heparin was assessed in Chapter 4. The aggregation studies of single
and multi-kinase were assessed after phosphorylation of Tau by GSK-33, MARK4, and
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Fyn was confirmed by immunostaining. Although single kinase phosphorylated Tau 441
did not show aggregation over time in the absence of heparin, the reverse was observed
when phosphorylated Tau was induced with heparin. The highest fluorescence intensity
was observed in GSK-3p and MARK4 phosphorylated Tau 441 on the 5™ day maintained
through the 7" day (p-value = 0.8981). A drop in F.I was observed on day 14. This can be
attributed to the apparent cloudiness that made the samples turbid. SDS-PAGE also
confirmed the formation of SDS-resistant aggregates characteristic of Tau aggregation.
The multi-kinase phosphorylated Tau showed similar trends. There was no aggregation
observed in the Tau samples sequentially phosphorylated in the absence of heparin.
Although the increase observed for GSK-33/MARK4 at day 7 was very little, it was
statistically significant (p-value = 0.00653). As expected, the presence of heparin-induced
significantly higher F.I readings in the multi-kinase samples. Here, the highest F.I was
observed in the GSK-3p/Fyn combination on also on day 7. Likewise, a drop in F.I was
also observed on day 14, and there was noticeable cloudiness that also made the samples
turbid. SDS-PAGE also confirmed the formation of insoluble aggregates.
Phosphorylation was observed to not contribute to the increase in F.I observed in both
single and multi-kinase phosphorylated Tau 441 but rather contributed to the formation of
lower molecular weight products in the presence of heparin.

To further confirm phosphorylation and characterize the phosphorylated sites in
the single and sequentially phosphorylated Tau 441, the samples were subjected to
LC/MS/MS (Chapter 5). Tandem MS detected the phosphorylated sites of GSK-3p to be
S199, S396, S400, and S404. For MARK4, the sites characterized were S262, S305,
S324, S325, S356, S416, and S435. While in Fyn, all the tyrosine residues on Tau, Y18,
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Y29, Y310, Y316, and Y394 were phosphorylated. In the sequentially phosphorylated
Tau, GSK-3B/Fyn and Fyn/GSK-3p presented with the same sites, Y394, S396, S400,
and S404 as the same sites mainly phosphorylated. The MARK4/Fyn and Fyn/MARK4
phospho-combination also mainly phosphorylated S356 and Y394. Also, the MARK4/
GSK-3p sites were characterized as S352and S356 awhile that of GSK-33/MARK4 was
characterized as S396, S400 and S404.

The conformational changes that were observed via phosphorylation with TRESI
MS — HDX were used to describe the amyloidogenic properties of Tau (Chapter 5).
Although all 3 kinases, in the single kinase phosphorylated Tau 441 adopted
conformational changes distinct from each other, the hexapeptide repeats H1 and H2,
identified as the promoter of aggregation in Tau 441 remained largely sequestered in
pTau/MARK4 and pTau/Fyn. The second hexapeptide repeat (H2) remained exposed in
pTau/GSK-3p, indicating GSK-3f phosphorylated Tau could be a probable cause of Tau
aggregation. Although the single kinase phosphorylation did not show Tau aggregation
overtime as it was hypothesized, different conformational changes were observed for the
differentially phosphorylated single pTau samples. There observed Tau fibrillization as
proposed to be due to hyperphosphorylation may be due to several kinase activities rather
than just one as observed. In the multi-kinase phosphorylations, the conformation
observed for any 2 specific kinases combinations used were the same irrespective of the
order in which the kinases were employed to phosphorylate Tau. was added to
phosphorylate the protein. Similarly, the same conformation was also observed
irrespective of the order in which the kinase was added to induce phosphorylation. The
GSK-3B/Fyn and Fyn/GSK-3f sequential phosphorylated Tau combination showed the
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partial exposure of the first hexapeptide repeat (H1), indicating the ability of this kinase
combination to promote amyloidogenesis in Tau. Here too, even though multi-kinase in
the absence of heparin did not also show increased F.I readings, conformational changes
observed were based on the kinase used for the phosphorylation. Confirming the
hypothesis that specific kinase phosphorylated proteins exhibit a preferred conformation.

However, the given these findings, the structural and functional investigations of
Tau protein as a function of hyperphosphorylation pattern by multiple protein kinases
needs to be further investigated extensively and the study must be designed so as to
mimic the biological setting more closely.

6.2 Future work

Many neurodegenerative conditions, including Alzheimer's disease (AD) are
characterized by intracellular aggregation of pathogenic proteins. Tau, one of the two
proteins implicated in AD gets modified at several sites via hyperphosphorylation and
this promotes the formation of neurofibrillary tangles (NFTs).

For my future work, to further probe the phosphorylation patterns, aggregation
properties and morphological changes of Tau 441, I would phosphorylate Tau with all 3
kinases sequentially, characterize their phosphosites and their corresponding
conformational changes. The selected protein kinases and the order of phosphorylation
may be important and that is why there is the need to investigate this further. Isoform-
specific studies would also be done because of their biological relevance. In addition, cell
toxicity assays would also be done to provide information on toxicity of the various

aggregated isoforms on neuronal cells.
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Besides phosphorylation, which is the commonest post translational modification
(PTM) process that promote protein aggregation in eukaryotic cells, caspase cleavage of
Tau at specific sites on Tau have also been identified to promote Tau aggregation. With
most aggregation studies done being in vitro, the ability to track how
hyperphosphorylation occurs in intact cells in a quantitative manner using a high-
throughput system would give more cellular and molecular insights into AD disease

pathogenesis.

Thus, I would transfect full length Tau 441 and caspase cleaved Tau 441 into
human embryonic kidney (HEK) cells. I would then examine the cell - based
fluorescence resonance energy transfer (FRET) efficiency in the presence of
constitutively active kinase or kinase dead MARK4, Fyn and GSK-3. This will be done

to assess the aggregation propensity and morphological changes induced in Tau in vivo.
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APPENDIX
PROTEOSTAT ASSAYS, TURBIDITY ASSAYS AND SDS-PAGES

SUPPLEMENTARY DATA
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(A)

Aii Aiii

1 — nTau (non-phosphorylated Tau)
2 - pTau (phosphorylation by GSK-3p)
3 - pTau (phosphorylation by MARK4)
4 - pTau (phosphorylation by Fyn)

Figure A.1: SDS-PAGE of single phosphorylated Tau with heparin: (A1) SDS-PAGE of
phosphorylated Tau 441 in the presence of heparin (phosphorylation time = 24 h;
phosphorylation temperature = 37 °C; ageing time = 0 days; ageing temperature = 37 °C
(Aii) SDS-PAGE of phosphorylated Tau 441 in the presence of heparin

(phosphorylation time = 24 h; phosphorylation temperature = 37 °C; ageing time = 7
days; ageing temperature = 37 °C; (Aiii) SDS-PAGE of phosphorylated Tau 441 in the
presence of heparin (phosphorylation time = 24 h; phosphorylation temperature = 37 °C;
ageing time = 14 days; ageing temperature = 37 °C.
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(B)

kDa

25

1 — Tau 441 (No heparin, Day 0)
2 —Tau 441 (No heparin, Day 7)
3 - Tau 441 (No heparin Day 14)
4 - Tau 441 (Heparin, Day 7)

5 - Tau 441 (Heparin, Day 14)

Figure B.1: SDS-PAGE of Tau with and without heparin: SDS-PAGE of non-
phosphorylated Tau 441 with and without heparin aged overtime (ageing time = 14 days;

ageing temperature = 37 °C.
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Figure F.1: Proteostat assay of MARK4 and GSK3(with and without heparin, with and
without ATP and with and without substrate): Proteostat aggregation assay fluorescence
intensities as a function of Tau 441 phosphorylation using multiple kinases: with and
without heparin, with and without substrate and with and without ATP; (phosphorylation
time = 48 h; phosphorylation temperature = 37 °C; ageing time = 14 days; ageing
temperature = 37 °C). {Graph = Mean £+ SD, n value = 9}.
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Figure G.1: Turbidity assay of MARK4 and GSK (with and without heparin, with and
without ATP and with and without substrate): Turbidity assay as a function of Tau 441
phosphorylation using multiple kinases with and without heparin, with and without
substrate and with and without ATP; (phosphorylation time = 48 h; phosphorylation
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Figure H.1: SDS-PAGE of sequentially phosphorylated Tau with heparin: (Hi) SDS-
PAGE of sequentially phosphorylated Tau 441 in the presence of heparin
(phosphorylation time = 48 h; phosphorylation temperature = 37 °C; ageing time = 0
days; ageing temperature = 37 °C (Hii) SDS-PAGE of phosphorylated Tau 441 in the
presence of heparin (phosphorylation time = 48 h; phosphorylation temperature = 37 °C;
ageing time = 7 days; ageing temperature = 37 °C; (Hiii) SDS-PAGE of phosphorylated
Tau 441 in the presence of heparin (phosphorylation time = 48 h; phosphorylation
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