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1.1 Neurodegenerative diseases

Neurodegenerative diseases (NDs) involve loss of brain function in part or whole depending on the
region affected, stage and progression of the pathology'. In general, neurodegenerative diseases are
slow progressing and become aggressive with age with few exceptions of early onsets due to genetic
mutations. Neurodegeneration is generally manifested in the form of two clinical symptoms. These
include diseases with cognitive clinical symptoms or motor symptoms. The symptoms are accounted
for, by the loss of set of neurons responsible for cognition or motor abilities. The major causes for the
neurodegeneration are enlisted as genetic mutations or sporadic proteinopathies. The genes involved in
neurodegeneration are microtubule-associated protein Tau (MAPT), FUS, TDP-43, progranulin,
presenilin etc. Proteinopathies involve added pathogenic gain of function to the cellular proteins due to
variety of factors like mutations, environmental stress, abnormal processing and post-translational
modifications (PTMs). Neurodegenerative diseases involving such proteinopathies include Alzheimer’s
disease (AD), Parkinson’s disease (PD), Huntington’s disease (HD), and Amyotrophic lateral sclerosis
(ALS) efc. These diseases involve misfolding, aggregation and accumulation of proteins in the neurons
increasing the load on the clearance machinery and finally leading to neuronal death. These patho-
proteins do not remain restricted to a single brain region but rather spread across the synaptically
connected regions spreading the pathology**. Additionally, other cellular systems including ubiquitin-
proteasomal system, oxidative stress, mitochondrial dysfunction, disturbed bioenergetics, and
neuroinflammatory pathways also play a key role in pathogenesis of the disease. The proteins involved
in the NDs are amyloid-p and Tau in AD, a-synuclein in PD, Huntingtin in PD and SOD1 in ALS.

Loss of neuronal integrity and
degeneration

Figure 1.1. Physiological and pathological role of Tau. The hippocampus region of the brain is responsible for memory
formation and storage and is composed of neurons. Neuronal structure is essential for its functions and microtubules and its
associated proteins like Tau play a pivotal role in this aspect. A) The physiological role of Tau protein is to stabilize the axonal
microtubules and aid in normal vesicular transport and neuronal functioning. B) In diseased state, Tau is subjected several
insults and modifications, which leads to decreased affinity for the microtubules and their destabilization. Microtubule
destabilization disrupts the vesicular transport and neuronal functioning. The modified Tau dissociates from microtubules and
self-interact to form Tau oligomers, which act as seeds for paired helical filament formation. C) A pathology in AD is
characterized by faulty processing of membrane bound Amyloid Precursor Protein (APP) by a and B pathways. The processing
of APP by a- secretases is non-amyloidogenic. But cleavage of APP by B-secretases followed by y-secretases releases AB-42
peptides. These sticky peptides are amyloidogenic, which aggregate and accumulate to form extracellular plaques, which
disturb the synaptic transmission and lead to neuronal dysfunction finally leading to neuronal death. The figure is reproduced
from Sonawane et al., JOMN, 2018.

1.2 Alzheimer’s disease

Alzheimer’s disease is the most common type of dementia accounting for 60-80 % of the total dementia
cases. AD is characterized by progressive memory deficits, behavioral alterations, poor judgement and
motor deficits in the very late stages of the disease’. Anatomically, the region of the brain that is affected
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in AD is hippocampus, which is located under the cerebral cortex. The hippocampus is the seat of
memory storage and formation. It is divided into following regions CA1l, CA2, CA3, CA4, dentate
gyrus, subiculum and entorhinal area’. In AD, the hippocampal areas get affected in stage specific
manner with the disease progression’. Two types of pathologies affect the hippocampus in AD, the extra
neuronal amyloid beta plaques and intra neuronal Tau tangles (Fig. 1.1).

In neuronal cells, the amyloid precursor protein (APP) is encoded as a 695 amino acids containing
single trans membrane protein. This protein is cleaved sequentially by o, B and y secretases in normal
physiological conditions’. The mutations in the APP gene cluster especially near the cleavage sites and
lead to abnormal processing of the APP giving rise to increased formation of AB-42 peptide®. This AB-
42 peptide is prone to aggregation and deposits on the external neuronal membrane affecting its function
and neuronal synapses’. The other important pathological event leading to AD is formation and
deposition of Tau tangles. Tau is a microtubule-associated protein aiding in microtubule dynamics and
cargo transport. Under stress conditions or due to excessive post-translational modifications like
phosphorylation, glycation, truncation efc., Tau dissociates from microtubules and self-associates to
form oligomers and subsequently Tau paired helical filaments (PHFs). This causes microtubule
destabilization and disruption of neuronal architecture leading to degeneration of neurons'’.

1.3 Tau protein

Tau was discovered in 1975 as a heat-stable fundamental factor for microtubule assembly'"'%,
Subsequently, the purification procedures and the physico-chemical properties of Tau were
discovered". The phosphorylated status of Tau by various kinases and its significance in microtubule
assembly was reported in the following studies but its pathogenic impact in neurodegeneration was
realized by the studies done by Grundke-Igbal and group in 1986. They reported hyperphosphorylated
Tau to be the major component of the neurofibrillary tangles found in AD'. Tau is a 441 amino acid
containing protein found in the axons of the neuronal cells. Human Tau has 6 isoforms based on the
alternative splicing of the Tau gene, which is located on the q arm of chromosome number 17'°. The
longest isoform of human Tau40 is 441 amino acids long and is broadly divided into two domains, the
N-terminal projection domain and the C-terminal microtubule-binding domain. The N-terminal has two
inserts, which are recently reported to impact the global conformation of Tau and its complex with
tubulin'®. The C-terminal of Tau consists of 4 imperfect repeats (R1 to R4) of ~30 amino acids each.
These play a crucial role in physiological as well as pathological role of Tau. Based on the presence of
repeat 2, Tau isoforms are divided into 3R and 4R isoforms. The 3R isoforms predominate in fetal brain
and resist aggregation'’. The repeats interact with microtubules and aid in their dynamic instability. Tau
binds the tubulin dimers at the interface of a and 8 tubulin heterodimers via the conserved residues that
are also essential for the pathogenic misfolding of Tau'®. In addition to the repeats, the upstream and
the downstream flanking regions augment the binding of Tau to the acidic exterior of the microtubules
famously called as the Jaws model for the Tau-tubulin interaction'®. The repeats involved in the
mechanistic function of Tau also acts as a core for its pathogenic aggregation. Tau aggregation proceeds
via various stages beginning with nucleation, which requires Tau dimerization, as dimers acts potential
elementary unit for nucleation. A nucleus composed of 8-14 monomers is sufficient for Tau PHFs
formation®’. The in vitro Tau polymerization is induced by either polyanions like heparin and RNA or
fatty acids such as arachidonic acid. In the neurons, Tau aggregates due to various reasons especially
due to hyperphosphorylation. Tau belongs to the class of intrinsically disordered proteins (IDPs) with
no rigid secondary structure. It is a highly flexible protein but adopts transient secondary structure on
binding with its interacting partners like microtubules and nucleic acids. Tau is reported to adopt
transient a-helical structures on interaction with microtubules as well as on phosphorylation®'*. In
solution, Tau adopts a hairpin/paperclip conformation wherein the C-terminal folds upon the repeats as
well as N-terminal forming a paperclip structure. The N-terminal stays away from the repeat region®.
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The aggregation of Tau is accompanied by formation of B-sheet rich structure in the PHFs as opposed
to random coil conformation of the native protein**. Thus, a natively unstructured protein Tau, forms
orderly parallel or anti-parallel arrays on self-association leading to loss of mechanistic function and
gaining toxic transition leading to disease pathology®.

1.4 Role of Tau in AD and other Tauopathies

The neurofibrillary tangles of Tau are one of the major reasons for pathological manifestations of AD.
Several causal events for this pathology have been reported with hyperphosphorylation being the most
acclaimed. Hyperphosphorylation is known to induce and precede Tau aggregation®?.
Phosphorylation is thought to cause a conformational change in Tau such that the action of PP2a
phosphatases is hampered and the aberrant Tau assembly is enhanced®. The cytotoxic effect of Tau
aggregation results due to excess Tau levels as the hyperphosphorylated Tau sequesters normal Tau and
affects the Tau-mediated microtubule stabilization. The loss of microtubule dynamics along with
accumulation of Tau aggregates lead to cytotoxity and neuronal death in AD. The pathological features
of Tau like increased levels, abnormal phosphorylation and aggregate formation is common to many
Tauopathies including Pick’s disease, Down’s syndrome, corticobasal degeneration, Frontotemporal
Dementia with Parkinsonism Linked to Chromosome-17 (FTDP-17), Progressive supranuclear palsy
(PSP) etc. Frontotemporal dementia displays behavioural changes, aphasia, disinhibition, impulsivity
etc. The brain morphology changes associated with FTDP-17 is atrophy of the frontotemporal lobes
with asymmetric degeneration”. The role of Tau in FTDP-17 pathology was confirmed after the
mutations in the Tau gene locus 17q21-22 were reported®’. These mutations are autosomal dominant
and include both intronic and exonic mutations. The intronic mutations affect the alternative splicing of
the exon 10 and results in increased 4R Tau isoforms. This mutation lies at the 5° splice site of exon 10
and mechanistically affects a stem loop structure in the RNA, which is involved in regulating the
splicing of exon 10 *'. The increased 4R Tau isoforms are related to Tau aggregation as the studies with
sarkosyl insoluble Tau extracted from the deposits in familial multiple system Tauopathy with presenile
dementia (MSTD) showed dominance of 4R Tau****. Additionally the tip of balance between the 3R
and 4R Tau isoforms alters the aggregation pattern, filament length, which have been implicated in the
pathogenesis.

The missense Tau mutations occur in the exons of Tau and alter the splicing as well as total Tau levels.
The missense mutations of Tau altering its functionality include P30I1L, R406W, G272V, and V337M
among others. The missense mutations occur in the functional microtubule-binding domain of Tau,
which either alters its microtubule interactions or enhances aggregation or both***. The mutations
enhancing Tau assembly include G303V, G272V, P301L, S352L and S320F*. The microtubule
assembly in presence of FTDP-17 mutant Tau shows discreet patterns. Mutant Tau P301L, G303V and
S320F decline the pace of microtubule assembly whereas V337M and E342V escalate the tubulin
assembly. The FTDP-17 mutations are common in AD pathogenesis as well an account for 2-5 % of
cases and leads to early onset’’*. The FTDP-17 mutations have been reported to modulate the
phosphorylation and glycation pattern of Tau (Fig. 1.2). The FRET sensor studies reveal the impact of
FTDP-17 mutants of Tau conformation and microtubule interactions.
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Figure 1.2. MG-induced glycation of Pseudophosphorylated and FTDP-17 mutants. The wild type Tau consisting of 441
amino acids is composed of two major functional domains namely the N-terminal projection domain and C-terminal
microtubule-binding domain. The projection domain consists of 2 inserts and the microtubule region comprises of proline-rich
region and 4 imperfect repeats. These repeats play a major role in microtubule binding and their stabilization. The reaction of
wild type Tau with methylglyoxal leads to moderate glycation whereas the glycation of pseudophosphorylated double
(262/396D, 262/231D) and triple mutants (S396D/T403E/S404D) leads to enhanced glycation as compared to wild type Tau.
On the other hand, the dementia mutant P301L showed increased glycation propensity as compared to wild type Tau.

The wild type Tau when bound to microtubules takes up hairpin conformation with decreased distance
between N and C-terminal with increased FRET signal. On the other hand, the presence of P301L
mutation extends the conformation of Tau even when bound to microtubules as witnessed by decreased
FRET signals®. Thus, the FTDP-17 mutants modulates the self-assembly and microtubule-binding
affinity of Tau by altering the phosphorylation pattern and protein conformation.

1.5 Tau PTMs and their impact on Tau physiology and pathology

Post-translational modifications are generally enzymatic covalent modifications of the amino acid side
chains or the terminals of the nascent peptide, which are essential in its folding or functional activation.
Tau is also subject to varied PTMs, which either enhance its aggregation and hamper its physiological
functions or prevent its aggregation. Tau becomes more prone to modification given its flexibility and
lack of rigid secondary structures exposing the amino acids to PTMs.

1.5.1 Phosphorylation

The most extensive modification of Tau is phosphorylation. Tau is a phosphoprotein with 2 phosphates
per Tau molecule found in the normal adult brain®’. Tau has 85 potential sites, which can be
phosphorylated which include 80 serines+threonines and 5 tyrosines. The tip of balance in the kinase
or phosphatases activities in AD leads to hyperphosphorylation of Tau. In AD, Tau phosphorylation
increases abnormally to 8 or more phosphates per molecule of Tau*’. The hyperphosphorylated Tau
self-associates to form the paired helical filaments and curtails its microtubule-binding affinity. The
toxicity of phosphorylated Tau does not depend on extent or single residue phosphorylation but is
influenced by combination of phosphorylated residues that cause toxicity in vivo. Phosphorylation of
Tau is detected by various epitope-specific antibodies such as AT8* (S202/T205), AT100 (S212/T214),
AT180 (T231), AT270 (T181), PHF-1 (S396/S404), PHF-6 (T231), which also serve as the diagnostic
markers for AD*"*2, Tau is phosphorylated by proline and non-proline-directed kinases. Proline-
directed kinases essentially phosphorylate the serine/threonine residues followed by a proline residue.
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These are termed as SP/TP motifs and Tau has 14 such motifs*. The proline-directed kinases that
phosphorylate Tau include CDKS5, GSK-3B, cdc2, MAPK and JNK. The other motifs, which, are highly
phosphorylated in Tau, include KXGS sites in the repeat regions of Tau. Each repeat has one KXGS
motif, which is phosphorylated by non-proline directed kinases like MARK and AMPK family of
kinases. Phosphorylation of Tau at specific residues is known to disrupt its microtubule interaction and
hamper the microtubule assembly. For example, the phosphorylation at S262 by MARK kinase in repeat
1 abolishes Tau’s microtubule binding affinity in AD brain*. In addition to the microtubule-binding
repeats, the flanking as well as the far-off regions also play a role in Tau’s activity of microtubule
polymerization as well as self-assembly®. The tyrosine-phosphorylated and regulated kinase 1A
(Dyrk1A) mediated phosphorylation of the proline-rich domain of Tau have mild effect on Tau’s
activity and self-assembly**“°. The phosphorylation at S396 and S404 by GSK-3B enhanced both the
microtubule assembly as well as self-assembly of Tau. The phosphorylation of Tau over a longer span
covering the proline-rich region till the C-terminal tail by cAMP-dependent protein kinase (PKA)
inhibited 70% of Tau’s activity disrupting the microtubules*’. In addition to the action of individual
kinases, interplay of two or more kinases also leads to enhanced Tau phosphorylation. One such
example is the GSK-3f, which readily phosphorylates the pre-phosphorylated or primed substrates. The
priming of Tau by PKA enhances the GSK-3B-mediated Tau hyperphosphorylation and memory
impairments in adult rats*’. While most of the kinases lead to Tau hyperphosphorylation and impair
microtubule binding, the peptidyl-prolyl cis/trans isomerase Pinl enhances Tau-microtubule
interaction. The levels of Tau with phospho-threonine 231 increase with AD progression and decrease
the ability to bind microtubules. Pin 1 binds to pT231 Tau and causes a conformation change by
cis/trans isomerization such that the microtubule-Tau interaction is re-established®. It also leads to
dephosphorylation of Tau by making the phosphorylated residues accessible to PP2a phosphatase®.
The exact mechanism by which hyperphosphorylation leads to Tau aggregation is still unclear but the
in silico molecular dynamics and simulations have revealed the exposure and attraction of Tau repeats
on hyperphosphorylation and increased forces of repulsion between N- and C-terminals depending on
the phosphorylated sites.

Other Tau PTMs

Though phosphorylation plays a key role in Tau pathology, several other PTMs either accelerate or
prevent it. The non-enzymatic glycation of Tau has been reported to stabilize the PHFs in the AD brain.
The sites of glycation have been mapped to be present in the functional domain in majority thus
lowering the microtubule affinity.

1.5.2 Ubiquitination

Ubiquitination is the modification involving addition of a chain of ubiquitin molecules to the lysine
residues of the target protein marking it for the ubiquitin-proteasome system-mediated proteolytic
degradation. The PHFs purified from the AD brains were found to be ubiquitinated at the lysines in R1
and R4°'. The role of ubiquitination on Tau biology is still debatable. The C-terminus of the Hsc70-
interacting protein (CHIP), an E3 ligase, ubiquitinates Tau, inducing its proteasomal degradation®’. This
may occur in physiological as well as pathological conditions irrespective of Tau
hyperphosphorylation®. Nevertheless, it has been reported that hyperphosphorylation is a requirement
for the recognition of Tau by CHIP-Hsc70 complex with an E2 ligase®. The molecular chaperone
Hsp70 interacts with Tau and is known to suppress the activity of CHIP thus, having opposing effect
on Tau ubiquitination. The levels of CHIP and Hsp70 were found to increase in AD>. The
overexpression of CHIP in the cell based system demonstrated accumulation of aggregated Tau>>. By
contrast, the mouse model system devoid of CHIP demonstrated presence of insoluble aggregated Tau™.
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Thus, the intricate molecular events of Hsp70-CHIP complex might play a major role in Tau
ubiquitination in physiology and pathology.

1.5.3 Acetylation

Acetylation modifies the N-terminal of majority of human proteins and plays a key role in epigenetic
modulation by acetylating the histone proteins. It is an enzymatic modification involving the addition
of acetyl group from acetyl-CoA to the lysines of target protein by acetyltransferases. The in vitro
acetylation adds an overall of 6 acetyl groups per Tau molecule®. The major putative sites of Tau
acetylation reside in the microtubule-binding domain with few lysines in the proline-rich domain. The
highly acetylated lysines include K163, K240, K280, K281, K294 and K369°". Of the 23 apparent
acetylation sites, the ones, which regulate Tau function, include K174, K274, K280, and K281.
Acetylated K280 Tau is detected in NFTs and is absent in control brains. Additionally, acetylation at
this site plays a role in Tau fibrillization and reduces microtubule affinity>®. The Drosophila model of
acetylation-mimic mutant Tau K280Q demonstrated increased phosphorylation at epitopes S62 and
T212/S214 pointing out the toxic effect of Tau acetylation®”. Acetylation of K274 and K281 hampered
the cytoskeletal architecture in the axon initial segment (AIS) in the acetylation mimicking mutant
(K274/281Q) mice and primary neurons by destabilizing the microtubules. The disruption of
microtubule network barrier in AIS leads to Tau missorting to somatodendritic compartment®. The
acetylation of K174 in the proline-rich region leads to reduction in Tau clearance, elevated levels of
Tau and induce memory and behavioural deficits®'. Taken together, Tau acetylation can enhance the
pathology by two mechanisms. Firstly, since the sites of Tau ubiquitination and acetylation are same,
acetylation would prevent Tau ubiquitination stalling its degradation via UPS leading to Tau
accumulation. This would cause formation and build-up of Tau aggregates, which would be difficult to
clear. The second mechanism involves disruption of Tau’s function of microtubule binding due to
charge neutralization of Tau, which impairs its ability to bind the negative charges on microtubules.

1.5.4 Methylation

Methylation of Tau has been discovered relatively recently. Methylation modifies lysine and arginine
residues. Although, Tau from AD brains is methylated at 7 residues, methylated Tau is also found in
normal brains®*. The methylated residues are K180, K267, K290, R126, R155 and R349%. Similar to
acetylation, methylation sites also overlap with the sites of ubiquitination and prevent Tau degradation.
Additionally S262 is found to be often phosphorylated in presence of methylated K267%. Since,
methylation is found to play a role in protein-protein interactions, it has been postulated that methylation
might enhance the self-assembly of Tau leading to its aggregation.

1.5.5 Truncation

In addition to all above PTMs, Tau also undergoes truncation as one of its modification, which is
thought to be an early event in the Tau pathology in AD. Tau is a substrate for various proteases like
caspases, calpain, thrombin efc. and the aberrant proteolysis is known to occur with aging®.
Moreover, the activity of caspases is reported to be enhanced in AD brains. Caspases cleave Tau at
several residues, especially capsase-3, which proteolytically cleaves Tau at aspartic acid-421 (D421)
causing C-terminal truncation®”*®, D421 truncated Tau is enriched in the AD brain extracts®. The D421
Tau enhances the Tau aggregation as compared to the full-length Tau in vitro. The presence of D421
truncated Tau is preferentially observed in the early stages of AD®. It has been postulated that the C-
terminal truncation induces the conformational changes in the Tau molecule with truncated N-terminal
such that it increases the interaction between PRD and RD contributing to stabilization of the Tau
filaments’’. Another C-terminal truncation is reported at Glutamate-391 (E391) and presence of this
truncated Tau was in accordance with the progress of dementia by Braak staging. The in vitro
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biochemical analysis showed enhanced assembly rate as compared to full-length Tau on induction with
arachidonic acid’'. In addition to C-terminal truncation, Tau also undergoes N-terminal truncation at
Q26 generating a 20-22 KDa fragment, which accumulates at the synaptic terminals. This fragment
causes altered mitochondrial trafficking hampering the neuronal transmission”. Thus, the Tau
truncation is an early event in AD pathology and is also known to induce other abnormal PTMs such as
glycation and ubiquitination, which enhance and stabilize the Tau inclusion in the later stages.

1.5.6 Glycation

The non-enzymatic post-translational modifications involve covalent reaction of the amino acid side
chains causing their functional and structural modulations. Carbamylation, carbonylation,
homocysteinylation, nitrosylation, and glycation, etc. are few examples of the non-enzymatic PTMs,
which are profoundly associated with disease pathologies”. Glycation of proteins modify the e-amino
group of the lysine chains by reaction with sugar or their reactive intermediates. Glycation proceeds
through 3 major phases with each consisting of multiple reactions (Fig. 1.3A). The initiation phase
involves early events of reactions of free amino group of the amino acids with reducing sugars to form
a Schiff’s base, which is relatively unstable. The Schiff’s base undergoes bond rearrangement reactions
to form more stable Amadori products™. The process of rearrangement requires the auto-oxidation
reactions, which yield the intermediates such as glyoxal, methyl glyoxal and 3-deoxyglucosone. These
are termed as reactive dicarbonyls and act as propagators of the glycation reaction as they independently
cause the glycation of proteins. This phase is known as propagation and involves rapid glycation of
proteins, as the propagators are 200-50,000 fold more reactive than glucose. Though, physiologically,
concentration of these dicarbonyls is 10,000-50,000 lower than glucose, the enhanced potency makes
them crucial players of glycation progression. In the late phase of glycation reaction, advanced glycation
end products (AGEs) are formed through series of oxidations, dehydration, crosslinking and
replacement reactions. AGEs-modified proteins undergo crosslinking, functional impairments due to
structural misfolding and accelerated aggregation. The pathogenicity of AGEs is executed by various
signalling events on interaction with the receptor for advanced glycation end products (RAGE). Binding
of AGEs with RAGE activates the transcription factor NF-kB, which increases the expression of genes
responsible for inducing oxidative stress and inflammation”. This results in increased levels of pro-
inflammatory cytokines, DNA damage and apoptosis causing disease complications like diabetes,
cataracts, atherosclerosis and neurodegenerative diseases including AD. The role of glycation in AD
was brought into being in the early nineties, when the immunolabelling revealed presence of advanced
maillard end products like pentoside and pyralline in the NFTs and senile plaques of AD brain tissue’®.
The AD brains contained 3-4 fold higher AGEs adducts as compared to healthy brains’’. This
modification was accounted for the longer half-life and insolubility of the proteins present in the lesions.
The studies for Tau glycation in the PHFs demonstrated similar results wherein Tau glycation was
prominent in AD brains and absent in non-demented brains’®. The further biochemical analysis of
glycated Tau in the PHFs confirmed the preferential glycation of lysines present in the repeat region of
Tau”. The assessment of in vitro glycated Tau disclosed 13 putative sites™ for glycation 6 of which are
present in the microtubule-binding domain (Fig. 1.3B). The functional consequence of Tau glycation is
its reduced affinity for the microtubules as well as induction of oxidative stress in the neuronal cells®'.
The biochemical and biophysical analyses of in vitro Tau glycation suggests that glycation is able to
shift the kinetic equilibrium towards polymerization of Tau but it cannot enhance Tau fibrillization®.
Glycation is proposed to modulate phosphorylation of Tau and enhance the aggregation of full-length
Tau as compared to other Tau isoforms®.
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Figure 1.3. Stages of general protein glycation and glycation sites in Tau protein. A) The non-enzymatic reaction of
protein and sugar termed, as glycation comprises of three major phases. The initiation phase includes the reaction of amino
group of amino acid side chain with sugar leading to formation of Schiff’s base and Amadori products. These reactions are
reversible under physiological conditions. In the next propagation phase of reaction, the auto-oxidation of sugar and the
products formed leads to the formation of reactive dicarbonyls such as glyoxal, methyl glyoxal and 3-deoxyglucosone. These
propagators are highly reactive and react rapidly with the proteins in a series of reactions forming products, which cannot be
reversed. The interaction of propagators with the proteins leads to excessive protein crosslinking, which constitutes the
advanced phase of glycation. The excessive cross-linking leads to protein misfolding, disrupting its structure and function.
Furthermore, glycation leads to protein aggregation and accumulation leading to cellular stress. The advanced glycation end
products (AGEs) formed as a result of protein glycation interact with their receptor aka RAGE (Receptor for Advanced
glycation end products) to induce oxidative stress and inflammation. Oxidative stress leads to cell death via DNA damage
whereas the inflammation leads to increased pro-inflammatory cytokines. Together this results in various disease
complications-like diabetes, cardiovascular disorders, neurodegenerative diseases efc. B) Tau protein undergoes glycation at
the 13 sites. Most of the glycation sites reside in the proline-rich and repeat region of Tau, which is involved in physiological
function of Tau of microtubule binding.

The glycation and formation of advanced glycation end products activate cascades of cellular signalling
which adds up to the AD pathology (Fig. 1.4). The activation of RAGE by AGEs triggers NF-kB
mediated increased expression of genes responsible for ROS generation, APP and pro-inflammatory
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cytokines. ROS further activates various cascades including activation of cell death pathway. The levels
of p53 and caspase-3 are increased with decreased bcl-2/bax ratio forcing the cell towards apoptosis
and neuronal death®. The ROS-mediated pathway also increases the expression and processing of APP
and generates AB*>®. The AP plaques deposition curtails synaptic transmission and accelerates AD
pathology. On the other hand, ROS activates series of kinases like JNK, GSK-3B, ERK ' and certain
Ca'? activated kinases like CAMK2B and AMPK. All these kinases hyperphosphorylate Tau leading to
tangles formation®’. JNK is also responsible for increasing activation of caspase-3, which truncates Tau,
and this truncated Tau is more prone to aggregation. Furthermore, RAGE signalling is also implicated
in cellular migration via the activation of Rac-2 and CD42 GTPases. The increased production of pro-
inflammatory cytokines also activates cell migration®. Also the increase in inflammation causes cell
death leading to neurodegeneration. Thus, glycation plays a significant role in the pathogenesis of AD.

Synaptic dysfunction
¥ AGEs
H

SRR

\\
[ & 3p
ERK 1/2
NF-xB
‘

|

;P'

Amyloid-B pIaques' \

s

F-actin

hyperphosphoryla(lon l
Cytoskeleton
Apoptosis regulation

* Tan truncation
Cell migration,
NEURONAL DEATH Neurite outgrowth

ROS generation Tau tangles /
Pro-inflammatory
’APP E pyoiines -_)

|

Figure 1.4. Downstream cascades of glycation in AD. The interaction of AGEs with its receptor RAGE activates various
cascades affecting the neuronal cells in AD. RAGE activation leads to ROS formation via activation of NF-kB and transcription
of ROS related genes. The ROS activate apoptosis pathway via activation of caspase-3. ROS generation also activates series
of kinases such as JNK and GSK-3B. RAGE signalling also activates kinases such as ERK1/2, CAMK2B and AMPK via
increased calcium influx. All these kinases (black boxes) lead to Tau hyperphosphorylation resulting in Tau tangles formation.
The activation of caspase-3 leads to Tau truncation and this truncated Tau is more prone to aggregation, which enhances AD
pathology. The RAGE-mediated activation of NF-kB leads to transcriptional activation of many genes including amyloid
precursor protein (APP) and pro-inflammatory cytokines. The increased expression of APP leads to amyloid plaques
formation, which, accumulate on the neuronal membrane leading to synaptic dysfunction in AD. The increase in levels of
cytokines like IL-6, IL-1P, TNF-a accelerates the process of inflammation leading to neuronal death. The inflammation and

RAGE signalling activates rho GTPase CDC42, which regulates actin cytoskeleton and enhance cell migration.

1.5.7 Dual modification of Tau (Pseudophosphorylation and glycation)

Post-translational modifications are one of the major causes of Tau pathology in AD. Abnormal
phosphorylation is a decisive factor in Tau pathology. The study of site-specific phosphorylation faces
certain obstacles in the in vitro kinase assay, as the sites to be modified cannot be controlled. In order
to achieve this, the serine and threonine amino acids are replaced by aspartic acid or glutamic acid.
Since, phosphorylation imparts a negative charge, these negatively charged residues mimic the charge-
based modification and the proteins bearing such replacements are termed as pseudophosphorylation
mutants®**, Such Tau pseudophosphorylation mutants have been employed in various studies. The
domain specific pseudophosphorylation has revealed discrete effects on Tau assembly with C-terminal
having an enhancing effect and N-terminal having an inhibitory effect*’. As mentioned above there are
some unique phospho-epitopes associated with Tau pathology in AD. One of these is epitope recognized
by antibody ATS i.e. Tau phosphorylated at S202 and T205. The functional relevance of AT8 epitope
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was determined utilizing the phospho-mimicking mutant with glutamic acid replacement. It was
revealed that this Tau shows enhanced self-assembly but does not affect the microtubule binding.
Moreover, the filament assembly is sensitive to Tau concentration’’. Another Tau phospho-mimicking
mutant T212E increases the aggregation propensity of Tau and generates degradation resistant
filaments. The mutant Tau shows increased nucleation rate for filament assembly®’. The study of
combinatorial phosphorylation at T231, S262, S396 and S404 for the microtubule assembly shows loss
of function for each of the single phospho-mimicking mutant. Surprisingly, the double mutants showed
the contrary effect on the microtubule assembly. The double mutants showed enhanced assembly of
microtubules, thus, making a point that effect of phosphorylation does not directly correlate with the
total number of residues phosphorylated but the combination of phosphorylated residues decides the
fate of protein.”> The Tau-microtubule interactions are perturbed by the conformational changes of
phospho-mimicking mutants 262, 293, 324 and 356 and S262 phosphorylation severely affects Tau-
tubulin interactions’. Although, phosphorylation has been reported to promote Tau aggregation, the
studies with repeat domain of Tau with specific pseudophosphorylation mutations at pS356,
pS356/pS262 and pS356/pS262/pS258 inhibited the Tau aggregation with increase in the number of
pseudophosphorylated sites as opposed to expected increased aggregation propensity®. Thus, the co-
occurrence of various phosphorylated residues may have very different effects. Additionally, other
PTMs are thought to enhance the pathology of hyperphosphorylated Tau that includes glycation. The
studies for dual modification of Tau have revealed that MG-induced glycation of S396D/T403E/S404D
and double mutants 262/396D, 262/231D showed enhanced aggregation as compared to single
mutants’® (Fig. 2) These studies shed some light on the effect of multiple PTMs on Tau pathology in
AD.

1.6 Trans cellular (Prion-like) spreading of Tau

The notion of Tau pathology spread in the form of oligomers and filaments to different parts of the brain
was proved in early nineties by Braak and Braak wherein a characteristic distribution of NFTs in the
brain of AD patients marks the six stages of disease evaluation’. The exact mechanism of the spread of
Tau pathology was still unclear. The spread of pathology requires the seeds not only to transfer
transcellularly among the neurons but also induce the aggregation of soluble Tau in the target cells. The
initial studies involved in deciphering the trans cellular as well as seeding effect of Tau aggregates
revealed that cultured cells preferentially uptake aggregates over monomers and acts as seed for
fibrillization of the intracellular Tau”’. Moreover, the brain lysate of aggregate prone P301S Tau
transgenic mice prompts fibrillization of wild type Tau in the target transgenic mice”. The uptake of
Tau aggregates is facilitated by the cell surface heparan sulphate proteoglycans via macropinocytosis®”.
It has been also suggested that the transfer of Tau aggregates takes place through nanotubes between
the cells'®. But the need of tunneling nanotubes for Tau transfer is refuted by the results showing Tau
can be transferred between the cells via medium and increased synaptic activity enhances Tau
release'”""'2. The in vitro recombinant Tau filaments are more resistant to the action of proteinase K
and guanidine hydrochloride as compared to filaments obtained from transgenic mice or AD brains and
shows lower seeding potency'®. This is in concordance with the prion propagation theory, wherein the
conformation of the seed plays a decisive role in the characteristic aggregation. The seeding and
recruitment concept has been proved for Tau spreading wherein minute quantities of seeds efficiently
sequester the intracellular soluble Tau and cause microtubule destabilization. The AD-derived Tau
oligomers injected in mice showed spread through the regions like carpous callousum, cortex and
hypothalamus'®. Moreover, the spread of Tau pathology is seen to occur among the connected brain
regions rather than the proximity. But the necessity of synaptic contacts for the spread was elucidated
by using artificial neuronal circuits in vitro. This study demonstrated that the physical presence of

synaptic contacts along with the cell adhesion molecules enhance the spread of Tau pathology'®. Many
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studies have shown that uptake of Tau takes place via bulk endocytosis from the extracellular milieu'®.
The critical size of misfolded Tau species to be taken up is not less than 3 monomeric Tau units'®’. Once
inside the target cells, the endocytosed Tau is suggested to solubilize the enclosing membrane and
release in to the cell and seed the aggregation of endogenous soluble Tau'®®'”. Additionally, Tau
aggregates are also reported to be taken up via the clathrin coated endosomes in brain slices as well as
the cultured neurons'"°.

An important characteristic of propagation is formation of specific conformers or strains. Some idea
regarding this was obtained when the Tau filament morphology varied with the type or nature of
mutation. Further studies evidenced that the propagation of Tau aggregates is conformer specific
wherein introduction of brain lysates of CBD or AD into the transgenic mice affected only the

" This might be attributed to specific conformational

oligodendrocytes and neurons respectively
variations in donor seeds, which confers the ability to induce Tau aggregate formation only the specific
target cell type. The formation and clonal propagation of Tau in the form of distinct strains have been
reported in HEK cell lines. These conformers faithfully propagated through 3 generations of transgenic
mice while maintaining the strain pathology as well as properties'®?. Based on these studies that confirm
the prion-like spread of Tau pathology, we hypothesize that PTMs, which play a major role in the
pathological transition of Tau would enhance the seeding and spread of pathological Tau''?. As already
discussed, glycation affects the protein structure and function leading to aberrant protein aggregation.
Both the modifications i.e. phosphorylation and glycation increases overall negative charge of the
protein, which might play a role in its prion-like behavior. According to our hypothetical model of
propagation of post-translationally-modified Tau, one pathway would include binding of AGE-

modified Tau to its receptor RAGE and scavenger receptors (Fig. 1.5).
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Figure 1.5. Hypothetical trans-cellular spreading of glycated Tau. Tau glycation by sugar molecules as well as its reactive
intermediates like glyoxal, methylglyoxal (MG) and 3-deoxyglucosan (3-DG) leads to its cross-linking leading to AGE
modified Tau formation. This AGE modified Tau might act as a seed for glycation, converting normal Tau into modified Tau.
It can also form prion-like variants of Tau protein by template-based conformational conversion. The AGE modified Tau
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(glycated Tau) might show its propagation by various modes. 1. Modified Tau might form membrane structures called annular
protofibrils (APF) and propagate itself via such membrane pores. 2. The modified Tau can enter the neighboring cells via
receptor-mediated endocytosis through RAGEs. The AGE modified Tau and RAGE dissociate after fusing with the lysosome.
RAGE is recycled back to the membrane whereas the modified Tau is partially digested due to limited proteolysis of protease
resistant glycated Tau. These partially digested Tau peptides may act as more potent glycation seeds to glycate the normal Tau
thus forming a vicious circle. The activation of RAGE signaling would trigger various kinases (involved in Tau
hyperphosphorylation) as shown in the figure and lead to Tau aggregation resulting in further enhancement in Tau pathology.
3. Glycated Tau can also be taken up by bulk endocytosis and propagated in a similar way as shown in the figure. The figure
is reproduced from Sonawane et al., JOMN, 2018.

The majority of these belong to the immunoglobulin superfamily class of receptors. The AGEs are
internalized by clathrin-dependent or independent mechanisms in the early endosomes where the AGE-
RAGE complex is dissolved. The AGE-modified Tau would undergo processing by the endosomal
proteases. The protease-resistant glycated Tau may undergo only partial degradation to release the
modified peptides, which may act as seed to sequester and modify the endogenous soluble Tau. These
partially digested peptides may also be released into the extracellular space, which may affect the
neighboring neuron. RAGE activation also leads to triggering of inflammatory pathways which ends in
cell death and release of cell contents in the surrounding that may lead to increased exposure of other
cells to the modified or partially digested modified Tau. Moreover, since the PTMs alter the surface
charge and hydrophobicity of the proteins, modified Tau may form annular rings in the neuronal
membranes in a similar way as AB. The role of phosphorylation or glycation or both on propagation
properties needs to be explored in depth as it may have important consequences on the spread of Tau
pathology.

1.7 Tau and neuronal cytoskeleton

Neurons are specialized cells, which carry out the most complicated functions of brain. Like other cell
types, neuronal cytoskeleton consists of networks of actin, tubulin and intermediate filaments but these
elements form the complex and intricate structures of the neurons, which make them different from
other body cell types. Neurons are polarized cells with asymmetric structure. A typical neuron consists
of a dominant extension called as the axon and several small dendrites. The coordinated assemblies of
these cytoskeletal elements leads to formation of intricate structures like growth cones, filopodia,
lamellopodia, synapses efc, which assist in neuronal functions. These specialized structures aid in
migration, development, plasticity and thus account for the major functions of the neurons. Both the
actin and the tubulin cytoskeleton play crucial roles in neuronal functioning. The dynamicity of actin-
spectrin cytoskeleton maintains the axon diameter'"*. Axon diameter impacts the transmission of nerve
impulses and is subject to variation due to neuronal types, contractility of neuron and active state of
neuron. Actin also plays a role in memory and learning as it maintains dendritic spine density''*. The
short half-life accompanied with rapid dynamics helps maintain the morphology and stability of the
dendritic spines. Microtubules maintain the gross morphology of neuron to maintain its polarity. It
stabilizes the axonal structure, which can be as long as 1 meter. Microtubules also play a major role in
neuron development and differentiation, migration and axon guidance.

Microtubule-associated protein as it is called Tau, plays a significant role in assembly and stabilization
of the neuronal cytoskeleton. The well-coordinated activities of tubulin and actin cytoskeleton regulate
many cellular functions. Tau plays an active role in the coordinated assembly of actin and tubulin
networks. Tau not only binds actin and tubulin but also aids their co-assembly without compromising
on the growth properties for both the cytoskeletal filaments (Fig. 1.6). The domain-wise mutation
analysis suggested that N-terminal is dispensable for the coupled growth and 2 of the 4 repeats are
essential for Tau-mediated bridging of the actin and tubulin filaments with one repeat binding to each

polymer'"®. To gain a deeper insight into the co-binding mechanisms, NMR studies were employed in
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conjunction with electron microscopy and co-sedimentation assays''®. F-actin consists of a cysteine
residue adjacent to its hydrophobic pocket, which is solvent exposed. This hydrophobic pocket acts as
binding site for Tau between subdomains 1 and 3 of actin. Tau binds actin via conserved mechanisms
of other actin binding proteins like cofilin 1 and toxofilin through short stretches of helices separated
by flexible linkers in the C-terminal region. Tau contains 7 actin-binding helices and each helix can
bind a single actin filament suggesting that single Tau molecule can link 7 actin filaments at a time.
Moreover, the two helices lying between 254-290 residues are also essential for the bundling and
assembly of actin. Tau interacts with microtubules at tubulin dimer interface with 6 binding stretches
of Tau. When Tau is exposed to both F-actin and microtubules there is a competition for 3 binding sites
but the remaining 3 binding sites preferentially bind to F-actin. Thus, such interactions with shared and
exclusive binding sites of Tau for F-actin and microtubules suggest a multivalent dynamic model of
Tau-mediated cross-linking of actin and tubulin cytoskeleton.

Abnormalities in the cytoskeleton of pyramidal neuron were detected in adult human brains in early
nineties by mere silver gallyas staining and immunostaining with AT8 antibody. These changes
worsened with the Braak stages of AD diagnosis'!’. Several studies thereafter have been focused on the
abnormality of actin and tubulin cytoskeleton. Neurodegeneration involves abnormal bundling of actin
rods and their accumulation in the neuronal cells, which have multiple implications''®. Under
physiological conditions, cofilin senses the local G-actin concentration and severs the slow growing
ends of actin filaments creating barbed ends and increase in actin monomers for new filament formation
at required position. Thus, it maintains actin dynamics by polymerizing and depolymerizing the F-actin
depending on the regional F-actin concentration. For example, when the concentration of cofilin/actin
is at saturation, cofilin leads to F-actin saturation in a twisted form. This enhances bundling and confers
stability to F-actin. On the other hand, the non-saturating ratio of cofilin/actin enhances cofilin-mediated
severing of F-actin, generating barbed ends, which are involved in F-actin re-organization'". Thus,
cofilin maintains actin dynamicity at physiological conditions. This process differs mechanistically
from abnormal F-actin bundling observed in diseased conditions. For example, in the oxidative
environment disuphide bridging occurs between cofilin and ADP-actin forming cofilin-actin rods,
which are resistant to depolymerization'*'?' The presence of actin-rich inclusions termed as Hirano
bodies have been observed in AD'*. As already discussed, wild type Tau aids in co-polymerization of
F-actin and tubulin but in Drosophila AD models especially with the FTDP-17 mutant Tau excess
abnormal actin bundling is observed. Moreover, this effect is mediated by hyperphosphorylated Tau
and the mutations trigger this aberrant phosphorylation at PHF1 and ATI180 sites. The excess
stabilization of actin cytoskeleton modulates the downstream pathways-like autophagy and UPR in
these models. On the other hand, FTDP-17 mutations and Tau hyperphosphorylation disassemble the
tubulin cytoskeleton and trigger Tau aggregation'?. Additionally, excess activation of cofilin makes it
preferentially bind to microtubules and disrupt their assembly by competing with Tau for microtubule
binding.
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Figure 1.6. Tau-mediated co-assembly of actin and tubulin cytoskeleton A) Tau protein interacts with actin and tubulin to
aid in their co-organization. Tau contains several sites of interaction for both F-actin and microtubules. The sites responsible
for F-actin binding consist of short segments in the repeat region having helical structure whereas tubulin-binding residues
form hairpin structure. B) On the other hand, the FTDP-17 mutations in Tau enhance its phosphorylation. The phosphorylated
Tau leads to excess stabilization of actin cytoskeleton leading to F-actin bundling. The phosphorylated Tau loses its affinity
for microtubules and detaches from them. This leads to microtubule disassembly and aggregation of dissociated Tau.

Tau also plays a role in specialized neuronal structures such as neurite extensions, growth cone,
synapses, axon initial segment, etc (Fig. 1.7). Growth cones are the locomotive ends of the axons with
regenerating neurites. Axon guidance requires a controlled cross talk between actin and tubulin
cytoskeleton at the growth cone'?*. The growth cone migrates with the help of actin-rich structures
called lamellopodia and filopodia'®. It has been recently discovered that Tau is located at the interface
of actin and tubulin filaments in filopodia. The depletion of Tau leads to disruption of microtubule
bundling and penetration in the filopodia curtailing the interaction between actin and tubulin filaments.
This disorients the growth cone directionality and reduces outgrowths'*. Thus, Tau plays a pivotal role
in microtubule bundling at the growth cone periphery and its interaction with actin filaments. Though
the function of Tau is almost always associated with microtubules, Tau also functions independently of
microtubule- binding. Tau induces neurite outgrowth on stimulation with growth factors like nerve
growth factor (NGF), epidermal growth factor (EGF), platelet-derived growth factor (PDGF) and brain-
derived neurotrophic factor (BDNF)'?"'%, The growth factor stimulation induces Tau to activate kinases
such as mitogen-activated protein kinase (MAPK) and Src kinase. MAPK further activates transcription
factor AP-1, which is involved in various cellular processes such as proliferation, differentiation efc.
The activation of MAPK by Tau requires Tau phosphorylation at T231, which occurs in response to
NGF stimulation. Similar Tau-induced morphological plasticity was observed in rat hippocampal
neurons on stimulation with BDNF. Tau is known to interact with the SH3 domain of Src. PDGF-
stimulation induces Tau to prime Src protein tyrosine kinases, which lead to actin rearrangements and
neuritic outgrowths'?. In the Tau depleted state, growth factor stimulation does not lead to neurite
growth. This highlights the role of Tau in neurite growth and plasticity independent of microtubule-
binding.
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Figure 1.7. Tau and specialized neuronal structures. Growth cones are the locomotive ends of the axons with regenerating
neurites. The motility of growth cones is achieved by dynamic actin-rich structures and microtubule cytoskeleton. The
interactions between actin and microtubules are mediated by Tau. Tau links the actin filaments and microtubules at the
interface in the progressing filopodia structures and aid the directionality of the growth cone. In pathological conditions of
decreased Tau levels, the ability of microtubules to penetrate the transition region is hampered resulting in growth cone motility
defects and loss of directionality. The intracellular concentration of Tau also plays a key role in enhancing neurite outgrowths.
On stimulation with growth factors-like NGF, EGF, PDGF and BDNF, Tau stimulates neuritic extensions via activation of
kinases such as MAPK and Src, which in turn activate transcription factors involved in neurite extension process. In case of
deregulation of Tau levels, the stimulation by growth factors does not activate the downstream signaling and curtails neurite
outgrowth. At synapses, Tau regulates the transport and trafficking of mitochondria required for neurotransmitter release. In
the extracellular space Tau stimulate mAchR. It also plays a role in maintaining the synaptic density of the receptors. Pre-
synaptic Tau interacts with the synaptic vesicles and help in their mobilization. In presence of Tau mutations, phosphorylation
or truncation, Tau leads to F-actin bundling and hampers the mobilization of synaptic vesicles and their release.

Synaptic loss and dysfunction is one of the major consequences of AD pathology. Tau has a function
in regulating the synapses. Tau at synapses co-ordinate multiple activities. It maintains the pool of
mitochondria in the presynaptic terminal in order to energize the neurotransmitter release from
vesicles'**!*2, At post-synaptic terminal, Tau traffics mitochondria to the dendritic spines via
microtubule network. When released in the extracellular space Tau stimulates acetylcholine receptors
or gets internalized into the post synaptic terminal'**'**. Here, Tau plays a role in targeting
glutamatergic receptors to the spines and maintains the synaptic density via interaction with scaffolding
protein PSD95 and Fyn kinase'*>"*’. Tau interacts with the presynaptic vesicles via its N-terminal and
regulates actin-mediated release of vesicles. In the diseased conditions, wherein Tau is
hyperphosphorylated or mutated, it abruptly polymerizes actin through its PRD and repeat domain such
that the synaptic vesicles are crosslinked to each other''®!**. This impedes the mobilization of vesicles
and their release thus curtailing neurotransmission. Thus, Tau acts as central axis in maintaining
neuronal cytoskeleton and the related structures.

1.8 Role of small molecules in ameliorating Tau pathology
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The factors leading to Tau pathology and the following consequences make it a very vital target to
ameliorate the disease. The pathological transition of Tau proceeds through oligomers, protofibrils,
PHFs and NFTs. Though the toxicity of oligomers is more pronounced, the following assemblies also
increase the aggregate burden of the cellular clearance machineries. Accordingly, the therapeutics are
designed to target these species in order to delay the progression as a complete cure is still under study.
Currently, methylene blue and its derivatives are gaining attention due to their potential in inhibiting
Tau aggregation via cysteine oxidation'*'*”. Moreover, methylene blue could not show memory
restoring effect in the transgenic mouse models'*'. The kinase inhibitors and phosphatase activators too
did not show promising results due to compromised specificity and efficiency. Epithilone D, an
antifungal agent was found to stabilize microtubules and it also recovered cognition defects mouse

142

models™™. A surplus amount of natural molecules are coming up with potential to alleviate Tau

pathology. Oleocanthal from olive oil prevents Tau assembly by covalent modification of Tau'®.
Cinnamaldehyde and proanthocyanidin trimer from cinnamon extract inhibited Tau filament formation
without affecting tubulin assembly'**. Curcumin, isolated from turmeric rhizome Curcuma longa L.
binds Tau in the microtubule-binding domain and inhibits its oligomerization. Curcumin prevents f3-
sheet formation in Tau and is also able to dissolve oligomers and filaments'*’. The fungal secondary
metabolites azaphilones are more potent in dissolving preformed Tau filaments without affecting
microtubule assembly'*®. Recently, the derivatives from neem plant Azadirachta indica showed
protective effect on various AD pathologies. The intermediate (nimbin) and final (salannin) limnoids
showed dual potency in inhibiting Tau aggregation as well as disintegrating the Tau filaments'*’. The
basic limnoids gedunin, epoxyazadiradione, azadirone and azadiradione showed multi-target potency.
These compounds inhibited aggregation and disassembly of Tau as well as activated the chaperone
pathway. Basic limnoids activated heat shock factor (HSF1), a transcription regulator of stress-
responsive genes in HEK293T cells. HSF1 activation led to its accumulation in nucleus and increased
expression of chaperone Hsp70'*. Hsp70 is involved in many protein folding processes including
refolding of misfolded proteins. Thus, limnoids show promising results for future Tau therapeutics.
Another important ayurvedic herb brahmi (Bacopa monnieri) has been implicated in neuroprotection
and suggested to be an efficient candidate for Tau pathology'®’. Interestingly, in addition to plant
compounds and fungal metabolites, a neurohormone melatonin also plays a role in AD'*’. Melatonin,
secreted from pineal gland and other non-pineal sites maintain circadian rhythms in organisms. In case
of Tau, melatonin inhibits aggregation of Tau but more efficiently dissolves the Tau fibrils'>'. Melatonin
prevented membrane roughness induced by Tau aggregates thus, maintaining the membrane
morphology'*. Another class of molecules playing large role in cellular processes, polyamines, have
been studied in protein misfolding diseases-like AD and PD. Mammals synthesize two polyamines,
spermine and spermidine from precursor putrescine. The levels of polyamines are found to decline with
age'>. Polyamines have been studied for their effect on AP and a-synuclein aggregation and have been
reported to enhance the aggregation of these proteins'>*'**. The effect of polyamines on Tau is under
investigation. The molecules of synthetic origin are also finding their way as Tau therapies.
Aminothienopyridazine compounds have been screened via high-throughput screening and found to be
potent Tau inhibitors'*®. Anthraquinones, another class of compounds inhibited PHF assembly and
dissolved PHF with equal potency. The compounds showed potency in preventing Tau aggregation in

the neuroblastoma cells'>’

. Metals are generally related to Tau toxicity but new studies with cobalt metal
complexes yielded contrasting results. The cobalt-based metal complexes not only prevented in vitro
Tau aggregation but also prevented the toxicity in neuroblastoma cells'*®. Another unique approach to
AD therapy is employment of photodynamic treatment. The photo-excitation of two dyes toluidine blue
and rose bengal has been reported to successfully prevent Tau aggregation in vitro'”’. Moreover, they
reduced ROS levels in neuronal cells and restored memory in a Drosophila model of AD'®. This current

work focuses on polyphenolic molecules namely Baicalein and EGCG on Tau pathology in AD.
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Baicalein is known to have several disease alleviating roles in cancer, inflammation, and cardiovascular
disorders. Baicalein has shown dual effect on o-synuclein aggregation and disassembly'®". It prevented
AB-mediated pathology in the transgenic mouse model'®*. EGCG, an active component of green tea is
implicated in a repertoire of disorders'®. EGCG also plays preventive role in protein misfolding. It
inhibits aggregation of transthyretin and islet amyloid polypeptide involved in peripheral neuropathy
and type-2 diabetes respectively'®. It also prevented aggregation of prion protein and AP involved in
Scrapie and AD respectively'®*'®*. AD manifests due to dysfunction of various cellular processes (Fig.
1.8). The AP forms senile plaques as well as induces glutamate excitotoxicity due to excess release of
glutamte'®’. The excess neuron firing leads to neuronal death'®®. Baicalein protects the effects of
excitotoxicity in primary rat cortical neurons probably by acting as antagonist of AMPA and NMDA
1% Both the polyphenols are found to suppress the formation of plaques from the sticky AP
peptide. AD involves various cellular stresses, which generates excessive reactive oxygen species. The
ROS mediates abnormal post-translational modifications of Tau such as glycation and

receptors

hyperphosphorylation ultimately leading to Tau aggregation. EGCG is a well-known antioxidant and
protects against the deleterious effects of the ROS'™®. EGCG prevents Tau hyperphosphorylation as
well as aids in clearance of the hyperphosphorylated Tau from primary neurons'’"'’2. The cellular stress
causes mitochondrial dysfunction resulting in disturbed mitochondrial membrane potential (MMP),
decreased ATP and increased ROS levels'”>'™,

B EGCG, Balcaleln
Cellular stress l C
A APP
Balcaleln i i i
Mitochondrial dysfunction
i ROS|— Ecca v
Excess glutamate €—— AB
release l EGCG, Activation of kinases Mitochondrial membrane potential
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ROS D / t%%x NTFTS
\\ Inflammation ."e.,."’
NF:B/ « \O:Spase 11

Balcaleln l
iNOS
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Figure 1.8. Polyphenols cascades in AD (Baicalein and EGCG). A) The amyloid beta cascade in AD leads to formation of
senile plaques and their deposition generating ROS. The excess AP leads to excitoxicity and neuronal death via increased
release of glutamate neurotransmitter. Baicalein prevents the AB-mediated release of glutamate and EGCG and Baicalein
prevent the formation of the senile plaques. B) The cellular stress generates ROS, which activate series of kinases that cause
Tau hyperphosphorylation leading to its aggregation. ROS is also responsible for Tau glycation, which enhances its
aggregation. EGCG acts at multiple levels to prevent ROS damage, Tau glycation and Tau hyperphosphorylation. C) The
cellular stress leads to mitochondrial dysfunction deregulating the mitochondrial membrane potential, ATP levels and ROS
generation causing neuronal death. The polyphenols, Baicalein and EGCG prevent the mitochondrial dysfunction thus,
preventing cell death. D) The ROS and Tau aggregation increases inflammation, giving rise to activation of NF-kB leading to
nitric oxide production and activation of caspases-like caspase 11 and caspase 3. The nitric oxide and the caspases together
lead to apoptosis of neuronal cells. Baicalein inhibits this inflammation-mediated neuronal death and prevents
neurodegeneration.

Mitochondrial dysfunction triggers abrupt apoptosis leading to neuronal death. Both the polyphenols
act at multiple steps in this cascade and prevent cells from degeneration'””. An important consequence
of ROS and accumulation of Tau aggregates is induction of inflammatory response, which activates
apoptosis via various pathways including excess production of nitric oxide in response to activated
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nitric oxide synthase'”®. Inflammation activates the cascade of caspases triggering apoptosis. Baicalein
inhibits NO production by inhibiting NF-kB activation'’”'”®. Thus, to deal with AD pathogenesis,
molecules with potency against multiple targets are of utmost importance.
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1.0 Materials

1.1 List of chemicals and cell growth media
Sr. Chemical/Reagent/Media Company/Suppliers
No
1. 3-(4, 5-dimethylthiazol-2-yl)-2, Sigma

5-diphenyltetrazolium bromide (MTT reagent)

2. 4',6-diamidino-2-phenylindole (DAPI reagent) ThemoFisher Scientific
3. 8-Anilinonaphthalene-1-sulfonic acid (ANS dye) Sigma
4. Acrylamide Invitrogen
5. Advanced DMEM F12 Invitrogen
6. Agarose Invitrogen
7. Ammonium acetate MP Biomedicals
8. Ammonium persulphate (APS) MP Biomedicals
9. Ampicillin MP Biomedicals
10. Baicalein Sigma
11. BES Sigma
12. Bicinchoninic acid Sigma
13. Bis-acrylamide Invitrogen
14. Bovine Serum Albumin (BSA std) Sigma
15. Bradford Reagent Bio-Rad
16. Bromophenol blue MP Biomedicals
17. Calcium chloride dihydrate Sigma
18. Clarity™ Western ECL Substrate Bio-Rad
19. Coomassie brilliant blue R-250 MP Biomedicals
20. Copper sulfate (1) Sigma
21. Dimethyl sulfoxide (DMSO) Life Tech /MP biomedicals
22. Dithiothretol Calbiochem
23. Dulbecco's Modified Eagle Medium (DMEM) Invitrogen
24. EnzChek™ Caspase-3 Assay Kit Thermo Scientific
25. Epigallocatechin-3-gallate (EGCG) Sigma
26. Ethanol MP Biomedicals
27. Ethylene glycol tetraacetate (EGTA) MP Biomedicals
28. Fetal Bovine Serum Thermo Fisher
29. Formaldehyde MP Biomedicals
30. Gel Loading Dye (6X) (For DNA) New England Biolabs
31. Glacial acetic acid MP Biomedicals
32. Glycerol MP Biomedicals
33. Glycine Invitrogen
34. Guanidinium HCI Invitrogen
35. Heparin (MW~17500 Da) MP Biomedicals
36. Horse serum Invitrogen
37. Imidazole MP Biomedicals
38. IPTG MP Biomedicals
39. Isopropanol MP Biomedicals
40. Lactate dehydrogenase release assay kit Thermo Scientific
41. L-glutamine Invitrogen
42. LB Broth Invitrogen/HiMedia
43. LB Agar Invitrogen
44. Magnesium chloride hexahydrate MP Biomedicals
45. Magnesium sulfate heptahydrate MP Biomedicals
46. MES hydrate Sigma
47. Methanol MP Biomedicals

21




Materials and Methods

48. Methyl glyoxal (MG) Sigma
49. Nucleospin Plasmid DNA isolation kit Machery Nagel
50. Paraformaldehyde Invitrogen
51. Penicillin-Streptomycin Invitrogen
52. Polysorbate 20 MP Biomedicals
53. Polyvinylidene fluoride membrane Merck Milipore
54. Potassium acetate MP Biomedicals
55. Potassium chloride MP Biomedicals
56. Potassium phosphate dibasic trihydrate MP Biomedicals
57. Potassium phosphate dibasic trihydrate MP Biomedicals
58. Potassium phosphate monobasic anhydrous MP Biomedicals
59. Protease inhibitor Cocktail Roche
60. Precision Plus ProteinTM Dual Color Standards Bio-Rad
61. RIPA buffer Thermo Scientific
62. Sinapinic acid Sigma
63. Sodium acetate trihydrate MP Biomedicals
64. Sodium azide MP Biomedicals
65. Sodium bicarbonate MP Biomedicals
66. Sodium carbonate anhydrous MP Biomedicals
67. Sodium chloride MP Biomedicals
68. Sodium dodecyl sulfate Sigma
69. Sodium hydroxide MP Biomedicals
70. Sodium MOPS MP Biomedicals
71. Sodium phosphate dibasic anhydrous MP Biomedicals
72. Sodium phosphate monobasic mono hydrate Sigma
73. Sodium thiosulfate pentahydrate MP Biomedicals
74. Spermidine Sigma
75. Spermine Sigma
76. SYBR Safe Invitrogen
77. Tetrafluoroacetic acid Sigma
78. Tetramethylethylenediamine Invitrogen
79. Thioflavin S Sigma
80. Thioflavin T Sigma
81. Terrific broth Invitrogen
82. Tris base Biorad
83. Tris HCI Invitrogen
84. Triton X 100 Sigma
85. Trypan blue Invitrogen
86. Trypsin-EDTA Invitrogen
1.2 List of antibodies
Sr. | Antibodies Company/Suppliers
No
1. Anti-AGE (Advanced Glycated End-products) Merck Milipore
Antibody goat polyclonal (AB9890)
2. | Alpha-Tubulin (ab176560) Abcam
3. Beta-actin loading control (MA515739) ThermoFisher Scientific
4. Donkey anti goat I[gG Hand L (HRP) (ab6885) Abcam
5. | EB1Monoclonal Antibody (KT51) ThermoFisher Scientific
5. | Goat anti-mouse - alexa fluor 555 (A28180) ThermoFisher Scientific
6. Goat anti-mouse IgG HRP (32430) ThermoFisher Scientific
7. | Goat anti-rabbit - alexa fluor 488 (A-11008) ThermoFisher Scientific
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8. Goat anti-rabbit IgG HRP (31460) ThermoFisher Scientific
9. Pan Tau (K9JA) (A0024) Dako

10. | Phospho-Tau (Thr212, Ser214) (MN1060) ThermoFisher Scientific
11. | Rabbit anti-Goat IgG - Alexa Fluor 594 (A27016) ThermoFisher Scientific

1.3 Laboratory Instruments and Equipment

Sr. | Instrument/Equipment Suppliers
No
1. | AKTA Pure FPLC system GE Healthcare
2. | AKTA Start FPLC system GE Healthcare
3. | Amersham Imager 600 GE Healthcare
4. | Amersham Semi Dry blotting apparatus GE Healthcare
5. Analytical weighing balances Mettler Toledo
6. | Autoclave Spire
7. | Avance III HD 700 MHz NMR spectrometer equipped | Bruker
with TXI probe
8. | Avanti JXN26 High speed Centrifuge Beckman Coulter
9. | BioSafety cabinet/Clean bench Thermo Fisher Scientific
10. | CO2 incubator Thermo Fisher Scientific
11. | Dry bath Genei
12. | Elyra 7 with Lattice SIM microscope Zeiss
13. | Far-UV CD spectrometer J-815 Jasco
14. | Forma 900 series -80°C Thermo Scientific
15. | Gel rocker Benchmark
16. | Heratherm Hot Air Oven Thermo Scientific
17. | Heraeus Incubator Thermo Scientific
18. | High Speed Centrifuge 5804R Eppendorf
19. | Homogenizer Constant Systems Ltd.
20. | Laminar Air Flow Microfilt
21. | Magnetic Stirrer Genel
22. | Microcentrifuge 5418 R Eppendorf
23. | MicroCal PEAQ-ITC Malvern
24. | MiliQ Unit Direct 16 Millipore
25. | Microplate reader Infinite 200 PRO Tecan
26. | Miniprotean Tetra vertical electrophoresis system Biorad
27. | MiniVE Vertical electrophoresis System Amersham
28. | MiniVE Horizontal agarose electrophoresis System Amersham
29. | MiniSpin Plus Table top centrifuge Eppendorf
30. | Molecular Imager Gel Doc™ XR+ BioRad
31. | Optima XPN10 Ultracentrifuge Beckman Coulter
32. | pH meter Five Easyplus Mettler Toledo
33. | Shaker Incubator (H1010-MR) Benchmark Scientific
34. | Shaker Incubator Multitron Standard Infors HT
35. | SimpliNano (Nanodrop) GE Healthcare
36. | T20 Transmission Electron Microscope Tecnai
37. | UV-Visible spectrophotometer V-530 Jasco
38. | Vacuum Pump Millipore
39. | Vortexer mixer Genel
40. | Water bath Genel
41. | Zeiss Axio observer 7 microscope with Apotome 2.0 Zeiss
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1.4 Software’s
Sr. | Software Developer
No
1. Imagel /Fiji NIH
2. | Image Lab BioRad
3. ImageQuant TL GE
4. Magellan™ Data analysis software Tecan
5. MicroCal PEAQ-ITC analysis software Malvern
6. Sigma Plot 10.0 Systat softwares
7. Spectra Manager™ Jasco
8. Topspin 3.2 Bruker
9. | Zeiss Imaging Software Zeiss
10. | Zeiss Image processing Software Zeiss
1.5 Bacterial strains

DHS5 a, BL21*, pLysE

1.6 Mammalian cell lines
Neuro2a (CCL-131)-ATCC

2.0 Methods

2.1 Preparation of competent cells (Chemical method)

In order to be replicated and expressed, the plasmid DNA (containing the gene for protein of interest)
needs to be transformed into the bacterial host cells. But plasmid DNA cannot enter the host cell by
itself and requires assistance to traverse the bacterial membranes. Thus, the host cells are made
competent to take up the plasmid DNA by modulating their cell wall via chemical and physical methods.
Competent cells have a higher affinity for binding and uptake of DNA. The chemical method of making
the cells competent involves use of divalent cations such as Ca™® which reduces the repulsion between
like charged bacterial membranes and the plasmid DNA. It helps the adsorption of DNA on the bacterial
membrane and facilitates its uptake.

Buffers

1. Transformation buffer I (freshly made) pH 5.8
100 mM KC1

300 mM K'CH;COO

10 mM CaCl,

15% Glycerol

50 mM MnCl,.4H,0

2. Transformation buffer II pH 7.0
10 mM KCI

10 mM NaMOPS

75 mM CaCl,.H,O

15% Glycerol

Protocol
1. The Luria agar (LA) plate with the culture of the required cells (DH5 a, BL21*, pLysE) was
streaked and incubated at 37°C overnight to obtain isolated colonies.
2. The single isolated colony was carefully picked up and inoculated into 5 mL of Luria broth
(LB) and allowed to grow at 37°C in an shaker incubator overnight.
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3. Next day, the overnight grown culture was re-inoculated into 250 mL of fresh LB (1:100
dilution) and incubated at 37°C at 200 rpm. The O.D at 600 nm was monitored till it reached
0.5 approximately.

4. The culture was cooled on ice for 15 minutes and centrifuged in sterile, pre-chilled centrifuge
bottles at 4°C for 10 minutes at 4500 rpm.

5. The supernatant media was discarded and the pellet was gently resuspended in 30 mL of cold
transformation buffer I. The suspension was incubated on ice for 60-90 minutes.

6. The cells were pelleted at 4°C for 5 minutes at 4500 rpm. The supernatant was discarded and
the cells were resuspended in 2 mL cold transformation bufter II.

7. The competent cells were aliquoted as 50-100 uL. and stored at -80 °C.

2.2 Transformation of the competent cells with plasmid DNA

The competent cells have an altered cell wall, which helps the adsorption of the DNA on the cell wall.
In order to facilitate the entry of this DNA two methods are employed; the native heat-shock method
and electroporation. The brief heat shock to the competent cells incubated with the plasmid DNA
transiently makes the bacterial cell wall permeable to the DNA and allows the uptake of DNA in the
cytosol. The electroporation method involves exposure of competent cells to a brief pulse of high-
voltage electric field, which induces temporary pores in the cell membranes and helps the uptake of
DNA.

SOC media

2% Tryptone

0.5% Yeast extract
10 mM NacCl

2.5 mM KClI

10 mM MgCl,

20 mM Glucose
10 mM MgSOg4

Protocol

1. A vial of competent cells from the -80°C storage was placed on ice for 20 minutes.

2. The plasmid DNA carrying the gene of interest was added to the competent cells and incubated
for 30-40 minutes on ice.

3. A brief heat shock was given to the cells for 90 seconds at 42 °C and cells were re-incubated
on ice for 5 minutes.

4. The SOC media was added to the cells (750-1000 pL) and the cells were incubated in a shaker
incubator at 37 °C for 1 hour.

5. The cell suspension was plated on the LA plate containing specific antibiotic for the plasmid
and incubated overnight at 37 °C.

6. The transformed cells were visualized as the single pinpoint colonies on the antibiotic
containing agar plate, which could be used for the further scale-up cultures.

2.3 Plasmid isolation and purification

The most common and efficient strain of E.coli employed to increase the copy number of plasmids is
DH5a. This strain has 3 mutations; recA, which inhibits its recombinase activating preventing
homologous recombination, endA1, inhibits the endonucleases thus preventing the degradation of the
transformed plasmid DNA and lacZM15, which aids in blue-white screening. The isolation and
purification of the plasmid from the transformed cells involves three basic steps; growth of bacterial
culture, bacterial lysis and purification of plasmid. The growth of bacterial culture involves inoculation
of a single isolated transformed colony from the agar plate into the LB, which is grown overnight. The
lysis of the cells can be carried out by various methods using detergents, heat, organic solvents and
alkali. The lysis method to be employed depends on the plasmid size, E.coli strain and the subsequent
technique utilized for the plasmid purification. For a smaller plasmid size of <15kb severe methods like
alkaline lysis could be utilized as the chances of plasmid shearing are minimum. We utilized alkaline
lysis miniprep method for the purification of plasmid by the kit method (Machery Nagel). These
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methods lyse the bacterial cells by lysis buffer containing SDS and NaOH. In addition to disrupting the
cell wall and cell membrane, this method disrupts the base pairing of the DNA and shearing of the
chromosomal DNA of the host cells. The plasmid DNA is spared from the shearing due to its closed
circular nature. Further, the renaturing conditions allow the complete reformation of the super helical
plasmid DNA molecules. The sheared chromosomal host DNA and the other cell debris are precipitated
and separated by centrifugation. The plasmid DNA is subjected to the ethanolic precipitation and bound
to the silica columns which is eluted either in buffer or ultrapure MilliQ water.

Protocol

1. An isolated colony of the transformed DH5a cells was inoculated in the 5 mL of LB media
containing appropriated antibiotic. The culture was incubated at 37°C in a shaker incubator for
overnight growth.

2. The cells were pelleted down by brief centrifugation at room temperature and resuspended in
250 uL Buffer Al. The tube was thoroughly vortexed to avoid the clumps of the cells.

3. The Buffer A2 was thoroughly mixed to dissolve any precipitated SDS before adding to the
reaction tube. 250 pL of Buffer A2 was added to the tubes and mixed gently by inverting the
tube several times. The gentle mixing ensures that the genomic DNA is not sheared. The
mixture was let to stand till the lysate was clear.

4. Next, 300 uL Buffer A3 was added and the contents were mixed until the sample turned from
blue to colorless completely.

5. The lysate was clarified by centrifugation at 11000g for 5 minutes at room temperature and the
supernatant was separated.

6. The NucloSpin columns were placed in the collection tubes and the clarified supernatant was
added to the column. The collection tube with column was centrifuged for 1 minute at 11000g.
The flow through was discarded and the column was washed with Buffer AW.

7. Buffer A4 (supplemented with ethanol) was added to the washed column and centrifuged for a
minute at 11000g. The flow through was discarded and the column was placed in a fresh
collection tube.

8. The plasmid DNA was eluted in 50-uL warm TE buffer by centrifuged at 11000g for 1 minute.
The plasmid concentration was measured by nanodrop and the quality was analyzed by agarose
gel electrophoresis.

2.4 Agarose gel electrophoresis

The nucleic acids are resolved based on their size, charge and the conformation on the agarose gel under
the electric field. The level of resolution is determined by the pore size of the agarose gel, which is
obtained by various percentages of the gel. In addition to resolving the nucleic acids agarose gel
electrophoresis also helps determine the molecular weights of the nucleic acids with respect to a specific
DNA/RNA ladder. The supercoiled plasmid DNA migrate more as compared to the linear DNA
molecules. Thus, it also helps to determine the quality of the DNA molecule under study.

Reagents

1. 50X TAE Buffer

Sr. | Reagent Molarity (in 50X) Amount/Volume for
No. 100 mL buffer

1. Tris M 242 g

2. Acetic acid IM 5.7 mL

3. EDTA 50 mM 10 mL from 0.5 M stock

2.1 % agarose gel

0.5 g of agarose was weighed and dissolved in 1X TAE buffer by heating the solution. After complete
dissolution SYBR safe dye was added to the solution and the gel was poured onto the casting tray with
appropriate comb for sample wells.
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Protocol
1. The casting tray with solidified agarose gel was placed in the buffer tank and 1X TAE was
added to the buffer tank.

2. The plasmid samples were diluted in 6X gel loading dye and added to the wells of the agarose
gel. The DNA molecular weight ladder was also added in one of the wells.

3. The electrophoresis was carried out by applying the current till the dye front migrated around
80% of the gel length.

4. The agarose gel was placed in UV light in a gel imager for visualization of the plasmid DNA.

2.5 Protein expression

2.5.1 Mini-induction method

The expression of Tau proteins was carried out in the E.coli expression strain BL21* or pLyseE. BL21*
has a DE3 lysogen which expresses T7 RNA polymerase under the /acUV5 promoter. This enables the
BL21* to express high amount of proteins which are encoded by genes under T7 promoters. Moreover,
the mutation in the RNAse E gene of the strain aids in enhanced stability of mRNA transcripts, which
results in high protein yields. The degradation of the heterologous protein is prevented due to absence
of lon and OmpT (outer membrane) proteases. pLyseE expression strain has a T7 RNA polymerase gene
on the host chromosome under the /acUV5 promoter which gives enhanced expression of protein of
interest on IPTG induction. Additionally pLyseE strain has T7 lysozyme encoded on the plasmid, which
reduces basal expression of protein of expression by the T7 RNA polymerase. The expression of protein
of interest is carried out by IPTG, which is an analog of lactose called allolactose. Allolactose cannot
be metabolized by the cells and thus helps to have a constant expression of the protein as opposed to
lactose, which is readily metabolized by the cells.

Protocol for mini-induction of Tau proteins

1. The plasmids encoding Tau proteins (wild type and mutants) were transformed into the E.coli
expression strains BL21* and pLyseE (hTau40 231/262D) respectively and a single isolated
colony was inoculated in 10 mL of the LB media containing amplicillin (100 pg/ml).

2. The tubes were incubated at 37 °C shaker incubator until the O.D at 600 nm reached around
0.6. 2 mL of the uninduced culture was collected and IPTG at a final concentration of 0.5 mM
was added to the remaining culture.

3. The induction was carried out for 4 hours at 37 °C in a shaker incubator after which 2 mL of
the culture was taken into a centrifuge tube. Both the uninduced (UI) and induced (I) cultures
were pelleted down and lysed in MES buffer with rigorous vortexing.

4. The crude lysates for Ul and I were mixed with lammelli buffer and heated at 90°C for 10
minutes. The samples were separated onto 10% SDS-PAGE to check for the induction.

5. The colonies with high levels of expression were selected and glycerol stocks were made
accordingly for further use.

6. The stocks were stored at -80 °C till further use.

2.5.2 Scale-up Tau protein preparation

Tau is a natively unfolded protein with an overall positive charge. The purification of the recombinant
Tau is thus based on heating the cell lysate to separate out the other structured proteins. Further, the
charged-based purification is carried out by cation exchange chromatography, which binds the
positively charged Tau that is further eluted by salt ionic gradient.

Reagents
1. Cell lysis buffer pH 6.8 2. Dialysis buffer pH 6.8
50 mM MES 20 mM MES
1 mM EGTA 50 mM NacCl
2 mM MgCl, 1 mM EGTA
5mM DTT 1 mM MgCl,
1 mM PMSF 2mM DTT
Protease inhibitor cocktail 0.1 mM PMSF
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Ion Exchange Chromatography buffers

Sepharose Buffer A pH 6.8 Sepharose Buffer B pH 6.8
20 mM MES 20 mM MES

50 mM NacCl 1 M NaCl

1 mM EGTA 1 mM EGTA

1 mM MgCl, 1 mM MgCl,

2 mM DTT 2 mM DTT

0.lmM PMSF 0.1 mM PMSF

Size-Exclusion Chromatography (SEC) buffer
10 X Phosphate buffered saline stock (1000 mL) pH 7.4

Molarity Quantity
1.37M NaCl 80 g

27 mM KCL 2g

100 mM Na,HPO4 142 g

18 mM KH,PO4 2g

Size-Exclusion Chromatography buffer

1X Phosphate buffered Saline pH 7.4
2 mM DTT

Protocol

L.

The primary inoculum for the transformed E.coli expression strains was obtained by inoculating
the glycerol stock into the 100 mL OF LB media containing ampicillin (100 pL/mL) and
incubating at 37 °C in a shaker incubator overnight. The secondary culture (6L) was inoculated
from the primary inoculum (1:100) and incubated at °C in a shaker incubator till O.D reached
around 0.6.

The culture was induced with 0.5 mM IPTG and incubated for 4 hours at 37 °C in a shaker
incubator. After the induction period, the cells were harvested by centrifugation at 4500 rpm
for 10 minutes at 4 °C.

The cell pellet was resuspended in the lysis buffer and vortexed to disrupt all the clumps of the
cells and to obtain a homogenous suspension. The cell lysis was carried out under high pressure
(15000 psi) in a microfluidic cell disruptor device.

The cell lysate was collected and supplemented with 0.5 M NaCl and 5 mM DTT. This lysate
was heated at 90 °C for 20 minutes and cooled down before centrifugation. The heating step
allows the denaturation and precipitate of the structured proteins and aids their separation from
natively disordered Tau protein.

The cooled lysate was further centrifuged at 40,000 rpm in an ultracentrifuge for 50 minutes at
4°C. The supernatant containing the Tau protein was carefully separated and subjected to
dialysis overnight with a single buffer change. Next, the dialyzed sample was subjected to
ultracentrifugation to ensure removal of particulate or precipitated matter if any.

For ion exchange chromatography the Sepharose fast flow manually packed 24 mL column was
equilibrated with the Sepharose buffer A pH 6.8. The centrifuged lysate was filtered prior to
loading on the column.

After, the binding column was washed thoroughly with Sepharose buffer A pH 6.8 to remove
any non-specific weakly bound proteins. Tau protein was eluted with a linear gradient of
Sepharose buffer B pH 6.8 with 1M NaCl. The fractions under the peak were pooled and
concentrated and preceded for the size-exclusion chromatography.

The SEC was carried out in Hi-Load Superdex 75 pg (16/600) column in SEC buffer. The
fractions obtained were concentrated and the protein concentration was estimated by
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Bicinchoninic Acid (BCA) assay. The concentrated protein was aliquoted and snap frozen and

stored in -80 °C.

2.5.3 N Labelling and purification of repeat Tau
The repeat Tau protein lacks the N-terminal projection domain and the C-terminal tail. It consists of
only 4 functional repeats of Tau protein, which is utilized in various studies. For NMR studies, the
repeat Tau was employed which was labelled with heavy isotope of nitrogen "N to obtain an NMR
signal. The method of purification was followed in a similar way as for unlabeled recombinant Tau

mentioned in 2.4.2. our lab reference need to be included!

Reagents

1) 5X M9 salts (autoclaved) pH 7.2

Salt Quantity (100mL)
KH2P04 1.5 g

Na,HPO, 3g

NaCl 0.25g

NH.CI (N labelled) 0.5¢

2) 1X M9 salts unlabeled (autoclaved) pH 7.2 1000 mL

Salt Quantity (1000mL)
KH2P04 3g

Na,HPO4 5g

NaCl 0.5g

3) 1M MgSO4 (autoclaved)

4) 1M CaCl; (autoclaved)

5) 20% Glucose (filter sterilized)

6) 5 mg/mL Thiamine hydrochloride (filter sterilized)

5) Minimal Growth Media (1.5 L)

5X M9 Salts 300 mL

D- Glucose 30 mL

Thiamine hydrochoride 9 mL

IM MgSOg4 3mL

IM CaCl, 150 L.
Protocol

1. The E.coli expression strain was grown in LB with suitable antibiotic (1L X 6 flasks) at 37 °C
till the O.D reaches 5.5 to 6 at 600 nm.
2. The cells were pelleted down at 5000g for 30 mins. The pellet was washed with unlabeled 1X
MO salts (without carbon and nitrogen source).
3. The pellet was resuspended in minimal media + antibiotic (1.5 L minimal media for 6L pellet
in LB). The culture was incubated in minimal media at 37 °C for one hour for recovery of
growth and clearance of unlabeled metabolites.
4. The induction was carried out with IPTG (0.5mM for Tau) and incubated at 37 °C for 4 -5

hours.

5. The cells were harvested and preceded for the protein preparation.

2.6 Methods for estimation of the protein concentration
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The estimation of protein concentration is an essential step before proceeding for any further
biophysical and biochemical analysis. The different types of methods available include Biuret method,
UV absorption, BCA assay, Bradford assay and Lowry assay. All these methods differ in the sensitivity
of protein detection but work on the common basis of the presence of aromatic amino acids in the
protein. We utilized BCA assay for the estimation of recombinant Tau proteins and Bradford assay for
the estimation of the protein content in the mammalian cell lysates.

2.6.1 Bicinchoninic Acid (BCA) assay

It is a highly sensitive method for protein estimation and detects proteins at a lower concentration of 1
pg. This method works on the principle of binding of copper ions to the Nitrogens in the protein which
further form complex with Bicinchoninic acid which gives purple color, the intensity of which depends
on the concentration of protein. The method is especially useful for estimation of Tau protein as it lacks
the tryptophan residues, which is an essential requirement for other protein estimation methods.

Reagents
1. 1 mg/mL BSA protein standard (Sigma)
2. Bicinchoninic acid solution (Sigma)
3. CuSO04 solution (Sigma)
4. Ultrapure MilliQ water

Protocol

1. The BSA standards are prepared in duplicates in ultrapure MilliQ water as given in the table.

2. Tau protein is diluted in ultrapure MilliQ water (1:50, 1:100 and 1:200) in duplicates

3. The BCA: CuSOs4 (50:1) reagent is calculated and prepared freshly 200 pL per sample.

4. 25 pL of standards and protein dilutions are thoroughly mixed with 200 pL of the BCA reagent
and added to 96 well plate. The plate is incubated at 37 °C for 1 hour.

5. The absorption is measured at 562 nm in a plate reader and the concentration is obtained from
the BSA standard graph in MS Excel spreadsheet.

Sr.No. | BSA (ug/mL) [ BSA (uL) | Water (uL)
1 0 0 25

2 5 1.5 23.5

3 10 2.5 22.5

4 15 3.75 21.25

5 20 5 20

6 25 6.25 18.75

2.6.2 Bradford’s assay for protein estimation

Bradford’s assay is a sensitive dye-binding method that works on the principle of binding of Coomassie
brilliant blue G-250 dye to the negatively charged carboxyl groups of protein molecules which leads to
deprotonation of the dye and formation of the blue color.

Reagents
1. 1 mg/mL BSA protein standard (Sigma)
2. Bradford’s reagent (Sigma)
3. Ultrapure MilliQ water
Protocol
1. The BSA standards are prepared in duplicates in ultrapure MilliQ water as given in the table.
2. The mammalian cell lysates are diluted 1:10 in ultrapure MilliQ water in duplicates.
3. The Bradford reagent was diluted 1:4 in water and filtered prior to use. 10 uL of the standards
and lysate dilutions were mixed with 200 pL of the reagent and added to the 96 well plate.
4. The plate was incubated in dark for 5 minutes at room temperature and the resding was taken
in a plate reader at 595 nm. The concentration was determined from the standard BSA graph in
MS Excel spreadsheet.
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Sr.No. | BSA (ng/mL) | BSA (uL) | Water (uL)
1 0 0 10

2 5 0.5 9.5

3 10 1 9

4 15 1.5 8.5

5 20 2 8.0

6 25 2.5 7.5

2.6 Tau aggregation and glycation assays

2.6.1 Tau aggregation assay

Reagents
Component Stock concentration
BES buffer pH 7.4 20 mM
NaCl M
Sodium azide 0.5%
DTT 100 mM
Heparin 1 mM
Protocol

1. The Tau protein aliquot was taken from the -80 °C storage and thawed. The protein was
subjected to ultracentrifugation at 60,000 rpm for one hour at 4°C. This was to ensure that the
starting material of the assay is pure monomer and do not contain any preformed aggregates.

2. The in vitro assembly of 20 pM full-length and repeat Tau was induced by 5 uM heparin at 1:4
ratio of heparin to Tau in 20 mM BES buffer, pH 7.4. The assembly buffer was supplemented
with 25 mM NaCl, 0.01% sodium azide, ]| mM DTT and protease inhibitor cocktail.

3. The components were mixed and used for further assays including fluorescence assays, SDS-
PAGE analysis, CD, TEM, SEC.

4. The reaction mixture was incubated at 37 °C after each time point measurement.

2.6.1 Tau aggregation inhibition assay
The inhibition of Tau aggregation is one of the most important therapeutic strategies in overcoming Tau
pathology. We screened few small molecules belonging to natural origin against Tau aggregation. These
molecules were screened independently one at a time in a reaction mixture. Our lab references!

Reagents
Component Stock concentration
BES buffer pH 7.4 20 mM
NaCl IM
Sodium azide 0.5%
DTT 100 mM
Heparin 1 mM
Baicalein 1 mM
EGCG 5mM
Spermine 10 mM
Spermidine 42.68 mM

Protocol

1. The Tau protein aliquot was taken from the -80 °C storage and thawed. The protein was
subjected to ultracentrifugation at 60,000 rpm for one hour at 4°C. This was to ensure that the
starting material of the assay is pure monomer and does not contain any preformed aggregates.
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2. The in vitro assembly of 20 pM full-length and repeat Tau was induced by 5 uM heparin at 1:4
ratio of heparin to Tau in 20 mM BES buffer, pH 7.4. The assembly buffer was supplemented
with 25 mM NaCl, 0.01% sodium azide, ]| mM DTT and protease inhibitor cocktail.

3. The control tube was set as above and the inhibition in presence of each compound was studied
by adding varying concentrations of respective compounds.

4. The components were mixed and used for further assays including fluorescence assays, SDS-
PAGE analysis, CD, TEM, SEC.

5. The reaction mixture was incubated at 37 °C after each time point measurement.

2.6.2 Tau Disaggregation assay

Reagents
Component Stock concentration
BES buffer pH 7.4 20 mM
NaCl IM
Sodium azide 0.5%
DTT 100 mM
Heparin 1 mM
Baicalein 1 mM
EGCG 5mM
Protocol

L.

The Tau protein aliquot was taken from the -80 °C storage and thawed. The protein was
subjected to ultracentrifugation at 60,000 rpm for one hour at 4°C.

2. Tau aggregates were set up at the concentration of 100 uM with 25 uM heparin. All the other
components were maintained same as aggregation assay set up.

3. The aggregates were allowed to form at 37 °C for 5-8 days. The quality of aggregates was
analyzed by SDS-PAGE and transmission electron microscopy.

4. The disaggregation assay was set up by diluting the aggregates to 20 pM in BES buffer and
addition of different concentrations of the compounds.

5. The disaggregation was monitored by fluorescence assays, SDS-PAGE, CD and TEM analysis.

2.6.3 Tau glycation assay

Glycation of Tau was carried out to study the propensity of FTDP-17 mutants and the
pseudophosphorylated mutants to undergo methyl glyoxal-induced aggregation and advanced glycation
end products (AGEs) formation. Methyl glyoxal is a reactive intermediate of glucose metabolism,
which causes abnormal protein glycation leading to cross-linking, aggregation and accumulation.

Reagents
Component Stock concentration
BES buffer pH 7.4 20 mM
NaCl M
Sodium azide 0.5%
DTT 100 mM
Methyl glyoxal 1 mM
Protocol

L.

2.

The wild type and Tau mutants were centrifuged at 60,000 rpm for one hour at 4°C in a tabletop
ultracentrifuge.

20 uM wild type Tau and mutants were incubated in BES buffer pH 7.4 with 2.5 mM methyl
glyoxal as a glycating agent. The assay mixture was supplemented with 25 mM NacCl, 0.01%
sodium azide, 1 mM DTT and protease inhibitor cocktail.
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3. The extrinsic fluorophores were added to the reaction mixtures to a concentration of 2.5 uM
for thioflavin S and thioflavin T and 400 pM for ANS respectively. The mixtures were made
in opaque tubes to avoid fluorescence bleaching.

4. The reactions were incubated at 37 °C incubator and the aggregation was monitored at the 24
hours’ time interval.

2.7 Fluorescence based assays

The Tau aggregation, aggregation inhibition, disaggregation and glycation were monitored by
fluorophores like Thioflavin S, Thioflavin T, ANS and AGEs-specific fluorescence. The aggregation
inhibition and disaggregation was monitored by classical method of fluorescence monitoring of ThS
and ANS. On the other hand the glycation-induced aggregation was monitored by incubating the
fluorophores in the glycation reactions as explained below.

2.7.1 Thioflavin S assay

Thioflavin S preferentially binds to the B-sheet conformation acquired during the protein aggregation
process and emits fluorescence upon binding. It is used to determine the progress of aggregation of
proteins in a time-dependent manner.

Reagents
Component Concentration
Thioflavin S 200 uM
Ammonium acetate pH 7.0 50 mM

Protocol
Classical method:
1. For measurement of ThS fluorescence ThS was diluted to 8 uM in 50 mM ammonium acetate
solution and aliquoted as 45 pL in the tubes.
2. 5 uL from the 20 puM Tau reaction mixtures was added to these tubes making the final
measuring concentration of Tau as 2 uM. Thus Tau: ThS is maintained as 1:4.
3. The mixture was mixed thoroughly and added to the 384 black well plates in triplicates for each
reaction mixture.
4. The plate was incubated at room temperature for 10 minutes and the fluorescence reading was
taken in Tecan Infinite 200 Pro plate reader.
5. The excitation/emission was adjusted to 440/521 nm and the background fluorescence was
subtracted from the readings.

Glycation-induced aggregation:
1. Since the reaction mixtures already contained the ThS fluorophore, Tau was diluted to 5 pM in
ammonium acetate buffer and added to the 384 black well plate.
2. The excitation/emission was given as 440/521 nm in the Tecan plate reader and the readings
were obtained. The background fluorescence was subtracted before plotting the kinetics.

2.7.2 Thioflavin T assay
Thioflavin T can bind to aggregates as well as monomers of proteins giving enhanced fluorescence. We
used ThT only for studying the MG-induced aggregation in Tau and its mutants.
Protocol
1. The Tau reaction mixtures containing ThT fluorophore were diluted in ammonium acetate
buffer to a final concentration of 5 uM of Tau.
2. The samples were added to 384 well plate and reading was taken in a Tecan plate reader. The
ThT was excited at 435 nm and the emission was collected at 485 nm. The buffer background
was subtracted from the readings.

2.7.3 8-anilino 1-naphthasulfonic acid (ANS) fluorescence Assay
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During the aggregation, Tau forms various intermediate species, which involves exposure of the
hydrophobic patches in the proteins. ANS dye binds to these exposed hydrophobic patches and emits
fluorescence. It is used widely to study protein hydrophobicity changes occurring during protein
unfolding and misfolding.

Reagents
Component Concentration
ANS 10 mM
Ammonium acetate pH 7.0 50 mM

Protocol
Classical method:

1. The measuring concentration of Tau :ANS was maintained at 1:20. Accordingly ANS was
diluted to 40 pM in ammonium acetate buffer and aliquoted as 45 pL in tubes.

2. 5 pL from the Tau reaction mixtures was added to the 40 pM ANS and mixed thoroughly. The
mixture was added to 384 black well plate and incubated in dark for 20 minutes at room
temperature.

3. The reading was taken in Tecan plate reader wherein the excitation/emission wavelength for
ANS was set as 390 nm and 475 nm respectively. The buffer readings were subtracted before
plotting the assay kinetics.

Glycation-induced aggregation:
1. The reaction mixtures already containing the ANS fluorophore, Tau was diluted to 5 pM in
ammonium acetate buffer and added to the 384 black well plate.
2. The excitation/emission was given as 390/475 nm in the Tecan plate reader and the readings
were obtained. The background fluorescence was subtracted before plotting the kinetics.

2.7.4 Measurement of AGEs-specific fluorescence

The advanced glycation end products have a property of autofluorescence, which helps to identify
relative glycation of proteins. We employed AGEs autofluorescence to study relative glycation
propensity of Tau mutants with respect to Tau wildtype.

Protocol

1. The reaction mixture was set as mentioned above (Section 2.6.3) except the addition of the
extrinsic fluorophores.

2. For measurement of AGEs-specific fluorescence, the 50 pL of 20 pM reaction mixture was
aliquoted in 384 black-well plate and reading was acquired at excitation/emission 370 nm/430
nm in TECAN Infinite series 200 Pro plate reader.

3. Buffer background was subtracted from the obtained readings.

2.8 SDS-PAGE analysis

SDS-PAGE is typically utilized to separate protein based on their molecular weights and eliminates the
influence of protein charge and conformation. This is achieved by the detergent sodium dodecyl
sulphate, which denatures the proteins by binding to the backbone and linearizes the proteins by
imparting a negative charge. The polyacrylamide gel imparts a sieving effect depending on the
percentage and the pore size of the gel. Thus, the proteins migrate through the polyacrylamide gel from
negative to positive electrode under the applied electric field. The gel is composed of two parts; stacking
and resolving gel, which vary in their pH and the percentage. The stacking gel has a lower pH of 6.8,
which helps the stacking of protein molecules between glycine and chloride ions due to differential ion
mobility. The gel loading dye has bromophenol blue, which tracks the migration of the proteins and
migrates faster on the gel. The resolving gel has a pH of 8.8, which declines the rate of glycine migration
and subjects the separation based on the molecular weight. After the migration of 80-90% is achieved
the proteins are visualized on the gel by staining with staining solution containing CBB R-250.
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1. SDS Gel running buffer
Component Molarity
Tris base 25 mM
Glycine 192 mM
SDS 0.1%

2. Lammelli buffer/6X loading dye

Component Molarity
Tris-Cl pH 6.8 300 mM
SDS 12%
Bromophenol blue 0.6%
Glycerol 60%
DTT 600 mM

3. 40% Acrylamide solution
4.1.5 M Tris buffer pH 8.8

5.1 M Tis buffer pH 6.8

6.10 % SDS

7. Ammonium persulphate (APS)
8. TEMED

Protocol

1. The required percentage of the resolving gel is made as per the table.

Materials and Methods

2. The samples are diluted in the 6X loading dye and loaded onto the wells
3. A voltage of around 90-100 V is applied in a vertical electrophoresis unit in presence of gel

running buffer.

4. The gel is run till the tracking dye reaches 90% of the gel and the gel is removed. This can
further be utilized either for transfer in western blotting experiment or stained in order to

visualize the protein bands.

2.8.1 Gel staining

After the completion of electrophoresis the gel is stained in order to visualize the proteins. The most
common method of staining is by Coomassie dye, which in acidic conditions binds to hydrophobic
protein residues and turns to bright blue colour. The method is compatible with separated proteins
having further applications like mass spectrometry analysis as the stain can completely be removed
since no chemical modification of protein takes place.

Reagents

1. Staining solution (1000 mL)
Component Quantity
CBB R-250 lg
Methanol 450 mL
Glacial acetic acid 90 mL

Make up the volume to 1000 mL and filter the stain before use.

2. Intensive destaining solution (1000 mL)

Component Quantity
Methanol 500 mL
Acetic acid 100 mL

Make up the volume to 1000 mL.

3. Normal destaining solution (1000 mL)
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Component Quantity
Methanol 50 mL
Acetic acid 75 mL

Make up the volume to 1000 mL.

Protocol

1. After the electrophoresis, wash the SDS-PAGE gel gently once with water and place in the

staining solution for 20 minutes on a rocker.
2. Decant the stain and add intensive staining solution and keep on rocker for 20 minutes

3. Remove the intensive destaining solution and place the gel in normal destaining solution. Keep

changing the normal destaining solution till the gel is properly destained.
4. Remove from normal destaining solution and place in water.

2.9 Western blotting
Western blotting analysis helps to confirm the presence or the levels of specific protein or its
modification by utilizing the antibodies. In general western blotting can be used to study the specific
modification of the recombinant protein or the levels of intracellular proteins. The proteins on the SDS-
PAGE are transferred onto the PVDF membrane and mapped by specific primary antibodies, which are

further detected by secondary antibodies tagged with an enzyme or fluorescent molecule.

ared)

Reagents

1. SDS Gel running buffer
Component Molarity
Tris base 25 mM
Glycine 192 mM
SDS 0.1%

2. Transfer buffer (freshly prep
Component Molarity
Tris base 25 mM
Glycine 192 mM
Methanol 20%

3. 1X PBST
Component Quantity
PBSpH 7.4 1X
Tween 20 0.1%

4. Blocking buffer

5% skimmed milk in PBST

5. Ponceau S stain (200 mL)
Component Quantity
Ponceau S 04¢g
Glacial acetic acid | 2 mL

6. Stripping buffer pH 2.8
Component Molarity
Glycine 02M
NaCl 0.5M

7. Neutralizing solution pH 8.5

Component

Molarity

Tris-HCI1

IM
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Protocol
1. Semi-dry blot transfer (Amersham biosciences)

The gel was run as per SDS-PAGE.

The transfer membranes were cut in the 8 cm X 7 cm dimensions (for Bio-rad gel)

The transfer buffer was prepared and stored at 4 °C.

The filter papers (same size as membrane and gels) were soaked in the transfer buffer in a tray.

After the electrophoresis the gel was soaked in transfer buffer. The membrane was activated in

100%methanol (only for PVDF membranes) and equilibrated in transfer buffer.

7. 2 stacks of soaked filter papers were placed on the dry blot platform followed by the membrane.
The air bubbles were removed.

8. The gel was placed on the membrane without air bubbles. The gel once placed on the membrane
should not be moved.

9. Another stack of soaked filter paper was placed on the gel and the transfer buffer was added
over the sandwich made.

10. The lid of the apparatus was closed and the current was set to 200 mA for 2 hours.

11. The blot was stained with Ponceau stain to make sure the transfer of proteins was done.

12. The blot was destained and put in blocking buffer for 1 hour at room temperature (RT).

13. The blot was incubated in primary antibody for 1 hour overnight.

14. The membrane was washed with PBST 3 X 10 mins to remove unbound antibody.

15. The blot was incubated with HRP conjugated secondary antibody.

16. The membrane was washed with PBST 3 X 10 mins to remove unbound antibody.

17. The blot was developed using ECL reagent.

AT ol el N

2.10 Circular Dichroism (CD) Spectroscopy

CD Spectroscopy is a type of light absorption spectroscopy and works on the basis on the difference
between absorption of left and right circularly polarized by a molecule. It is highly sensitive secondary
structure of proteins. The aligned arrays of amides of polypeptide backbones have a shift or split in their
optical transitions, which results in the characteristic CD spectra. The CD analysis was carried out for
soluble and aggregated Tau as well as for reaction mixtures of Tau aggregation inhibition by small
molecules.

Reagents
1. 50 mM phosphate buffer pH 6.8

Protocol

1. The Jasco J-815 CD spectrometer was purged with nitrogen gas to create an inert environment.

2. The spectra for 50 mM phosphate buffer was acquired and subtracted as a baseline from the
further spectra containing Tau.

3. The Tau soluble, and aggregation reaction mixture was diluted to 1-3 uM for full-length and
repeat Tau respectively in the phosphate buffer.

4. The spectra were recorded in a quartz cuvette with 1 mm pathlength at 1 nm bandwidth and
100 nm/min scan speed. The spectra were recorded in the range of 190-250 nm with average of
5 acquisitions. All the measurements were carried out at 25 °C.

5. The CD spectra were plotted in Sigma plot 10.0.

2.11 Transmission electron microscopy (TEM)

Transmission electron microscope has a very high resolution of 10 A and employs a high-energy
electron beam to pass through the sample and the transmitted electrons are used to obtain the image.
The biological samples like proteins needs contrast enhancing agents such as uranyl acetate for better
visualization of the image. We used TEM to study the morphology of Tau aggregates in presence and
absence of inhibitors screened by negatively staining them with uranyl acetate.

Reagents
1. 2% Uranyl acetate
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Protocol
1. The Tau samples were diluted to a concentration of 2 uM in ultrapure MilliQ water and applied
onto 400 mesh carbon coated copper grids (TED Pella) for 1 minute.
2. The excess protein solution was gently blotted and grids were given 2 quick washes of MilliQ
water
3. The grids were stained in 2% uranyl acetate for 5 minutes and dried completely before scanning
4. The dried grids were scanned on TECNAI T20 electron microscope at 200 KV.

2.12 Size exclusion chromatography for aggregation inhibition of full-length Tau by EGCG and
polyamines.

Tau aggregation progresses through formation of various higher molecular weight species, which can
have heterogenous physical and biological properties. These higher order species can be separated by
size exclusion chromatography and further analyzed for their discreet properties. In order to study the
effect of small molecules on the properties of Tau species with respect to control untreated Tau species.

Reagents
1. Tau assembly buffer and small molecules
Component Stock concentration
BES buffer pH 7.4 20 mM
NaCl IM
Sodium azide 0.5%
DTT 100 mM
Heparin 1 mM
EGCG 5mM
Spermine 10 mM
Spermidine 42.68 mM

2. Size exclusion chromatography buffer
1X Phosphate buffered Saline pH 7.4

Protocol
1. The SEC column Superdex 200 increase was equilibrated with the SEC buffer. 20 uM of full-
length Tau was incubated in assembly buffer in absence and presence of EGCG (100 uM),
Spermine (100 uM) and Spermidine (200 pM) respectively.
2. These reaction mixtures were subjected to SEC at 0, 3 and 24 hours for EGCG and 0, 24 and
48 for polyamines Spermine and Spermidine.
3. The retention volumes of the higher order species of control and treated Tau were noted and
the elution fractions were further used for cell viability studies in neuro2a cells
4. In case of polyamines, the fractions containing higher order species were also mapped for
hydrophobicity by ANS fluorescence assay.
2.14 Tau-small molecules interaction studies

2.14.1 Isothermal Titration Calorimetry

Isothermal Titration Calorimetry (ITC) is a sensitive technique to study the interaction between two
proteins, two ligands or protein and a ligand. It is largely employed to study enzyme kinetics. ITC
detects the heat changes in the system, which accompanies the interaction between two molecules. This
heat change is utilized to deduce various binding parameters like dissociation constant (Kg), binding
stoichiometry (n), entropy (AS) and enthalpy changes (AH) etc. We utilized ITC to study the interaction
between full-length Tau and EGCG in Malvern PEAQ ITC instrument.

Reagents
Component Molarity
Sodium phosphate buffer pH 7.4 | 50 mM
Tau 20 uM
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| EGCG | 500 uM |

Protocol

1. Tau protein was rebuffered in the sodium phosphate buffer pH 7.4 and the ligand EGCG was
also diluted in sodium phosphate buffer for minimizing the buffer interferences and mismatch
in the titration.

2. 20 pM Tau was titrated against 500 pM EGCG in sodium phosphate buffer pH 7.4 at 25 °C.

3. The titration consisted of 25 injections of 1.5 pL each for 3 seconds with an interval of 180
seconds between two consecutive injections. In order to stabilize the reaction cell an initial
injection of 0.4 uL. was given.

4. The data was analyzed and interpreted using PEAQ-ITC software using one set of sites model.

5. The final baseline corrected data and heat plot were plotted using Sigma plot 10.2. The values
of AG, AH and TAS were used to calculate the binding constant for the interaction.

2.14.2 Nuclear Magnetic Resonance Spectroscopy

The interaction of proteins with ligand molecules have a great impact in biological systems and these
interactions assist in the drug development. NMR is a powerful tool deducing the interactions of
proteins and ligands especially for the residue-specific interaction. The simplest NMR interaction
studies involve chemical-shift titration studies that maps the chemical shifts of proteins in response to
ligand interaction. We studied the interaction of repeat Tau with EGCG and polyamines by 'H-"N
HSQC NMR chemical shift experiment.

Reagents
Component Concentration
Phosphate buffer pH 6.8 50 mM
DTT 1 mM
D,O 10%
"N labelled repeat Tau 200 uM
Protocol

1. 200 uM solution of "N labelled repeat Tau protein was prepared in 10:90 D,O: H,O aqueous
medium of 50 mM phosphate buffer also containing 1 mM DTT.

2. For EGCQG interaction studies, the repeat Tau was titrated with the EGCG:Tau ratios of 0, 0.5,
2.5, 5 and 10. For polyamines, the titrations were carried out at the ratios 0, 1, 2, 4, 8, 16
(Polyamines:Tau).

3. All NMR experiments were acquired at 278 K on Bruker Advance III HD 700 MHz
spectrometer equipped with a TXI probe.

4. '"H-"N HSQC experiments have been acquired using 512 increments and 2k complex points in
the indirect and direct dimension, respectively, and 16 scans per increment.

5. The data was processed by Bruker topspin software and analyzed using Sparky.

2.14.3 In Silico interaction studies

Molecular modelling. To procure templates for homology model building, a similarity search using
Basic Local Alignment Search Tool (BLAST) algorithm was performed against the Protein Data Bank
(PDB), to identify high-resolution crystal structures of homologous proteins. The sequence identity cut
off was set to > 30% (E-value cut off = 1). Homology modeling of Tau K18 was then carried out using
Modeller 9.16 by taking structures homologous to the target proteins as templates, in order to study
their structural features, binding mode and affinity with the substrates.

Model validation and refinement. The initial models obtained, were evaluated for the stereochemical
quality of the protein backbone and side chains using PROCHECK and RAMPAGE. ERRAT server
checked the environments of the atoms in the protein model. Errors in the model structures were also
checked with ProSA server. After model validation, initial models were refined using imperf

39



Materials and Methods

minimization of protein preparation wizard and Impact 5.8 minimization. These energy minimized final
models were further used for the binding studies with their substrates.

Ligand—protein preparation and docking studies. The ligand molecule considered in the present
study was downloaded from ZINC compound database in the mol2 format. The protein and ligands
were prepared first before proceeding with the docking studies. The water molecules and other
heteroatom groups were removed from the protein structures using protein preparation utility of
Maestro. Hydrogens were added subsequently to carry out restrained minimization of the models. The
minimization was done using impref utility of Maestro in which the heavy atoms were restrained such
that the strains generated upon protonation could be relieved. The root mean square deviation (RMSD)
of the atomic displacement for terminating the minimization was set as 0.3. Similarly, ligands were
refined with the help of LigPrep 2.5 to define their charged state and enumerate their stereoisomers.
The processed receptors and ligands were further used for the docking studies using Glide 5.848.
Sitemap analysis was performed on the prepared receptor molecule, to identify the probable binding
sites for our ligands of interest, since no prior information was available regarding the same. Next, grids
were generated by selecting any of the Sitemap points obtained above. Pls revise! Flexible ligand
docking was carried out using the standard precision option. A total of 6 poses with the respective ligand
and different sites were generated and scored on the basis of their docking score, glide score and E-
model values. The hydrogen bond interactions between the protein and ligands were visualized using
PyMOL.

Molecular dynamics simulations. The docked complex with the lowest Glide score and Glide E-model
values were used to perform molecular dynamics simulation using the GROningen MAchine for
Chemical Simulations V4.5.4 (GROMACS) with the CHARMM36 force field. The docked complex
was placed in the center of a dodecahedron box solvated in water. The ligand topology files and the
other force field parameter files pertaining to the ligand were created using the official CHARMM
General Force Field server CGenFF. The SPC216 water model was used and the distance between the
solute and the box was set to 10. The dimensions of the initial simulation cell were kept at approximately
90 A~ 90 A~ 90. for the simulation and the initial energy minimization of the system was carried out
by steepest descent minimization for 50,000 steps, till a tolerance of 10 kJ/mol was attained, to make
sure that the high energy interactions and steric clashes in the system could be avoided during
simulation. A suitable number of Cl— ions were added to balance the total negative charges on the
docked structures to make the whole system neutral using the genion program of GROMACS and the
system was again subjected to energy minimization by steepest descent minimization retaining the same
parameters. The system was stabilized at 300 K temperature and pressure of 1 bar using the Vrescale,
a modified Berendsen thermostat, temperature coupling and Parrinello-Rahman pressure coupling
methods. The Partial Mesh Ewald (PME) algorithm was employed for computing electrostatic and van
der Waals interactions. A cut off distance of 9 and 14. was set for Coulomb and van der Waals
interactions, respectively. The LINCS algorithm was used to apply rotational constraint to all the bonds.
No positional constraints were applied on the system. Periodic boundary conditions were applied in all
three directions. The complex in the medium was equilibrated for 100 ps in NPT and NVT ensembles.
Finally, 20 ns molecular dynamics simulation was carried out for the protein—ligand complex and all
trajectories were stored every 2 ps for further analysis. The trajectories were visualized using Visual
Molecular Dynamics program (VMD) 58. The energies and RMSD of the complex in each trajectory
were monitored with respect to simulation time. The intermolecular interactions between the target and
substrate were assessed to check the stability of the complexes. The Rg (Radius of gyration) was also
monitored for the protein and ligand backbones to check their stability in the active site pocket as well
as their overall compactness.

2.15 Cell biology studies
2.15.1 Cell growth and maintenance

For the entire cell-based studies neuro2a (N2a) cells were used. Neuro2a cells were purchased from
ATCC. It is mouse neuroblastoma cell line and is being widely used for neuronal studies.
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Reagents
1. Cell growth media
Advanced DMEM
L-glutamine
Penstrep antibiotic cocktail
Fetal Bovine Serum (USA origin)
Trypsin-EDTA
1X PBS

Protocol
Cell growth:
1. The cells were maintained in Advanced DMEM supplemented with 10% FBS, penstrep and
glutamine.
2. The cells were incubated at 37 °C in a CO» incubator with 95% humidity.
3. The cells were passaged after reaching 80% confluency in the culture dish.

Cell passage:

1. After reaching 80% confluency, cells were passaged by removing the growth media and
washing with 1X PBS.

2. 1X trypsin EDTA was added to the culture dish and incubated at 37 °C for 5-10 minutes.

3. The trypsin-EDTA helps detachment of the cells from the culture dish. The reaction of trypsin
was stopped by adding the growth media containing 10% FBS.

4. The suspension was collected in a centrifuge tube and centrifuged at 800 rpm for 5 minutes to
pellet down the cells.

5. The supernatant was discarded and the cell pellet was resuspended in fresh growth media. The
cells were added to a fresh culture dish with a split ration of 1:3.

6. The culture dishes were incubated at 37 °C in a CO; incubator with 95% humidity.

2.15.2 Cell viability assays

Cell viability is an important tool to study the biocompatibility of the candidate therapeutic molecules.
There are various classes of cell viability assays like dye exclusion (trypan blue), colorimetric (MTT
and LDH), fluorometric and luminometric assay. Based on the applications a particular type of assay
can be employed to study. We used MTT and LDH assay to study the toxicity of various small
molecules in neuro2a cells. We also studied the toxicity of Tau treated with molecules in an aggregation
inhibition reaction as compared to untreated aggregated Tau.

2.15.2.1 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) Assay

MTT assay is a widely used colorimetric assay for cell toxicity studies. It determines the mitochondrial
function of cells by measuring the mitochondrial enzymes. MTT is a tetrazolium salt, which is reduced
to purple formazan crystals by NADP. These crystals are solubilized in an organic solvent and the
intensity of colour developed is measured at 500-600 nm.

Protocol

1. Neuro2a cells were seeded at a density of 10,000 cells in a 96 well plate and grown in the
growth media at 37 °C CO, incubator.

2. Next day, these cells were treated with varying concentrations of compounds and compound
treated Tau species and incubated for 24 hours at 37 °C CO; incubator.

3. Post-treatment cells were treated with 0.5 mg/mL of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5
diphenyltetrazolium bromide) and incubated for 4 h.

4. The formed formazone crystals were dissolved in 100 uL of DMSO. This leads to the formation
of purple coloured complex whose absorbance was measured at 590 nm in TECAN Infinite
Series Pro 200 spectrofluorometer.

2.15.2.2 Lactate dehydrogenase (LDH) assay
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LDH enzyme is physiologically present in the cell cytoplasm. The membrane leak caused due to various
toxic molecules leads to release of this enzyme extracellularly. LDH assay measures this leaked LDH
enzyme by its activity in two steps. In the first step, LDH catalyzes the conversion of lactate to pyruvate
and thus NAD is reduced to NADH/H". In a second step, catalyst (diaphorase) transfers H/H" from
NADH/H" to the tetrazolium salt 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-phenyltetrazolium chloride
(INT), which is reduced to red formazan. We utilized LDH assay to determine the effect of polyamine-
treated Tau on cell membrane integrity.

Protocol
1. Cells were seeded at the density of 1X 10* cells/well in growth media supplemented with 10%
FBS and penstrep for 24 hours.
2. Tau treated with polyamines at various concentrations for 72 hours was added to cells in serum-
starved media for 24 hours.
3. LDH release assay was carried out according to manufacturer’s protocol (Pierce, Thermo
Scientific).

2.15.2.3 Caspase 3/7 activity assay

Caspase-3 is an effector caspase in the apoptosis pathway and plays a pivotal role in progression of cell
towards apoptosis. Additionally in AD, it is known to cause aberrant cleavage of Tau, which leads to
its pathogenic aggregation. We studied the effect of polyamines on the Caspase 3/7 activity in neuro2a
cells.

Protocol
1. Caspase 3/7 activity in polyamine treated cells was determined by EnzChek™ Caspase-3 Assay
Kit (Molecular Probes).

2. 1X10° neuro2a cells were plated in 12 well plate and treated with polyamines for 12 hours.

3. Caspase 3/7 activity assay was carried out according to the given protocol. Cells were lysed
using the lysis buffer provided in the kit for 30 minutes on ice.

4. The supernatant was collected after centrifugation and incubated with the substrate provided
(DEVD-Rhodamine 110) for different time intervals.

5. The fluorescence was measured at 496 nm and 520 nm excitation and emission wavelength
respectively in TECAN Infinite® 200 PRO plate reader.

2.15.2.4 Apoptosis assay by flow cytometry

Cellular apoptosis is governed by various factors and polyamines are involved in the cellular apoptosis
pathways. Apoptosis of terminally differentiated cells like neurons can prove fatal and lead to
neurodegenerative diseases. We studied the effect of polyamines in inducing apoptosis in neuronal cells.
Protocol

1. Neuro2a cells were plated at the density of 1X10° in a 12 well culture plate. Cells were treated
with various concentrations of spermine and spermidine for 12 hours and harvested for the
analysis of apoptosis.

2. Apoptosis assay was carried out using the kit (FITC Annexin V/Dead Cell Apoptosis Kit
Molecular Probes) using manufacturer’s protocol. In brief, cells were washed in cold 1X PBS
and resuspended in 100 pL 1X Annexin binding buffer with 5 pL of FITC annexin V and 1 pL
of propidium iodide (100 pg/mL) for 15 minutes at room temperature.

3. Apoptosis analysis was carried out in BD Accuri C6 flow cytometer. 10,000 cells were counted
for each sample.

4. The controls were set up as follows i. Unstained cells, ii. FITC Annexin V alone (no PI), iii. PI
alone (no FITC Annexin V). Unstained cells were measured to remove dead cells and debris.

5. Viable cells with high forward scatter (FSC) and low side scatter (SSC) were selected and
gating was done accordingly.

6. Apoptotic rate was determined by applying 4 quadrants for i. lower left (LL) Annexin V/PI'
(non-apoptoic cells), ii. Lower right (LR) Annexin V'/PI (early apoptoic cells), iii. Upper right
(UR) Annexin V'/PI" (late apoptotic cells), iv. Upper left (UL) Annexin V/PI" (necrtotic cells).
The rate of apoptosis was determined as (LR+UR).
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2.15.2.5 Immunofluorescence

Immunofluorescence is a powerful tool for visualizing the interplay of intracellular molecules and
architecture. It employs mapping of specific proteins with primary antibodies and visualization by
fluorescently tagged secondary antibodies. In addition to visualization, immunofluorescence can also
aid in getting the colocalization of two or more proteins. We employed immunofluorescence to study
the levels, localization and colocalization of various intracellular proteins in EGCG-mediated glycation
inhibition.

Protocol

L.

2.

3.

Neuro2a cells were maintained in Advanced DMEM supplemented with 10% FBS and
antibiotics penicillin streptomycin.

For immunofluorescence studies 5X10* cells were seeded on glass coverslip in a 12 well culture
plate for 24 hours.

Four experimental groups were maintained as cell control, EGCG (100 uM) treated, MG (1
mM) treated and MG+EGCG treated. Treatment was carried out for 24 hours after which, the
cells were fixed with ice-cold methanol.

Cell permeabilization was carried with 0.2% TritonX 100. After 3 PBS washes cells were
blocked in 5% horse serum for 1 hour at 37°C. Cells were incubated with primary antibodies at
4 °C overnight. Further, cells were washed with 1X PBS and incubated with respective
antibodies anti-mouse secondary antibody conjugated with Alexa flour-488, Goat anti-Rabbit
IgG (H+L) Cross-Adsorbed Secondary Antibody with Alexa Fluor 555 (A-21428) followed by
300 nM DAPI.

The coverslips were mounted in 80% glycerol and sealed and were observed under 63X oil
immersion lens in Axio Observer 7.0 Apotome 2.0 (Zeiss) microscope using ZEN pro software.
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Aims of the Study

Alzheimer’s disease is a protein misfolding disorder culminating in excessive brain atrophy and
dementia. Amyloid-B and Tau are two important proteins which lead to AD pathology due to
misfolding, aggregation an accumulation in brain. A aggregates deposit extracellularly on the neurons
and hamper synaptic transmission and Tau forms intracellular neurofibrillary tangles leading to
cytoskeleton destabilization leading to neuronal death. The aggregation of Tau is attributed to various
factors, of which we focused our studies on the Tau mutations and post-translational modifications and
screening of small molecules to inhibit the PTMs and aggregation. Tau mutations known as FTDP-17
mutations alter Tau functions and trigger its aggregation. The PTMs like phosphorylation and glycation
are also implicated in the pathological transition of Tau to aggregation. Based on this background we
designed the following aims for our studies:

I.  The effect of glycation on the aggregation propensity of mutant Tau and dual modification
(pseudophosphorylation and glycation) of Tau.

II.  The effect of green tea polyphenol EGCG on glycation inhibition and neuronal cytoskeletal
integrity

II.  Role of polyphenols Baicalein and EGCG on aggregation of full-length Tau

IV.  Role of polyphenols in inhibiting Tau aggregation and modulation of neuronal apoptosis.
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Chapter 2
Effect of glycation on predisposed Tau
mutants and aggregation propensity by
dual modification (phosphorylation and
glycation) of Tau
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2.1 The FTDP-17 mutations of Tau and the polyol pathway

The predisposition of an individual due to genetic Tau mutations termed as FTDP-17 mutations puts
them at increased risk of early onset of Alzheimer’s disease due to compromised functions of Tau®’.
Tau maintains the integrity of axonal microtubules and secures neuronal function. The mutations affect
the binding affinity to microtubules as well as induces Tau self-assembly****. In addition to this, the
surplus of abrupt modifications worsens the Tau pathology, as these modifications stabilize Tau
aggregates and might help in spreading of the pathologic Tau seeds. We studied the effect of methyl
glyoxal-induced glycation on the 3 missense FTDP-17 mutants G272V, P301L and R406W present in
R1, R2 and in the C-terminal respectively (Fig. 2.1A). Glycation of Tau hampers its function and is
suggested to stabilize the PHFs. In the normal physiological concentration, glucose is channelled via
hexokinase pathway. The surge of glucose levels due to diabetic complications saturate the hexokinase
pathway and hence the flux is diverted to alternative pathways like polyol pathway or Maillard reaction
(Fig. 2.1B). As already introduced, Maillard reaction forms Schiff’s base followed by conversion to
Amadori products leading to the formation of advanced glycation end products (AGEs). The polyol
pathway metabolizes sugars into alcohol by aldose reductase enzyme'”. Accordingly, glucose is
converted to sorbitol which is further converted to fructose. Fructose being more reactive, it is converted
to reactive dicarbonyls including methyl glyoxal (MG) (Fig. 2.1C), which trigger the formation of
AGEs.
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Figure 2.1. Tau FTDP-17 mutants and polyol pathway of AGEs formation. A) Tau protein organization having two inserts
(blue blocks) at the N-terminal. Polyproline-rich region denoted by green rings and 4 imperfect repeats (red arrows) involved
in microtubule-binding and also involved in Tau aggregation. The Tau missense mutations are denoted in red, G272V, P301
L, and R406W, which are involved in Tau dysfunction. B) The polyol pathway showing the formation of reactive metabolites
like glyoxal and methyl glyoxal (MG) that are precursors of advanced glycation end products. C) Structure of MG, a reactive
aldehyde accumulating in aging brain. The figure is reproduced from Sonawane et al., Journal of Alzheimer’s Disease, 2020.

2.2 Effect of MG-induced aggregation on FTDP-17 mutant Tau

Elevated levels of methyl glyoxal in AD affects many events like signal transduction, redox balance
and energetics of cells'®’. More importantly, MG induces cross-linking and aggregation of Tau protein.
Since, the FTDP-17 mutations are known to enhance Tau assembly, we monitored effect of MG on the
aggregation of Tau dementia mutants. The aggregation was assayed by 3 fluorescence-based probes

thioflavin S (ThS), thioflavin T (ThT) and 8-Anilinonaphthalene-1-sulfonic acid (ANS). ThS and ThT
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are derived by methylation of dehydrothiotoluidine in presence of sulphonic acid and hydrochloric acid
respectively making them structurally different. Although, both the fluorophores bind to B-sheets, ThS
preferentially binds to mature fibrils over monomers. The ThS aggregation kinetics of Tau and its
dementia mutants displayed increased ThS fluorescence for the 2 mutants G272V and P301L as
compared to wild type Tau suggesting enhanced aggregation (Fig. 2.2A). On the other hand, the mutant
R406W had decreased ThS intensity than wild type Tau. The ThT kinetics confirmed these results with
same pattern of aggregation of wild type and mutant Tau (Fig. 2.2B). Tau aggregation proceeds through
variety of intermediate species formation, which involves increased exposure of hydrophobic patches
in proteins. ANS dye binds the hydrophobic regions of proteins and fluoresces®. Though, the
aggregation pattern differed between wild type and mutants, the hydrophobicity pattern remained
similar (Fig. 2.2C). The relative analyses of the endpoint fluorescence for all 3 extrinsic fluorescence
revealed enhanced MG-induced aggregation in G272V and P301L mutants as compared to wild type
(Fig. 2.2D). The missense mutations of Tau differentially modulated the aggregation kinetics.
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Figure 2.2 MG-induced aggregation of Tau and FTDP-17 mutants. A) ThS fluorescence analysis for MG-induced
aggregation showing enhanced aggregation of mutants G272V and P301L as compared to control. B) ThT fluorescence assay
shows similar observation as ThS analysis wherein the mutants show enhanced aggregation propensity as compared to control.
C) The hydrophobicity transitions probed by ANS fluorescence reveal no distinct change in wild-type Tau versus mutants. D)
The comparative analysis of all fluorophores show that R406W shows suppressed aggregation in presence of MG as compared
to wild-type whereas G272V and P301 L follow the wild-type Tau with increased aggregation by MG (p < 0.01). The figure
is reproduced from Sonawane et al., Journal of Alzheimer’s Disease, 2020.

2.3 The in vitro propensity of Tau dementia mutants to form MG-induced AGEs

The advanced glycation end products formed due to protein modification by sugars or reactive
dicarbonyls have a characteristic yellow-brown autofluorescence. This property is utilized as a non-
invasive method to detect the skin fluorescence and determine the extent of diabetic complications'®'.
AGE:s fluoresce with the emission range of 420-600 nm on excitation at 300-420 nm. We checked the
effect of MG on formation of Tau AGEs. The hypothesis was the mutations would affect the
modification either to enhance or supress the AGEs formation (Fig. 2.3A). The AGEs-specific
fluorescence gradually increased for Tau and its dementia mutants with P301L showing increased
intensity as compared to wild type Tau (Fig. 2.3B). Other two mutants, G272Vand R406W showed
reduced intensity for AGEs fluorescence. This pattern was followed throughout the kinetics till 168
hours. The comparative analysis at the end of kinetics revealed that the mutant P301L showed enhanced
AGE:s formation as compared to other Tau proteins (Fig. 2.3C). We report the effect of glycation on
aggregation propensity of FTDP-17 mutants for the first time but reports are available for
hyperphosphorylation of these mutants. The mutant P301L was shown to have enhanced aggregation

47



Chapter 2

and MG-induced AGEs formation in our study. P301L Tau was also shown to have enhanced
phosphorylation and NFTs deposition in the transgenic model of diabetes mellitus'*?. On the other hand,
the mutant R406W displayed reduced MG-induced aggregation and glycation as compared to wild-
type'®*. This mutant is also found to resist the phosphorylation and aggregation in various model system.
Thus, the modification of FTDP-17 mutants depends largely on the inherent properties it imparts to the
protein.
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Figure 2.3. Advanced glycation end products formation propensity of Tau and its mutants. A) Hypothetical model to
predict the effect of glycation on AGEs formation. The mutants can either demonstrate an increased or decreased propensity
for AGEs formation as compared to wild type Tau that is quantitated by AGEs-specific fluorescence. B) The AGEs-specific
fluorescence reveals increase in intensity with time for Tau and its mutants. P301L mutant shows highest AGEs formation as
compared to control. C) The comparison of last time point fluorescence intensity reveals that the mutant P301L shows more
propensities for glycation as compared to wild-type Tau (p < 0.05). The figure is reproduced from Sonawane et al., Journal of
Alzheimer’s Disease, 2020.

2.4 Morphology of MG-induced Tau aggregates

Protein cross-linking is the major manifestation of protein glycation which makes it protease resistant
and difficult to degrade. This results in build-up of these protein aggregates hampering cellular
functioning. The MG-treated Tau and its mutants were analysed on SDS-PAGE at regular intervals.
The starting point proteins had a single monomer band without any higher order species confirming
absence of any preformed higher order species in the reaction mixture. The soluble protein was modified
by MG with progressing time and was visible as a smear of protein throughout the lane (Fig. 2.4A).
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Figure 2.4. SDS-PAGE and morphological evaluation of glycated Tau proteins. A) SDS-PAGE evaluation of glycated
Tau shows formation of SDS-resistant glycated proteins, which aggregate and can be visualized as a trail on the separating gel
at higher molecular weight than the soluble protein. B) Electron micrographs of the glycated Tau and its mutants reveal
formation of amorphous aggregates. The figure is reproduced from Sonawane et al., Journal of Alzheimer’s Disease, 2020.
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The cross-linking might have given a trail of proteins rather than specific bands. Moreover, the glycated
protein were SDS-resistant and extent of glycation differed among wild type Tau and its mutants. The
results were in concordance with aggregation studies with P301L showing enhanced glycation and other
two mutants showing reduced glycation as compared to control. Further, these glycated proteins were
visualized by transmission electron microscopy. The morphology of glycated proteins varied from the
heparin-induced aggregates (Fig. 2.4B). Glycation formed amorphous aggregates as opposed to fibrillar
aggregates formed in presence of other inducers.

2.5 Global conformation of native and glycated Tau

Protein molecular assemblies are associated with intermolecular interactions and conformational
changes and are influenced by each other. The process of aggregation involves a common mechanism
of increase in B-sheet conformation in proteins involved in different diseases. The amino acid mutations
increase the flexibility of the protein causing destabilization, which favour the partially folded

184

conformations having greater propensity for aggregation *". Glycation has been reported to decrease the

inherent a-helical structure of proteins-like human serum albumin (HSA) and hemoglobin (Hb) and

'8 The glycation of HSA by methyl glyoxal induced structural transitions

increase the 3-sheet content
and alteration by reducing the a-helical content of the protein'®. Tau is an intrinsically disordered
protein with complete random coil conformation. On aggregation the full-length Tau adopts partial 3-
sheet conformation whereas the repeat domain of Tau (K18WT) adopts complete 3-sheet conformation.
We studied the conformations of the native and glycated full-length Tau wild type and mutants by CD
spectroscopy. The native conformation of Tau and its mutants showed a spectra for random coil
conformation with maximum ellipticity at 198 nm (Fig. 2.5A). The MG-induced glycation did not show
any change in the global conformation of Tau and its mutants (Fig. 2.5B). Thus, glycation does not alter
the conformation of Tau and its FTDP-17 mutants.
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Figure 2.5. Effect of glycation on global conformation of Tau proteins. A) The native conformation of Tau and its FTDP-
17 mutants show random coil conformation and maximum ellipticity at 198 nm. B) Glycation does not alter the global
conformation of Tau and its mutants. Glycated proteins show native conformation with maximum ellipticity at 198 nm. The
figure is reproduced from Sonawane et al., Journal of Alzheimer’s Disease, 2020.

2.6 Pseudophosphorylation of Tau

Tau is a phosphoprotein requiring a balance of phosphorylation and dephosphorylation for its
physiological functioning. In AD, an imbalance of this process results in abnormal phosphorylation of
Tau, which increases the overall negative charge of the protein. Low net charge of the protein is reported
to be one of the important parameters for protein aggregation'®’. The effect of hyperphosphorylation on
Tau function and self-assembly is studied by utilizing the charge mimicking pseudophosphorylation
mutants. The negative charge of phosphate group is added to the protein by replacing the specific sites
of phosphorylation, serine and threonine by negatively charged amino acids aspartic acid or glutamic
acid. This approach has helped to study the effect of site-specific phosphorylation on Tau aggregation
and microtubule assembly rather than in vitro Tau phosphorylation by kinases which uncontrollably
phosphorylate several sites. We employed similar approach to study the effect of dual modification,
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glycation and phosphorylation on Tau. The phospho-mimicking Tau sites T231D, S262D, S396D and
S404D were studied as double mutants (Fig. 2.6A). The combinations were, (262/404D, 262/396D and
231/262). Methyl glyoxal was used to glycate the phospho-mimicking mutants. The glycation reaction
causes intra-molecular and inter-molecular cross-linking which favors the self-assembly of protein
forming aggregates. Pseudophosphorylation is also found to enhance the Tau aggregation. The question
we posed was whether pseudophosphorylation can enhance MG-induced cross-linking of Tau (Fig.
2.6B).
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Figure 2.6. Tau pseudophosphorylated mutants. A) Tau protein is composed of two insert regions toward the N-terminal
followed by a poly-proline stretch. The C-terminal region harbors a repeat region consisting of 4 imperfect repeats contributing
to microtubule binding. The pseudophosphorylation sites studied are mentioned in red. B) The hypothesis model depicting
glycation of pseudophosphorylated mutants by methyl glyoxal. Methyl glyoxal leads to intra-molecular as well as
intermolecular protein cross-linking by modifying the amine side-chains. The phospho-mutants might interfere this cross-
linking to either enhance or reduce the MG-induced aggregation. The figure is reproduced Sonawane ef al., from ACS Omega
(under revision), 2020.

2.7 Dual modification of Tau

The levels of reactive dicarbonyls have been found to increase in diabetic complications'”. Especially,
methyl glyoxal levels are found to increase in AD. Moreover, glycation plays an important role by
inducing oxidative stress in AD. The effect of phosphorylation and glycation was studied on Tau
aggregation. The aggregation was recorded for 168 hours using extrinsic fluorophore ThT. The kinetics
steadily increased over the time suggesting progression of aggregation (Fig. 2.7A). The end time point
fluorescence graph suggested that the aggregation propensity did not differ between Tau and the
pseudophosphorylated mutants (Fig. 2.7B). However, the mutants and the wild type Tau did not follow
a similar pattern of assembly. In the initial 36 hours, the kinetics increased gradually and equally for
wild type and the phospho-mutants 262/396D and 231/262. Post 36 hours the kinetics for the phospho-
mutant 262/396D drew apart from that of wild type with increased intensity suggesting increased
aggregation. On the other hand, the phospho-mutant 262/404D showed only a minimal increase in
intensity throughout the kinetics thus, confirming reduced rate of MG-induced aggregation as compared
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to wild-type Tau. A previous study with a similar objective of studying dual modification of Tau have
reported analogous results. The pseudophosphorylated Tau double mutants did not show significant
differences in the MG-induced aggregation with respect to wild type”. This effect can be attributed to
residue-specific phospho-mutants with varied aggregation propensity. The residue S262 plays an
important role on Tau aggregation. The phosphorylation at S262 residue suppresses the Tau aggregation
with overall increase in the phosphorylated sites on Tau’®. The 3 double mutants employed in our studies
have a common pS262, which might be responsible for suppressing MG-induced aggregation. Thus,
site-specific pseudophosphorylation affects MG-induced Tau assembly.
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Figure 2.7. Dual modification of Tau. A) The ThT fluorescence assay for MG-induced Tau aggregation showed enhanced
aggregation of mutant 262/396D and decreased aggregation in 396/404D as compared to wild-type Tau. B) The end time point
fluorescence intensity of MG-induced aggregation does show lower aggregation propensity of the phospho-Tau mutant
262/396D. (p < 0.05). C) The AGEs fluorescence kinetics did not differ for the proteins until a later time point. D) The 168
hours analysis of AGEs fluorescence revealed increased AGEs fluorescence in 231/262D and 262/396D. (p < 0.05). The values
are mean + std. deviation. The statistical analysis was carried out by Student’s unpaired T- test with respect to hTau40 wild
type. *** p<0.001, **p<0.01, *p<0.05. ns: non-significant p value. The figure is reproduced from Sonawane et al., ACS
Omega (under revision), 2020.

The extent of glycation by sugars or reactive dicarbonyls are determined by several quantitative
methods including antibody-based techniques and AGEs autofluorescence”. Autofluorescence of
AGE:s is due to the specific compounds formed due to side chain modifications of amino acids. These
compounds differ with the glycating agent. For example, modification of HSA by glucose forms
argpyrimidine and pentoside with excitation maxima between 325 nm and 335 nm and emission
maxima at 395 nm. MG-modified N-a-acetylarginine forms fluorescent compound N-a-acetyl-N-6-(5-
methyl-4-imidazolon-2-yl) ornithine with excitation/emission 320/398 nm. The AGE-modified lens
proteins have excitation/emission of 360/430'* nm. We used this approach in our study to decipher the
extent of MG-mediated modification of Tau. As for aggregation results, same observation was made
with respect to AGEs-specific fluorescence wherein the pattern for phospho-mutants and wild type
remained same for first 36 hours of incubation (Fig. 2.7C). The AGEs fluorescence for wild type Tau
became stagnant at 60 hours whereas the mutants 231/262D and 262/396D continued to show gradual
increase in fluorescence. This suggests increased AGEs formation in 231/262D and 262/396D mutants
as compared to wild type Tau. The mutant 262/404D showed reduced AGEs levels as compared to wild
type. The comparative analyses revealed enhanced glycation in 231/262D and 262/396D with respect
to wild type Tau (Fig. 2.7D).

51



Chapter 2

2.8 Effect of dual modification on Tau conformation

Glycation imparts various characteristics to proteins such as resistance to proteases and detergents
making them insoluble and aggregation prone. The doubly modified Tau proteins were subjected to
SDS-PAGE analysis at various time points. The MG-induced glycation formed SDS-resistant Tau
aggregates in all the proteins with 262/404D having least intensity among others (Fig. 2.8 A). Phospho-
mimicking mutants are reported to form SDS-resistant higher order Tau aggregates upon glycation.
After confirming the presence of higher order aggregates, we studied the conformation of these
modified proteins by CD spectroscopy. The unmodified Tau and its phospho-mimicking mutants
demonstrated a random coil spectra with absorption maxima at 198 nm (Fig. 2.8B). Moreover, dual
modification did not tend to alter the native conformation of Tau and its mutants (Fig. 2.8C).
Pseudophosphorylation of Tau is known not to cause any significant changes to global conformation of
protein. Similarly, glycation did not affect the global conformation of wild type Tau as well as phospho-
mutants. Thus, the dual modification might be involved in local conformational changes which leads to
enhanced modification in some mutants as compared to wild type. The visualization of modified Tau
proteins demonstrated presence of amorphous aggregates (Fig. 2.8D). Such type of aggregates have
been reported to be formed by the glycation of pseudophosphorylated Tau by reactive dicarbonyls like
glyoxal, methyl glyoxal and acrolein.
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Figure 2.8. Conformational analyses of glycation and phosphorylation on Tau. A) The SDS-PAGE analysis of MG-
treated Tau showed presence of higher order cross-linked proteins at various time points. The mutants 262/396D and 231/396D
show presence of cross-linked products even at lower molecular weights. B) The CD spectra of Tau and its phospho-mutants
showed a native conformation of random coil. The mutations did not alter the global conformation of Tau. C) The conformation
of Tau and the phospho-mutants was not altered by MG-induced glycation. D) Electron micrographs of modified Tau. The
glycated Tau showed presence of amorphous aggregates under electron microscope. The values are mean = std. deviation. The
statistical analysis was carried out by Student’s unpaired T- test with respect to hTau40 wild type. *** p<0.001, **p<0.01,
*p<0.05. ns: non-significant p value. The figure is reproduced from Sonawane et al., ACS Omega (under revision), 2020.

Thus, the study on the effect of glycation Tau bearing predisposition to pathological transition suggests
that glycation can act as an enhancing factor to trigger self-assembly and stabilize the aggregates by
imparting resistance to detergents via excessive cross-linking.
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Chapter 3

Role of EGCG in Tau glycation inhibition
and maintaining neuronal cytoskeleton
integrity
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Advanced glycation end products are formed via series of chemical reactions initiated by modification
of free amino groups by reducing sugars. The factors influencing AGEs formation are concentration of
sugars and their reactive intermediates, extent of oxidative stress and protein turnover rate'®. The early
steps of glycation leads to the formation of reactive dicarbonyls like glyoxal, methylglyoxal (MG)
which further lead to oxoaldehydes-derived AGEs formation. MG is reported to be one of the most
highly reactive dicarbonyls that rapidly modifies side chains of amino acids forming AGEs. In addition
to modification of lysine and arginine side chains, MG can also modify thiol groups in cysteines forming
carboxyethylcysteine'”’. The derivatives of MG-modified amino acids in proteins are used as diagnostic
markers for the progression of diabetic complications'®'. Protein modification by MG has substantial
effect on protein functions as it inactivates cellular enzymes and impacts cellular pathways and
signalling. Increased levels of AGEs have also been related to neurodegeneration especially in AD
brains increasing oxidative stress and leading to neuronal pathology. Thus, investigation into synthesis
and discovery of potent glycation inhibitors can acts as novel therapeutic approach to prevent the disease
complications. Accordingly, various AGEs inhibitors belonging to synthetic and natural origin have
been developed, which either act by inhibiting the formation or breaking the cross links. Very few of
the synthetic AGEs inhibitors act at the early stage of AGEs formation that is at the initiation step
wherein sugars attach to the free amino groups in the proteins. The compounds such as aspirin,
diclofenac, pioglitazone, metformin and pentoxifylline exert their effect to prevent glycation at an early

stage'*?

. Most of the synthetic inhibitors like aminoguanidine (AG), pyridoxamine, buformin, quinine,
carnosine, pyrraline etc. act at the late stages of glycation reaction wherein these act to scavenge the
reactive carbonyls and free radicals. AG has potency to interact with B-dicarbonyls formed in the
glycation reactions which helps in prevention of overt AGEs formation. Although, the synthetic
compounds show excellent potency in preventing glycation, their application as a therapeutic is limited
due to the side effects. For example, the clinical trials for AG were discontinued due to severe side
effects such as anaemia, gastro-intestinal disturbance and flu-like symptoms. On the other hand, the
natural compounds act as potent and relatively safe options for glycation inhibitors. Most natural
inhibitors show dual properties of anti-glycation and anti-oxidant. A lot of flavonoids are found to be
inhibitors of glycations including green tea polyphenols, epigallocatechin gallate (EGCQG),
epigallocatechin (EGC) and theaflavin-3,3'-digallate (TF3). These green tea polyphenols are found to
scavenge the reactive dicarbonyls like glyoxal and methyl glyoxal and form primary adducts'®®. As
already mentioned, one of the factor responsible for AGEs formation is concentration of proteins, the
extent of glycation would increase with increased concentration and low turnover rate of proteins.
Cytoskeletal proteins like actin and tubulin make up a substantial amount of intracellular proteins.
Moreover, these proteins play a crucial role in neuronal cells in maintaining their morphology as well
as functioning. The experimental model of diabetes showed glycation of actin and tubulin and reduced
expression of tubulin isoform important for nerve growth and regeneration. Thus, it becomes important
to prevent glycation in brain to ensure proper functioning of neurons.

3.1 Inhibition of Tau glycation by EGCG

Along with accumulation of AGEs, glycation is found to be present in PHFs of the demented patients’
brains. Tau glycation preferentially occurs at its microtubule-binding region and weakens its affinity
for microtubules (Fig. 3.1A). Moreover, glycation is suggested to stabilize the Tau PHFs and thus,
enhance the toxic accumulation of these aggregates. EGCG, a green tea polyphenol (Fig. 3.1B), is
reported to prevent glycation and glycation-induced ROS toxicity. We investigated the role of EGCG
in inhibiting Tau glycation. Methyl glyoxal which is one of the reactive dicarbonyls was used as a
glycating agent. Aminoguanidine, a synthetic glycation inhibitor known for its potency to interact with
dicarbonyls and inhibit glycation was used as a positive control. Tau aggregation was monitored by
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ThS fluorescence which showed steady increase in intensity in control and AG-treated Tau. The
fluorescence intensity showed a decreasing pattern for EGCG treated Tau in a concentration- dependent
manner suggesting reduced aggregation (Fig. 3.1C). The end time point fluorescence analysis revealed
60% inhibition of aggregation by 500 uM EGCG (Fig. 3.1D) whereas AG did not show significant
reduction in MG-induced Tau aggregation. Further, the extent of glycation by MG was recorded by
AGEs-specific fluorescence. The AGEs-specific fluorescence increased steadily for untreated control
Tau indicating increased formation of AGEs with time. The intensity of fluorescence decreased with
increased dosage of EGCG (Fig. 3.1E). At 144 hours, 500 uM EGCG displayed 72% inhibition of MG-
induced Tau glycation as opposed to 42% inhibition by 1mM AG (Fig. 3.1F). Thus, EGCG
demonstrated better potency in inhibiting in vitro Tau aggregation as compared to the positive control
AG.
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Figure 3.1. EGCG inhibits Tau glycation. A) Full-length Tau domain organization highlighting the glycation sites. B)
Structure of EGCG. C) The ThS analysis of MG-induced Tau aggregation revealed that in absence of EGCG there is increase
in ThS fluorescence suggesting aggregation. Increase in concentration of EGCG showed decrease in ThS intensity with lowest
at 500 uM of EGCG. The positive control for glycation inhibition, aminoguanidine (AG) showed constant ThS fluorescence.
D). The percent inhibition shows EGCG inhibits MG-induced Tau glycation but AG (ImM) does not rescue this aggregation.
E) The AGEs auto fluorescence revealed that in presence of EGCG there is less AGEs formation as compared to untreated
control. F) EGCG inhibits glycation more efficiently than the positive control AG (1mM) (The values are mean + std. deviation
of two independent experiments. The statistical analysis was carried out by Student’s unpaired T- test with respect to untreated
control. *** p<0.001, **p=<0.01, *p=<0.05. ns: non-significant p value). This figure is adopted from Sonawane et al., Oncotarget
(under revision), 2020.

3.2 Characterization of Tau glycation inhibition by EGCG
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Glycation is known to cause protein cross-linking and aggregation. The fluorescence assays revealed
decreased MG-induced Tau aggregation and extent of AGEs formation in presence of EGCG, hence
further characterization was done for the glycation reactions on SDS-PAGE and western blotting. The
time-dependent SDS-PAGE displayed presence of monomer in all reaction mixtures at 0 hour of the
assay (Fig. 3.2A). The protein glycation and cross linking increased with incubation time (24 hrs) and
was observed as a trail of higher order Tau species on the SDS-PAGE (Fig. 3.2A). Moreover, the cross-
linked higher order Tau species decreased in EGCG treated samples in a concentration dependent
manner at 144 hrs (Fig. 3.2A). The intensity quantification revealed decreased intensity in 500 uM
EGCQG treated reaction mixture in time-dependent manner (Fig. 3.2B). However, the positive control
AG did not show decrease in glycated Tau on SDS-PAGE (Fig. 3.2A, B).
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Figure 3.2. Inhibition of SDS-resistant Tau glycation. A) The SDS-PAGE analysis showed the formation of glycated Tau
as smear above the soluble protein band. In presence of EGCG the higher order glycated Tau decreased with increasing
concentration and time. B) Quantification of SDS-PAGE shows decrease in intensity in 500 uM EGCG in time dependent
manner. C) Immunoblots with AGEs-specific antibody confirm EGCG inhibits Tau glycation in concentration and time
dependent manner more efficiently than known glycation inhibitor aminoguanidine. D) The TEM images show presence of
amorphous aggregates of glycated Tau and the morphology is not altered by EGCG treatment. This figure is adopted from
Sonawane et al., Oncotarget (under revision), 2020.

To confirm glycation and AGEs formation and their inhibition by EGCG, we immunoblotted the
reaction mixtures at various time intervals with AGEs-specific antibody. The 0 hour reaction mixtures
showed complete absence of AGEs formation. Further time intervals showed increased Tau-AGEs in
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control reaction sample. The extent of AGEs decreased with increased concentration of EGCG (Fig.
3.2C). The immunoblotting results confirmed the observations from fluorescence assays and SDS-
PAGE highlighting potency of EGCG in inhibiting MG-induced Tau glycation. Next, we assessed the
morphological characteristics of EGCG-treated glycated Tau. The transmission electron microscopy
displayed amorphous aggregates of Tau-induced by MG (Fig. 3.2D). The morphology remained same
for EGCQG treatment as well thus emphasizing EGCG inhibited glycation of Tau by MG without altering
its qualitative characteristics.

3.3 Inhibition of intraneuronal MG-induced AGEs by EGCG

MG is reported to induce apoptosis in in vitro cultured hippocampal neurons as well as increase the
oxidative stress in neuronal cells. The levels of intracellular AGEs and RAGE are also increased by
exposure of neuro2a cells to MG. We investigated whether EGCG could modulate the induction of
intracellular AGEs by MG (Fig. 3.3A). As expected MG treatment-induced increased AGEs formation
as compared to control and EGCG treated cells. Moreover, the levels of AGEs were considerably
lowered when the cells were treated with MG in presence of EGCG (Fig. 3.3B, C). Thus, EGCG showed
inhibition of AGEs formation in the neuroblastoma cells by MG. This observation was further supported
by the immunofluorescence studies. The AGEs fluorescence was increased on MG exposure as
compared to untreated and EGCG-treated cells. The increase in AGEs by MG was rescued in presence
of EGCG (Fig. 3.3D). The fluorescence intensity analysis displayed significant elevation in the levels
of AGEs in MG exposed cells, which were lowered by EGCG in presence of MG (Fig. 3.3E). The
orthogonal sections revealed a uniform AGEs formation in all the groups (Fig. 3.4A). Another
observation reports role of MG in increasing intracellular Tau hyperphosphorylation. Thus, we studied
the effect of EGCG on phospho-Tau AT 100 epitope.
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Figure 3.3. EGCG inhibits MG-induced AGEs formation in neuronal cells. A) A hypothetical model proposing eftect of
EGCG on MG-induced AGEs formation and Tau phosphorylation. Left panel depicts the effect of MG in inducing AGEs
formation, which is abolished in presence of EGCG; the right panel shows the MG-induced Tau phosphorylation and its
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modulation by EGCG. B) Western blotting of neuronal cells treated with MG for AGEs shows increased AGEs formation in
presence of MG as compared to untreated and EGCG treated. The level of glycation by MG is observed to decrease in presence
of EGCG. C) Quantification of AGEs formation normalized to actin levels show increased AGEs in MG treated cells as
compared to other treatment groups. D) Untreated and EGCG treated cells show basal level of AGEs. MG-induced cells show
increased intensity for AGEs. EGCG show decrease in AGEs induced by MG. The pseudocolors represent respective antibody
staining; Red: AGEs, Blue: DAPI. E) Quantification for AGEs fluorescence confirms increased glycation in MG treated cells
and rescue in MG treated cells supplemented with EGCG. F) AT100 Tau phospho-epitope is present in negligible levels in
control cells and distributed uniformly. EGCG treatment shows a distinct nuclear localization of AT100 Tau around the
periphery, which is disrupted in presence of MG. EGCG along with MG shows to restore this AT100 distribution in the
nucleus. The pseudocolors represent respective antibody staining; Red: phospho-Tau AT100, Green: Total Tau, Blue: DAPL.G)
Tau phosphorylated at AT100 epitope shows enhanced nuclear localization in EGCG treated cells as compared to other groups.
(The values are mean =+ std. deviation of two independent experiments. The statistical analysis was carried out by Student’s
unpaired T- test with respect to MG treatment group. *** p<0.001, **p<0.01, *p<0.05. ns: non-significant p value). This figure
is adopted from Sonawane ef al.,, Oncotarget (under revision), 2020.

This is one of the AD-associated epitopes with Tau phosphorylated at S212/T214. The fluorescence
imaging revealed a distinct pattern of AT 100 distribution rather than total levels of phospho-Tau. The
untreated control showed uniform distribution of AT 100 throughout the cells. But EGCG treatment
displayed localization of AT 100 phospho-Tau at the nuclear periphery (Fig. 3.3F). The orthogonal
projections aided in clear visualization of this unique localization. (Fig. 3.4B). The MG treatment
showed disturbed arrangement of AT 100 Tau but treatment of MG in presence of EGCG restored the
nuclear peripheral localization of phospho-Tau. We further carried out quantitative analysis to decipher
the distribution of AT 100 phospho-Tau in nucleus and cytoplasm in accordance with the treatment
groups. The groups with EGCG treatment showed enhanced nuclear localization of AT 100 Tau as
compared to control and MG treated groups (Fig. 3.3G).
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Figure 3.4. Orthogonal section image analysis of MG-induced AGEs and Tau phosphorylation. A) Orthogonal
projectional analysis shows basal level of AGEs in untreated and EGCG treated cells. MG treatment induces global glycation
in the cells resulting in enhanced AGEs formation in the cells. EGCG is found to inhibit this effect of MG and reduce the
global AGEs formation in the cells. The pseudocolors represent respective antibody staining; Red: AGEs, Blue: DAPI. B)
AT100 phospho-Tau is present at basal levels in control cells and distributed throughout the cytoplasm and nucleus. EGCG
treatment is found to change the localization of phospho-Tau in the nucleus at the periphery in a ring like manner. MG treatment
disrupts this arrangement in as seen in the orthogonal projections whereas MG and EGCG together maintain the AT100

phospho-Tau in the nucleus. The pseudocolors represent respective antibody staining; Red: phospho-Tau AT100, Green: Total
Tau, Blue: DAPI. Scale bar: 20 um. This figure is adopted from Sonawane et al., Oncotarget (under revision), 2020.

EGCG

3.4 EGCG promotes formation of neuronal extensions
Neuronal extensions or neurites are highly dynamic structures at the end of growth cones. Neuronal
extensions form the foundation of neuronal wiring and transmission of electric impulses. The peripheral
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domain of growth cone is rich in F-actin and comprises of filopodia and lamellopodia structures'®*.
Axon is the dominant neurite of the neuron and is a key element in maintaining neuronal polarity. The
axonal mechanics is being maintained in part by the actin rings and spectrin plays an essential role in
maintaining structural integrity of axons'”. The immunofluorescence studies for intracellular AGEs
formation by MG revealed an interesting observation wherein the MG treatment completely disturbed
the neuronal morphology with the gross loss of neuritic extensions. Thus, we investigated the status of
actin cytoskeleton in these treatment groups. In order to better understand the spatial distribution of
actin-rich neurites, we captured 3D stacks of the cells probed for actin and obtained a cumulative image
for each treatment group. The control group displayed a uniformly distributed actin cytoskeleton in the
neuroblastoma cells. The exposure of cells to EGCG formed enhanced neuritic extensions as compared
to control. On the contrary, MG treatment disrupted the actin cytoskeleton in the neuronal cells and
curtailed the neuritic extension formation. A considerable population of cells were rounded off with
very short or no neuritic extensions. The exposure of cells together with MG and EGCG revived and
enhanced the neuritic extensions thus attenuating the actin disrupting effect of MG (Fig. 3.5A). The
analyses of neuritic lengths revealed significant differences between the MG treatment and other
groups. MG treatment severely affected the neuritic formations, which was successfully rescued by
EGCG and was enhanced as compared to control (Fig. 3.5B).
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Figure 3.5. Effect of EGCG on actin and tubulin cytoskeleton remodeling. A) 3D analysis of actin cytoskeleton shows
neuritic extensions, which are maintained in control cells and enhanced in EGCG treated cells. MG disrupts the neuritic
extensions severely whereas EGCG restores the actin-rich neuritic extensions. The pseudocolors represent respective antibody
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Green: Actin, Blue: DAPIL. B) MG treatment drastically reduced the neuritic extensions in cells as compared to control. EGCG
treatment rescued the MG affected neurites and maintained the neuronal cell morphology. C) Tubulin cytoskeleton was
maintained in control and EGCG treated cells with intact MTOC. MG treated cells did not show severe disruption of
microtubules but it lead to loss of MTOC integrity. EGCG re-established the integrity of microtubules and MTOC. The
statistical analysis was carried out by Student’s unpaired T- test with respect to MG treatment group. *** p<0.001, **p<0.01,
*p<0.05. ns: non-significant p value). The pseudocolors represent respective antibody staining; Green: Tubulin, Blue: DAPIL.
This figure is adopted from Sonawane et al., Oncotarget (under revision), 2020.

In association with actin, tubulin cytoskeleton also plays an important role in maintaining neuronal
structure and function. Microtubules are polarized filaments of tubulin dimers with polymerization
occurring at plus ends directed towards the axonal terminal. The polarity of microtubules also aids in
maintaining the neuronal polarity. Since, MG was found to disrupt the actin cytoskeleton in the neuronal
cells, we mapped the tubulin cytoskeleton to check its status on MG treatment. As anticipated, MG
treatment affected the tubulin architecture in the neuronal cells leading to loss of cell morphology.
EGCQG averted this MG-induced disruption of tubulin cytoskeleton keeping the morphology undefiled
(Fig. 3.5C). Thus, EGCG not only prevented MG-induced disruption of actin and tubulin architecture
but enhanced the neuronal structural elements.
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Figure 3.6. EGCG-mediated rescue of neuronal cytoskeleton glycation. A) The actin cytoskeleton is severely glycated in
presence of MG which is visualized as yellow fluorescence (red arrowheads). The cells with completely disrupted actin
cytoskeleton show high levels of AGEs cytoskeleton (white arrows). Alternatively, EGCG together with MG showed
decreased actin glycation (white arrowheads) and restoration of the extensions. B) The Pearson’s co-efficient of correlation
for co-localization analysis to study the actin glycation by MG showed a higher value as compared to untreated control and
EGCG. EGCG was found to decrease the PCC in presence of MG suggesting less colocalization and inhibition of MG-induced
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glycation. C) The control and EGCG treated cells showed intact tubulin cytoskeleton with basal levels of AGEs. MG-induced
the glycation of tubulin cytoskeleton and lead to its disruption (red arrowheads). On complementation with EGCG, the
glycation was inhibited (white arrowheads) and the intact morphology of cells was preserved. D) The PCC for tubulin and
AGEs co-localization did not show significant changes among the groups. (The values are mean =+ std. deviation. The statistical
analysis was carried out by Student’s unpaired T-test with respect to MG treatment group. *** p<0.001, **p<0.01, *p=<0.05.
ns: non-significant p value). The pseudocolors represent respective antibody staining; Red: AGEs, Green: Tubulin, Blue:
DAPI. This figure is adopted from Sonawane et al., Oncotarget (under revision), 2020.

3.5 EGCG protects MG-induced glycation of actin and tubulin

As discussed, the extent of glycation of a specific protein in the cells depends on the concentration and
turnover rate of the protein. Actin and tubulin being the cytoskeletal proteins contribute to a large pool
of intracellular proteins. The earlier observations demonstrated the effect of MG in disrupting the actin
and tubulin cytoskeleton and their restoration by EGCG. Further, we studied the glycation of actin and
tubulin by MG and effect of EGCG on the MG-induced glycation. The glycation was studied by
immunofluorescence and colocalization analysis of AGEs and the respective actin or tubulin proteins.
The AGEs were stained with red fluorescence and actin/tubulin with green. The extent of glycation was
detected by merged yellow fluorescence. The control and EGCG treated cells displayed dominantly
green fluorescence of actin/tubulin cytoskeleton with intact morphology and neurites (Fig. 3.6A, C).
MG treatment lead to excessive glycation of both the cytoskeletal proteins observed as yellow
fluorescence (Fig. 3.6A, C). Additionally, the dead cells in MG treatment showed abundant build-up of
AGE:s (Fig. 3.6A). The MG-induced glycation of actin and tubulin was inhibited in presence of EGCG
(Fig. 3.6A, C white arrow heads) and the neuronal structure and morphology was also revived. The
degree of glycation was deciphered by the co-localization analysis for the two epitopes that is
AGEs+actin and AGEs+tubulin fluorescence by coloc2 plugin in Fiji on the background subtracted
images. The Pearson’s co-relation co-efficient (PCC) for the colocalization of AGEs+actin fluorescence
(glycation of actin) increased in MG exposure as compared to control or EGCG treated group. This
suggests excessive MG-induced glycation of actin. On the other hand, the value for PCC for MG
+EGCQG treatment was reduced as compared to MG treatment, suggesting decreased colocalization thus,
revealing decrease in the extent of glycation (Fig. 3.6B). Thus, EGCG was found to prevent actin
glycation thereby restoring the neurites. In case of tubulin, the MG treated cell showed increased PCC
as compared to other groups, though the difference was not significant (Fig. 3.6D).

3.6 EGCG maintains distribution of neuronal cytoskeletal proteins

The neuronal morphology and polarization is maintained by the two core components of cytoskeletal
elements, microtubules and actin. Both the polymers are polarized in nature with plus and minus ends.
The spatial distribution of these polarized fibres aid in various neuronal morphological modulations like
protrusion of membranes for migration or enhancement of neuronal extensions and their branching.
Actin is more abundant in the contractile and protrusive tips of growth cones. B-actin is enriched more
in cellular cortex region. Microtubules, on the hand, are present more in the interior. Microtubules are
formed from the microtubule organizing centre (MTOC) by polymerization of the o and B-tubulin at
the plus ends, which point to the cell periphery which is axon terminals in neurons'*’. The mammalian
dendrites have a mixed orientation of microtubules. The orientation and interconnections among the
actin and microtubules are crucial for neuronal functions and modulation of these could alter the
neuronal health leading to neurodegeneration. The probing of neuronal cells for actin and tubulin
together revealed abundant cortical actin and intact network of microtubules in the interior of cells in
control and EGCG treated cells (Fig. 3.7A, B). These cells displayed an intact MTOC with radial arrays
of microtubules emerging from MTOC. Exposure of cells to MG hampered the cell morphology with
extensive loss of neurites (Fig. 3.7A). A closer observation at the peripheral regions of cells revealed
excessive disruption of actin cytoskeleton by MG (Fig. 3.7C). Interestingly, EGCG protected the
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cytoskeleton from MG-mediated disruption of both actin and tubulin cytoskeleton maintaining their
integrity and neuronal morphology (Fig. 3.7A, B, C). In order to gain better insight into the spatial
distribution of actin and microtubules, 3D imaging was done from the Z-stacks obtained for each
treatment group (Fig. 3.7D). The enlargement of the peripheral sections revealed predominance of actin
in the terminal neurites and neuronal extensions whereas microtubules maintained their network in the
interior regions of the cells. The cell cytoskeleton was found to be severely disorganized on MG
treatment which was rescued in presence of EGCG.

EGCG+MG

Figure 3.7. Distribution of cytoskeletal elements. A) Complete cell image showing multiple cells in various treatment
groups. Untreated and EGCG treated cells maintain the cytoskeleton structure. MG treated all the cells show loss of
cytoskeleton integrity and distribution whereas EGCG treated cells show maintained cytoskeleton distribution and restored
integrity. B) Single cell image of the same treatment groups with detailed distribution of cytoskeleton. C) The actin and tubulin
cytoskeleton are differentially distributed with actin enriched in small neuritic extensions followed by tubulin fibres. This
distribution was found to be hampered on MG treatment with excess loss of actin extensions and loss of MTOC integrity. This
was unhampered in EGCG treatment along with MG. D) The 3D analysis of the distribution of cytoskeletal elements shows
clear cortical actin as opposed to tubulin in the cytoskeleton. The control and EGCG treated cells shows presence of minute
actin extensions protruding out which might be involved in their motility towards other neurons in the vicinity. MG treated
cells show loss of these minute extensions. EGCG together with MG showed restoration of these minute actin extensions. The
pseudocolors represent respective antibody staining; Red: Actin, Green: Tubulin, Blue: DAPI. This figure is adopted from
Sonawane et al., Oncotarget (under revision), 2020.

Though, the wide field microscopy imaging revealed modulation of cytoskeletal elements by MG and
EGCQG, the minute details about the cytoskeleton organization was achieved by applying one of the
super-resolution microscopy technique, structured illumination microscopy (SIM). The super-
resolution microscopy techniques have surpassed the diffraction limits and raised the resolution towards
nanometres scale thus allowing visualizing the minute details in viable cells which was previously not
possible. SR-SIM utilizes illumination pattern with periodic interferences such that the periodicity lies
close to the diffraction limit. SR-SIM improves the lateral and axial resolution in comparison to wide
field microscope. The advantages of SR-SIM include no special sample preparation requirements and
no special fluorophore requirements. Thus, we scanned our samples on ELYRA?7, lattice SIM for fine
and detailed visualization of cytoskeletal distribution pattern. The SIM images re-iterated the results
with more clarity of the images (Fig. 3.8A). The region of interest (ROI) was selected for each image
and details were observed wherein MG was found to have severe effect on actin cytoskeleton as
compared to the tubulin network. EGCG was found to completely block the MG-induced disruption of
actin and microtubules as visualized from the ROI. The cumulative images of Z-stacks gave improved
spatial resolution showing intact MTOC in control and EGCG treated cells and complete loss of MTOC
in MG-treated cells. Moreover, these cells also displayed stunted neuritic extensions with altered
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morphology (Fig. 3.8B). Alternatively, MG+EGCG treated-cells showed presence of MTOC and
enhanced neuritic extensions confirming the role of EGCG in inhibiting the toxic action of MG.

EGCG+MG

Neuro2a

Figure 3.8. Super-resolution microscopy images for detailed analysis of cytoskeleton. The detailed analysis of distribution
of actin and tubulin cytoskeleton was carried out by structured illumination microscopy. A) The SIM images distinct
distribution of actin and tubulin cytoskeleton in control and EGCG treated cells. MG disrupted actin cytoskeleton severely but
EGCQG prevented this disruption and maintained the cytoskeleton integrity including MTOC. B) The cumulative image for the
Z-stacks reveals spatial distribution of actin and tubulin cytoskeleton. The pseudocolors represent respective antibody staining;
Red: Actin, Green: Tubulin, Blue: DAPI. This figure is adopted from Sonawane ef al., Oncotarget (under revision), 2020.

3.7 EGCG maintains neuronal morphology by enhancing microtubule-EB1 interaction

The end-binding proteins are microtubule interacting proteins, which associate with the plus ends of
microtubules and help in their treadmilling. End-binding protein 1 (EB1) belongs to a class of +TIPS
(microtubule plus end binding proteins) which aid in polymerization of microtubules at the plus ends.
We investigated the localization of EBI protein in our treatment groups via immunofluorescence
studies. The cells were stained for tubulin and EB1 and showed concentration of EB1 towards the
microtubule ends in control and EGCG treated cells (Fig. 3.9A). The single cell image analysis revealed
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distribution of EB1 throughout the cells with less abundance in MG-treated cells (Fig. 3.9B). The
exposure of cells together with MG and EGCG showed abundance of EB1 at the microtubules ends
suggesting rescue of microtubule-EB1 interactions by EGCG (Fig. 3.9B). Though we tried to gain a
deeper insight into the EB1 localization by 3D imaging in widefield fluorescence microscope we could
not get better resolution to confirm our observation (Fig. 3.9C).

A c
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Figure 3.9. Microtubule stabilization by EB1 maintained by EGCG. A) Cell images showing distribution of EB1 with
microtubules in different treatment groups. B) Single cell images showing EB1 maintains the growing end of microtubules
helping in its tread milling, which is important for cellular functions. EB1 is bound to microtubules (inset) at the ends of the
extension but this is not observed in case of MG treatment. MG treatment shows irregular distribution of EB1, which is
maintained and resumed by EGCG. The inset enlarged images show the localization of EB1 at the growing ends of
microtubules but disrupted by MG. C) 3D images of Z-stacks show distinct distribution of EB1 protein at the ends of the
microtubules (zoom). MG treatment disrupts the microtubules and hence the localization of EB1. EGCG maintains the
microtubule EB1 localization in presence of MG thus stabilizing the microtubules. The pseudocolors represent respective
antibody staining; Red: EB1, Green: Tubulin, Blue: DAPI. This figure is adopted from Sonawane et al., Oncotarget (under
revision), 2020.

Thus, we acquired the 3D stacks in SR-SIM and analysed the neuronal cells for microtubule-EB1
localization. The microtubule-EB localization was observed in abundance in all the groups except MG
treated group (Fig. 3.10). A clear rescue of EB1 localization was observed in MG+EGCG treatment
group. The colocalization of microtubules and EB1 at the tips of neurons was observed as yellow
fluorescence. Thus SR-SIM images displayed role of EGCG in maintaining the integrity of
microtubules via EB1.
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Neuro2a

MG+EGCG

Figure 3.10. Super-resolved images for EB1-mediated microtubule stabilization. The SIM images reveal clear localization
of EBI1 at the ends of microtubules in the control and EGCG treated cells. The EB1 localization was severely hampered and
less abundant in MG treated cells. This effect of MG is inhibited in presence of EGCG. The rescued colocalization is visualized
as yellow fluorescence. The pseudocolors represent respective antibody staining; Red: EB1, Green: Tubulin, Blue: DAPI. This
figure is adopted from Sonawane et al., Oncotarget (under revision), 2020.

Thus, EGCG is not only a potent glycation inhibitor but acts an enhancer of neuronal extensions
regulator of maintaining neuronal cytoskeleton integrity.
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Chapter 4
Effect of polyphenols on Tau aggregation
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Polyphenols are non-essential nutrients found abundantly in fruits and vegetables and are known to
have beneficial effects in varied diseases like cancer, cardiovascular disorders and neurodegenerative
diseases. The phenolic rings, hydroxylation patterns and the conjugation of double bonds are important
for their mechanism of action in various pathological features of disease. For example, the iron chelating
activity of polyphenols require presence of at least one catechol group in the molecule to make it a
potent quencher of divalent metal ions and ROS"’. Another important property of polyphenols is to
inhibit self-assembly of amyloidogenic proteins such as AP, Tau and a-synuclein involved in
neurodegenerative diseases. The aromatic interactions and phenol rings are postulated to reduce the

cross-B-sheet structure involved in self-assembly'*®

. Most polyphenols are known to interfere the
aggregation by hydrophobic and n-stacking interactions'”. Moreover, Epigallocatechin-3-gallate
(EGCG) has been reported to form covalent bond to inhibit aggregation®”’. Tau on the other hand is
known to interact with several molecules at various domains, which act on Tau aggregation (Fig. 4.
1A). Here, we studied effect of two distinct polyphenols Baicalein and EGCG on Tau pathology and

their modes of interaction with Tau.

4.1 Baicalein and Tau pathology

Baicalein is isolated from the roots of a Chinese herb Scutellaria baicalensis Georgi and has shown
beneficial effects in various pathologies including neurodegenerative diseases (Fig. 4.1B). Baicalein
prevents aggregation of a-synuclein protein involved in Parkinson’s disease pathology and supresses
inflammation in the nigro-striatal dopaminergic system””'*?, Baicalein attenuates ROS generation and
mitochondrial dysfunction caused by prion protein in cell cultures. In AD, Baicalein is reported to
recover AB-mediated memory impairments and prevent Tau hyperphosphorylation by supressing GSK-
3B activity?®. Since, the systemic effects of Baicalein in ameliorating neurodegenerative diseases is
known, we focused our study on the molecular interaction of Tau with Baicalein and its effect on in
vitro heparin-induced Tau aggregation.

4.1.1 In silico analysis of Tau-Baicalein interaction

The interaction studies by molecular docking and simulation were carried out by modelling repeat Tau
region containing the two hexapeptide motifs 2°VQIINK**' and **VQIVYK?*'" at the initiation of R2
and R3 respectively (Fig. 4.1C). The full-length Tau has disordered regions at both N- and C-terminals
which makes it difficult to model it. The repeat Tau model generated displayed 98% of residues in the
allowed region of Ramachandran plot. The model was refined and set to restrained minimization by
merging the non-hydrogen atoms to an RMSD of 0.3 in OPLS 2005 force field. Further, the model was
subjected to energy minimizations and was used for docking and simulation. The Tau-Baicalein docking
yielded a best pose having glide score of -5.06 and E-model value of -44.365. The O1 atom of Baicalein
was found to interact with NH, group of Asn 265 and NH group of imidazole ring of His 268
respectively. The hydroxyl groups of Baicalein involving O3 and O4 atoms showed interaction with the
carboxyl O of Glu 338 via hydrogen bonds (Fig. 4.1D) The interaction distance was observed to be 2.7
A,2.0 A and 1.8 A respectively. The interaction distance of Baicalein and NH, group of Asn 265 of
Tau was found to be 2.3 A. Tyr 310 belonging to hexapeptide motif ***VQIVYK?!' and Val 313 formed
hydrophobic interactions with Baicalein. The interaction of His 299 via water bridges was found to be
crucial since it is postulated to be involved in Baicalein-mediated Tau disaggregation. The stability of
Baicalein-Tau complex was analyzed by simulation for 15 ns. The RMSD graph with time
(nanoseconds) on X-axis and RMSD of Coa of protein and ligand in A on left and right Y-axis,
respectively were plotted (Fig. 4.1E). The RMSD of Ca was overall stable with minor reposition of
Baicalein at the ***VQIVYK?*'"' hexapeptide motif. The Co. RMSD of 10 A between initial and final
simulation suggested conformational change upon binding. During the course of the simulation, a few
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residues namely Asn 296, Ile 297, His 299, GIn 307, Tyr 310, Lys 311, Val 313 and Leu 315 out of

which three residues belong to the hexapeptide region mentioned above, were found to form an

increasingly high number of interactions with Baicalein, indicating that these may be crucial residues

to stabilize the complex (Fig. 4.1F).
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Figure 4.1. The interaction of Tau with Baicalein. A) Tau protein domain organization with the known binding sites for the
small molecule inhibitors of Tau aggregation. B) Chemical structure of the flavonoid Baicalein. C) A schematic diagram of
the repeat Tau model secondary structure depicting three predicted a helices (H1, H2, and H3) and two predicted 3 sheets (B1,
B2) with two distinct and characteristic hexa-peptide regions 275VQIINK280 and 306VQIVYK311. The predicted ligand
interacting residues, color coded according to their type of interaction is also shown. D) A detailed snapshot of the ligand-
binding pocket of Baicalein in our proposed model of repeat Tau including the interacting residues as indicated and the
corresponding surface represented in terms of electrostatic potential. E) The above plot shows the RMSD evolution of the
protein, Tau (left Y-axis) and a comparative view of the RMSD evolution of the ligand, Baicalein (right Y-axis) through the
similar time-scale, which indicates how stable the Baicalein is with respect to the binding pocket in Tau. The interactions are
shown in detail, for different nanoseconds for comparative relevance. The diagram indicates a dynamic pocket of interaction
of Tau, which is to be expected since Tau is a highly flexible soluble protein. F) A bar diagram depicting the extent of
interaction over the course of 15 ns simulation using the same docked structure which indicates that the residues mentioned
are majorly involved in the binding and probable biochemistry of the ligand binding to Tau. The protein ligand interactions or
contacts are categorized into four types: Hydrogen Bonds, Hydrophobic, lonic and Water Bridges. This figure is reproduced
from Sonawane et al., ABB, 2019.

4.1.2 Baicalein inhibits Tau aggregation by inducing oligomer formation and stabilization

Tau aggregation inhibitors (TAls) are screened in a classical way utilizing the approach of cell free
assays by inducing Tau aggregation by heparin. The primary screening of TAls utilizes fluorescence-
based assays such as ThS/ThT, which monitor the aggregation of Tau protein in solution. We employed
a time-based ThS fluorescence assay to determine the effect of Baicalein on aggregation of full-length
and repeat Tau. 20 uM Tau proteins were treated with 0, 5, 10, 25, 50, 100 and 500 uM of Baicalein in
a reaction buffer containing heparin. For the full-length Tau assembly the rate of fibrillization was
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monitored every 5 hours for the first 24 hours of the incubation period (Fig. 4.2A). Though, for the first
24 hours significant differences were not observed in ThS fluorescence for most concentrations of
Baicalein, the effect of higher concentrations (100 and 500 uM) of Baicalein were clearly observed.
These concentrations displayed an increased fluorescence till 5-10 hours after which the intensity began
to drop (Fig 4.2B), this suggested inhibition of heparin-induced Tau aggregation in presence of
Baicalein. The lower concentrations of Baicalein showed aggregation inhibition but at the later time
points (Fig. 4.2A). On the contrary, the untreated wild type Tau showed steady increase in fluorescence
suggesting progress and saturation of aggregation. Thus, ThS kinetics revealed Tau aggregation
inhibition by Baicalein in a concentration-dependent manner. The percent inhibition calculated at the
end time point (168 hours) demonstrated significant inhibition of Tau aggregation at all the
concentrations of Baicalein with highest concentration of 500 uM having 85% inhibition (Fig 4.2C).
The ICso for Tau inhibition by Baicalein was observed to be 27.6 uM (Fig. 4.2D). The transition of Tau
from soluble protein to fibrillar aggregates follows through formation of intermediate species, which
show increase in their hydrophobicity due to exposure of hydrophobic patches in the proteins. Such
changes in hydrophobicity are mapped by ANS which is a fluorescent dye having specificity for
exposed hydrophobic patches. The study of Tau hydrophobicity in presence of Baicalein by ANS
showed a similar pattern of an initial increase followed by decrease in fluorescence intensity (Fig. 4.2E,
F). The 500 uM of Baicalein was found to induce more hydrophobicity as compared to other
concentrations (Fig. 4.2G). The increase in hydrophobicity suggested induction of Tau oligomers by
Baicalein.
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Figure 4.2. Tau aggregation inhibition by Baicalein. A) ThS fluorescence for aggregation kinetics of full-length Tau in
presence of varying concentrations of Baicalein. The ThS fluorescence decreased with increase in dose of Baicalein showing
concentration dependent inhibition of Tau aggregation. B) ThS fluorescence for Baicalein treated samples at the initial time
point revealed that the higher concentrations had immediate effect on inhibiting Tau aggregation within first 24 hours. C) The
ThS percent inhibition of Tau aggregation at different concentrations of Baicalein. The highest concentration of Baicalein 500
uM showed around 85% inhibition followed by 75% by 100 pM of Baicalein. D) The ICs value for full-length Tau aggregation
inhibition, which was found to be 27.69 uM of Baicalein. E) ANS fluorescence for aggregation kinetics of full-length Tau in
presence of varying concentrations of Baicalein. F) The highest concentration (500 uM) of Baicalein induced Tau
oligomerization within 15 hours of incubation as evidenced by sharp rise in ANS fluorescence. G) The hydrophobicity changes
at the end of 120 hours revealed that 500 uM of Baicalein showed increased hydrophobicity which is characteristic property
of oligomers. This figure is reproduced from Sonawane et al., CCAS (under revision), 2020.

Repeat domain of Tau consisting of 4 repeats is more prone to aggregation as compared to full-length
Tau and readily forms oligomers. Repeat Tau aggregates rapidly and attains saturation within couple of
hours. Hence, we checked the efficacy of Baicalein in inhibiting assembly of repeat at the same
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concentrations as full-length Tau. Since the heparin induction rapidly aggregates repeat Tau, the
fluorescence kinetics were monitored every hour for first 6 hours of the incubation. The untreated repeat
Tau aggregated within 2 hours and attained saturation by 3-4 hours of incubation (Fig. 4.3A). The
Baicalein treated samples showed gradual decrease in ThS fluorescence in a concentration-dependent
manner as time advanced suggesting inhibition of Tau aggregation. The inhibition of repeat Tau by
Baicalein occurs at earlier time points as compared to full-length Tau (Fig. 4.2A, 4.3A). Moreover, the
inhibition for repeat Tau is significant at higher concentrations from 50-500 uM as compared to full-
length Tau (Fig. 4.2C, 4.3B). The 1Cso value for inhibition of repeat Tau aggregation was also a little
higher i.e. 35.8 uM when compared to full-length Tau (Fig. 4.3C). This might be attributed to rapid rate
of repeat Tau aggregation as compared to full-length Tau. The trend of ThS kinetics of surge and fall
suggested oligomer formation induced by Baicalein. To confirm this, ANS assay was carried out to
reveal the status of hydrophobicity of Baicalein-treated Tau. As opposed to ThS fluorescence, ANS
fluorescence followed exactly opposite pattern of initial decrease followed by increase in fluorescence
(Fig. 4.3D), which was more prominent at higher concentrations of 100 and 200 uM (Fig. 4.3E). The
ANS fluorescence increased at 24 hours for 100 and 200 uM Baicalein, which coincided with the time
point of drop of ThS fluorescence indicating enhanced oligomer formation but inhibition of complete
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Figure 4.3. Repeat Tau aggregation inhibition by Baicalein. A) The ThS fluorescence show a concentration dependent
decrease in intensity suggesting inhibition of repeat Tau aggregation by increasing dose of Baicalein. B) The percent inhibition
for repeat Tau for Baicalein. C) The IC50 value for repeat Tau aggregation inhibition was found to be 35.8 uM of Baicalein.
D) The ANS analysis of Baicalein treated Tau from 5-200 pM shows initial decrease in the fluorescence followed by increase
at the later time points suggesting increase in Tau hydrophobicity. E) The ANS fluorescence for the higher concentrations of
Baicalein showing initial decrease and further rapid increase in fluorescence at 24 h (dotted circle). This figure is reproduced
from Sonawane et al., ABB, 2019.

4.1.3 Characterization of Baicalein-induced Tau oligomers

The fluorescence assays especially ANS kinetics indicated probable role of Baicalein in inducing
oligomers of both full-length and repeat Tau. In order to characterize these oligomers we performed
SDS-PAGE for the reaction mixtures at different time points. The 0 hour reaction mixtures showed
presence of only Tau monomers. The progression of time lead to the formation of higher order Tau
species. The intensities of these species on SDS-PAGE increased with increase in concentration of
Baicalein. The 100 uM Baicalein displayed presence of intense oligomers at 48 hours of incubation
(Fig. 4.4A). The trend of fluorescence kinetics also started varying at this particular time point
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suggesting Tau oligomers formation with the prolonged incubation. The population of Tau oligomers
started to decrease in Baicalein treated samples (Fig. 4.4A) as compared to untreated control (Fig. 4.4A).
The intensity quantification revealed decrease in intensity of Baicalein treated Tau with time (Fig.
4.4B). The presence of Baicalein-induced oligomers was confirmed by immunoblotting the reaction
mixtures of 0, 100 and 200 uM Baicalein with antibody against total Tau (K9JA). At 0 hour, 200 uM
Baicalein treated Tau showed presence of minute amount of oligomers, which increased at 24 hours of
incubation as compared to untreated control (Fig. 4.4C). Moreover, the oligomer population decreased
in treated samples with increase in incubation. Thus, immunoblotting confirmed the ANS and SDS-
PAGE analysis supporting Baicalein-mediated Tau oligomerization of full-length Tau. Similarly, the
Baicalein-induced repeat Tau oligomers were also analyzed by SDS-PAGE. The repeat Tau
oligomerization was visualized at 6 hours in 500 uM Baicalein-treated sample in the form of dimers
and tetramers (Fig. 4.4D). At 24 hours, 200 uM treated Tau showed formation of dimers and tetramers
but the oligomers from 500 uM treated Tau were no more visible. This time point matched with the fall
in ThS fluorescence and rise in ANS fluorescence confirming the oligomer formation on Baicalein
treatment. Moreover, at the end time point only tetramers were visible in 50-500 pM Baicalein showing
its potency in inducing and sequestering Tau in oligomeric state without allowing fibril formation (Fig.
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Figure 4.4. SDS-resistant Tau oligomers-induced by Baicalein. A) SDS-PAGE analysis of Tau oligomers. The zero time
point did not show presence of any aggregates in control as well as treated samples. At the end of 48 hours higher order
aggregates (red asterisk) were observed in the 100 pM Baicalein treated sample as compared to control. The 120 hours
incubated sample showed a decrease in aggregates (green asterisk) in treated samples as compared to control. B) The SDS-
PAGE quantification for different time points indicate the initial increase followed by the decrease in the aggregates at higher
concentrations of Baicalein shows significant decrease in 500 pM Baicalein at 48 and 120 hours. C) The formation of Tau
oligomers-induced by Baicalein in presence of heparin confirmed by immunoblot analysis showed higher order oligomers in
Baicalein treated samples (lane 6, 7) as opposed to control (lane 2) at 24 hours. After 48 hours of incubation the oligomers
population was seen to increase (lane 3, 4) but at 120 hours the decrease in the oligomer load was observed (lane 7). D) The
SDS-PAGE analysis at zero time point control as well as treated samples does not show presence of any higher order
aggregates. The higher order oligomers were observed after 6 hours of incubation. At 24 hours, the 500 uM of Baicalein (lane
9) showed the presence of dimer as well as tetramer. At 48 and 60 hours, the oligomers were seen in all treated samples with
differential intensity. E) Quantification for the SDS-PAGE at different time points and different Baicalein concentrations
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shows decrease in the aggregates at higher concentrations of Baicalein. This figure is reproduced from Sonawane et al., ABB,
2019 and Sonawane et al., CCAS (under revision), 2020.

Next, the Baicalein-induced Tau oligomers were characterized for their conformation changes by CD
spectroscopy. The native conformation of Tau is composed of loops with maximum ellipticity at 198
nm as evidenced by 0 hour treated and untreated full-length Tau (Fig. 4.5A). On aggregation full-length
Tau adopts a partial B-sheet structure with slight shift of maximum ellipticity towards 200-208 nm. At
120 hours of incubation Baicalein treated Tau showed partial B-sheet conformation (Fig. 4.5B). On the
other hand, repeat Tau shows complete transition to B-sheet conformation on aggregation. The repeat
Tau treated with Baicalein showed a complete B-sheet conformation as compared to soluble Tau (Fig.
4.5C). Thus, the conformational characterization along with the above results suggest induction and
stabilization of Baicalein induced Tau oligomers. Further we analyzed the morphology of Baicalein
treated Tau by transmission electron microscope. The untreated full-length Tau displayed long fibrillar
aggregates. Treatment of Baicalein showed presence of small filaments at 48 and 120 hours with
absence of long fibrillar aggregates (Fig. 4.5D). Similarly, untreated repeat Tau showed filamentous
aggregates at 60 hours of incubation but Baicalein treated Tau had only small fragments of Tau (Fig.
4.5E). Taken together, these results suggest inhibition of Tau aggregation by Baicalein by inducing and
arresting the oligomers preventing their further fibrillization.
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Figure 4.5. Tau aggregation inhibition studied by CD spectroscopy. A) The conformational analysis of Baicalein treated
and control samples showed the typical spectra of a random coil structure. The Sol. represents soluble protein without heparin.
B) At the end of 120 hours the pattern of spectrum remained same with respect to soluble (black arrow) and treated samples
(pink arrow) showed a partial B-sheet conformation. C) The CD analysis of the repeat Tau aggregation shows a shift in the
spectra (pink arrow) in control as well as treated samples as compared to soluble protein (black arrow) indicating a shift
towards B-sheet structure. The Sol. represents soluble protein. The control untreated sample shows the presence of long
filaments (white arrows) at day 5. D) The treatment with 100 uM Baicalein at the initial time points showed presence of
intermediately long filaments (white arrow) and small broken filaments. As the time advanced, Baicalein was shown to inhibit
Tau aggregation as only broken pieces (highlighted by black border and black arrow) of Tau filaments were visualized in the
electron micrographs. E) The electron micrographs show the presence of filamentous aggregates (white arrow) in control as
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opposed to amorphous aggregates (encircled black) in the Baicalein treated samples. This figure is reproduced from Sonawane
et al., ABB, 2019 and Sonawane et al., CCAS (under revision), 2020.

4.1.4 Effect of Baicalein on soluble Tau

The biophysical and biochemical characterization of Baicalein-mediated Tau inhibition revealed a
potential role of Baicalein in Tau oligomerization in heparin-induced Tau assembly. Next, we studied
whether Baicalein can influence Tau aggregation in absence of heparin. The experimental reactions
were set accordingly by maintaining heparin-induced Tau aggregation as a positive control and only
Tau in absence of heparin as a negative control. Two test reactions were set up with Tau and Baicalein
25 and 100 pM in absence of heparin. The fluorescence assays were employed to study the progression
of the aggregation. The reactions with absence of heparin did not increase the aggregation as evident
by lack of change in fluorescence intensities (Fig. 4.6 A-D). The positive controls for both full-length
and repeat Tau showed gradual increase in ThS and ANS intensities with time of incubation indicating
Tau aggregation. Additionally, the positive controls also showed presence of higher order Tau species
in SDS-PAGE analysis with increase in time of incubation commencing at 24 hours (Fig. 4.6 E-G).
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Figure 4.6. Effect of Baicalein on Tau aggregation without inducer A) The aggregation of Tau was monitored by ThS
fluorescence. The positive control (heparin) showed an increase in intensity with respect to time as opposed to heparin negative
control. The Baicalein treated soluble protein did not show any increase in fluorescence as compared to positive control. B)
The hydrophobicity imparted by Baicalein alone without heparin was monitored by ANS fluorescence. The intensity did not
increase significantly as compared to the positive control. C) ThS fluorescence show increase in intensity in the heparin treated
positive control whereas no increase in fluorescence was observed in the negative control as well as Baicalein treated samples
for repeat Tau. D) Baicalein did not increase the hydrophobicity of repeat Tau as revealed by ANS fluorescence. E) The SDS-
PAGE analysis revealed a time-dependent increase in higher molecular aggregates in the positive control from 24 hours of
incubation (lane 2). No higher molecular weight aggregates were observed in negative control as well as sample treated with
25 uM of Baicalein (lanes 3, 4 respectively) but faint bands of higher order oligomers were observed in 100 pM treated sample
from 72 hours onwards (lane 5), suggesting formation of oligomers. F) Quantification for SDS-PAGE for soluble Tau with
Baicalein. G) SDS-PAGE analysis for repeat Tau shows the presence of dimer and tetramers in the positive control from 24
hours onwards (lane 2). A faint band of dimer and a tetramer is observed in 100 pM Baicalein treated sample from 48 hours
onwards but has a lesser intensity as compared to positive control. H) Quantification for SDS-PAGE for soluble repeat Tau
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with Baicalein. This figure is reproduced from Sonawane et al., ABB, 2019 and Sonawane et al., CCAS (under revision),
2020.

Tau treated with higher concentration of Baicalein 100 uM, displayed presence of a faint higher order
band at 120 hours and 84 hours for full-length and repeat Tau respectively. This indicated Baicalein-
induced Tau oligomers in absence of heparin at a much slower pace.

Further the conformational characterization was carried out for these oligomers, which revealed absence
of B-sheet conformation in samples without heparin (Fig. 4.7A,C). The positive controls for both
proteins on the other hand, showed partial B-sheet conformation. The conformational analyses
suggested that Baicalein does not cause change in conformation of full-length and repeat Tau. Further,
the TEM analysis revealed absence of Tau fibrils (Fig. 4.7B, D) thus, confirming that Baicalein alone
does not cause Tau conformational change and induces oligomerization at a much slower pace.
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Figure 4.7. Conformational analysis of soluble Tau with Baicalein. A) The CD analysis showed normal spectra for negative
control and Baicalein treated soluble Tau but a slight shift in the positive control (aggregated) Tau. B) The electron micrographs
at different time points reveal presence of amorphous aggregates at the initial time points and clumps of oligomers at the end
point. C) The CD spectra show shift towards beta sheet whereas the Baicalein treated samples shows the spectra of a typically
random coiled protein. D) Amorphous aggregates of repeat Tau formed at different time points in presence of Baicalein as
observed by electron microscopy. E) The MALDI-TOF analysis of soluble repeat Tau showing 13.7 KDa molecular weight.
F) The Baicalein modified Tau showing an adjacent peak of 13.9 KDa in addition to 13.7 KDa peak suggesting covalent
modification of repeat Tau by Baicalein. This figure is reproduced from Sonawane et al., ABB, 2019 and Sonawane et al.,
CCAS (under revision), 2020.

4.1.5 Baicalein covalently modifies Tau to induce oligomerization
The potency of Baicalein in inhibiting Tau aggregation by induction and sequestering oligomers was
evident from various experimental results, but the mechanism of its action was still unknown. Hence,

74



Chapter 4

MALDI-TOF analysis was carried out to check the effect of Baicalein on Tau modification. Repeat Tau
was incubated with a series of concentrations of Baicalein for 1 and 12 hours respectively. After one
hour of incubation untreated repeat Tau showed a single peak corresponding to 13.7 KDa (theoretical
molecular weight of repeat Tau) (Fig. 4.7E). The sample with Tau:Baicalein 1:4 stoichiometry showed
an additional peak on the higher side of soluble Tau peak after 1 hour of incubation (Fig. 4.7F). This
additional peak suggested covalent modification of Tau by Baicalein. All the 12 hours Baicalein
incubated samples showed an additional peak suggesting covalent modification. Thus, Baicalein
induced Tau oligomerization by modifying the Tau protein.

4.1.6 Dissolution of mature fibrils of full-length Tau by Baicalein

The toxicity of Tau oligomers is more pronounced as compared to the PHFs, but excess accumulation
of PHFs especially at the synaptic compartments is detrimental to the neurons®**. Thus, in addition to
inhibition of Tau aggregation, dissolution of PHFs is also an important requirement for a molecule to
be potent against Tau pathology. Hence, we studied whether Baicalein can dissolve preformed Tau
filaments. The mature fibrils of full-length Tau were prepared and incubated with Baicalein (0-500 pM)
in the reaction buffer. The status of aggregates was monitored by ThS fluorescence. The untreated Tau
filaments showed a steady fluorescence throughout the kinetics but the Baicalein treatment led to
decrease in fluorescence with respect to concentration suggesting disaggregation of Tau filaments (Fig.
4.8A). Baicalein showed enhanced potency in Tau disaggregation with highest concentration of 500
UM giving 90% disaggregation (Fig. 4.8B). The DCs analysis gave a value of 24.6 uM (Fig. 4.8C).
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Figure 4.8. Dissolution of Tau aggregates by Baicalein. A) The effect of Baicalein on the dissolution of mature Tau
aggregates was studied using ThS fluorescence, which showed a decrease after 5 hours of incubation in a concentration-
dependent manner. B) The percent disaggregation plot shows a maximum of 85% disaggregation by 500 uM of Baicalein
treatment. C) The plot shows the DCsy value for Tau disaggregation as 24.6 pM. D) Figure shows the time-dependent SDS-
PAGE analysis of Tau aggregates dissolution. After 72 hours, the higher concentrations of Baicalein showed a maximum
decrease in the aggregates (lane 7, 8, 9 green asterisk) as compared to control (lane 2 red asterisk). E) The SDS-PAGE
quantification for different time points indicate the initial increase followed by the decrease in the aggregates at the higher
concentrations of Baicalein. F) The CD analysis of disaggregated Tau by Baicalein shows the presence of mixed structures.
The Sol. represents soluble protein. G) Transmission electron micrographs showed the untreated mature fibrils (white arrow)
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versus disaggregated amorphous (encircled black), Baicalein treated fibrils of full-length Tau. This figure is reproduced from
Sonawane et al., CCAS (under revision), 2020.

Next the samples were analyzed by SDS-PAGE for disaggregation at various intervals. Interestingly,
Baicalein was found to disaggregate Tau immediately after addition (Fig. 4.8D, 0 hour, 500 uM). With
an increase in time the Baicalein treated samples showed dissolution of Tau fibrils (Fig. 8D) whereas
the untreated samples showed intact fibrils over the incubation period (Fig. 4.8D). The intensity
quantification revealed concentration dependant decrease suggesting Baicalein-mediated
disaggregation (Fig. 4.8E). The CD analyses detected presence of mixed population of Tau aggregates
(Fig. 4.8F). The microscopic analysis displayed presence of long filamentous aggregates in untreated
control and amorphous aggregates in Baicalein-treated samples (Fig 4.8E). This suggests potency of
Baicalein in dissolving aggregates in addition to aggregation inhibition.

4.1.7 Effect of Baicalein and Baicalein-treated Tau on neuronal cells

Tau oligomers have been reported to have a toxic role in synaptic dysfunction as well as membrane
leakage. Hence, it was necessary to determine the toxicity of Baicalein-induced oligomers in neuronal
cells. Initially, Baicalein was screened for its toxicity in neuronal cells at a range of 5 nM to 25 uM and
was found to be non-toxic (Fig. 4.9A). To study the toxicity of Baicalein-induced oligomers cells were
exposed for 24 hours to Tau: Baicalein reaction mixtures (1:0.25, 1:0.5, 1:1, 1:2 and 1:4) after 120 hours
of reaction time. The Baicalein-treated full-length Tau was found to be non-toxic to neuronal cells (Fig.

4.9B).
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Figure 4.9. Cell toxicity of Baicalein. A) N2a cells treated with a broad range of Baicalein shows no toxicity till 25 uM. B)
Baicalein treated soluble Tau shows no significant effect on cell viability implying Baicalein-induced oligomers are non-toxic.
C) Baicalein treated Tau aggregates shows a mild rescue of toxicity at 120 hours with the highest concentration of Baicalein
suggesting that disaggregated Tau mature filaments are non-toxic to neuro2a cells. This figure is reproduced from Sonawane
et al., CCAS, (under revision), 2020.
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Filamentous Tau was disintegrated by Baicalein and tested for its toxicity. The 0 hour disaggregation
reaction mixtures did not show much effect on viability but the 120 hour reaction mixture with highest
concentration of Baicalein showed increased viability as compared to control (Fig. 4.9C). The
Baicalein-induced Tau oligomers were found to be non-toxic to cells. Thus, the dual role of Baicalein
in inhibiting Tau aggregation and dissolving pre-formed Tau fibrils highlights its role as a potential
therapeutic molecule.

4.2 Role of EGCG in Tau interaction and pathology

Epigallocatechin-3-gallate (EGCG) is a green tea polyphenol belonging to class flavonoids and sub-
class flavanols. EGCG has neuroprotective roles and acts against the pathologies of AD and PD. In AD,
EGCG overcomes AP pathology by driving non-amyloidogenic processing of APP preventing Ap-42
formation and accumulation in neuronal cultures®”. Additionally, EGCG lower the levels of APP in
transgenic models suggesting in vitro and in vivo effect of EGCG in ameliorating AP pathology*®.
EGCG is shown to have inhibitory effects in aggregation of repeat Tau K18AK280 and prevented
neuronal cells from aggregate toxicity’”’. In our study, we focussed on understanding the binding
interaction of EGCG with Tau and its efficacy in preventing aggregation of full-length Tau.

4.2.1 Analysis of Tau-EGCG interaction

The full-length Tau comprises of 441 amino acids divided into 2 major domains; the N-terminal
projection domain and the C-terminal microtubule-binding domain (Fig. 4.10A). The 4 imperfect
repeats are involved in microtubule-binding function of Tau and form the core of paired helical
filaments during pathological aggregation of Tau. Though EGCG is known to have beneficial roles in
Tau pathology, the interacting parameters between them are not much explored. Thus, we calculated
the binding affinity of full-length Tau and EGCG (Fig. 4.10B) by isothermal titration calorimetry (ITC).
Any bimolecular reaction is accompanied by either heat discharge (exothermic) or heat absorption
(endothermic). ITC measures this heat and provides the dissociation constant (Kg), stoichiometry,
entropy (AS), enthalpy (AH) efc. ITC is a sensitive technique and detects the binding affinities from nM
to mM range. ITC has advantages as it can measure the binding affinities of spectroscopically silent
molecules and is not affected by solution turbity, opacity or heterogeneity. Moreover, it is not affected
by ligand and macromolecule sizes and work over wide range of temperatures, salts and pH. ITC for
full-length Tau and EGCG detected a multiple binding event. The titration over 25 injections revealed
a binging isotherm with initial decrease in enthalpy followed by subsequent increase which indicated
initial rapid binding of EGCG which prohibits further binding with Tau (Fig. 4.10C). The signature plot
presented negative values for free energy (AG) and subsequent enthalpy (AH) and entropy (AS) and
thus confirmed Tau-EGCG binding to be spontaneous and favourable (Fig. 4.10D). The number of
interacting sites of 3.48 was deciphered from the heat plot of reactants (EGCG and Tau) versus their
molar ratios (Fig. 4.10E). Based on the thermodynamic parameters mentioned in Table 4.1 the
dissociation constant for Tau and EGCG was calculated to be 74 nM. The thermodynamic parameters
obtained by ITC revealed that Tau and EGCG bind to each other in a multiple binding event with initial
rapid and saturable binding. The equilibrium is attained quickly with constant association and
dissociation of the ligand and protein. EGCG interacts with human serum albumin in a similar way with

tight primary binding followed by weaker secondary binding events®®®.
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Figure 4.10. The interaction and binding affinity of Tau and EGCG. A) Tau domain organization. B) The structure of
polyphenol EGCG. C) Isothermal titration calorimetry carried out for 20 uM full-length Tau and 500 uM EGCG shows multi-
site binding between the two. D) Signature plot for Tau EGCG titration showing AG, AH and TAS for the interaction. E) The
heat plot for Tau-EGCG interaction suggests n = 3.5 binding sites. Thus, there are more than one binding events involved in
Tau-EGCG interaction. F) A schematic diagram of the Tau K18 model depicting three predicted alpha helices (H1, H2, and
H3) and two predicted beta sheets (B1, B2) with two distinct and characteristic hexa-peptide regions 275VQIINK280 and
306VQIVYK311. The predicted ligand interacting residues, colour coded according to their type of interaction is also shown.
This figure is reproduced from Sonawane et al., Scientific Reports, 2020.

Titration ratio (Tau : EGCG) 1:25
Temperature (°C) 25.2
Bin Binding
[Syringe] 500 uM
[Cell] 20 uM
N (sites) 3.48
Kd 74 nM
AH (kcal/mol) -1.04
AG (kcal/mol) -9.73
-TAS (kcal/mol) -8.69

Table 4.1. Parameters and calculated values for Tau-EGCG binding constant.

Next, we analysed the binding sites of EGCG on Tau by molecular docking and simulation. As for
Baicalein, same model of repeat Tau was utilized for the in silico analysis (Fig. 4.10F). The best of Tau
EGCG docking gave the glide score and E-models values of -6.388 and -56.130 respectively. The
docking of EGCG was carried out in such a way that gallate moiety was placed in a close proximity to
predicted B-sheet of Tau and the Epigallocatechin backbone was in proximity to the predicted helices
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(Fig. 4.11A). The hydrogen bonds and the hydrophobic interactions contributed extensively to Tau-
EGCQG interactions. The O4 atom of the hydroxyl group of EGCG interacted with NH of imidazole ring
of His 299 with interaction distance of 3.05. The O2 of EGCG interacted with NH; of Val 313 with
2.95 interaction distance. The O7 atom of EGCG interacted with NH, of Asn 265 and carboxyl group
of Val 313 with interaction distances of 3.06 and 3.08 respectively. Further, the O8 and O9 of EGCG
showed interaction with carboxyl group of Leu 266 with distances of 2.7 and 3.18 respectively (Fig.
4.11B). The Pi-alkyl interaction was observed with Lys 340 and other residues like Asp 314 and Glu
338 formed Pi-anion electrostatic interaction with benzene rings of EGCG. Additionally, the residues
Lys 267, Tyr 310, Pro 312 and Val 339 displayed hydrophobic interactions with EGCG. Among these,
Tyr 310 is localized to the hexapeptide motif ***VQIVYK?'! while others flank both the hexapeptide
regions (Fig 4.10F).

Next, the EGCG-Tau docked complex was subjected to molecular dynamic simulation for 50 ns to
check the stability of interaction and structural changes which might be involved during the binding.
The RMSD of Ca atoms were found to be stable during the first 30 ns of the simulation duration with
intermittent fluctuations before stabilizing in the last 5 ns (Fig. 4.11C). These fluctuations can be
attributed to local bond destabilization during the Tau-EGCG binding. The EGCG backbone trajectory
showed system attained intermittent stability for short durations at various time points, which indicated
binding and partial dissociation events of EGCG. Thus, the initial binding pose of EGCG with
36y QIVYK?®!! displayed an initial repositioning during simulation. The Co RMSD difference of 0.75
between initial and final conformation is an indicative of Tau conformational change upon EGCG
binding and converging of system over last few nanoseconds of simulation. The level of compactness
of Tau and EGCG complex was obtained by a plotting time (picoseconds) on X- axis and the radius of
gyration (Rg) values of Tau and EGCG backbones (nm) on left and right Y-axes respectively (Fig.
4.11D). The calculations of interaction energy between Tau residues and EGCG demonstrated initial
dominance of Coulombic interactions followed by Lennard-Jones interactions as the simulation
progressed. This suggested the dynamic nature of electrostatic and hydrophobic interactions of Tau-
EGCG complex (Fig. 4.11E).
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Figure 4.11. Simulation studies of Tau and EGCG. A) The binding pocket of EGCG to the Tau model, shown along with
the interacting residues after molecular docking. B) The interaction between EGCG and Tau in the binding pocket is depicted,
including the major residues involved and the predicted residues, which might be responsible in further interactions as well as
the type of interactions they are involved in are shown. C) The RMSD evolution of the protein (left Y-axis) and that of the
ligand (right Y-axis) are shown. While the protein RMSD gives insights into the structural conformation of the protein
throughout the simulation, the ligand RMSD indicates how stable the ligand is with respect to the protein and its binding
pocket. Both the RMSDs are seen to stabilize as the simulation progresses. The ligand RMSD is notably stable of the two,
suggesting that the binding pocket conformation is maintained throughout the simulation. D) The Rg values of protein (left Y-
axis) and ligand (right Y-axis) are shown. Both Rg values do not show much variation indicating that the structure of the
protein and the binding pose of the ligand are maintained over the course of the simulation. E) The electrostatic and
hydrophobic interactions between the ligand and protein over the entire timescale of the simulation are depicted, showing the
dominant, yet highly dynamic and transitionary nature of the same. This figure is reproduced from Sonawane et al., Scientific
Reports, 2020.

The residue-specific interactions during simulation suggested that residues Asn 265, Leu 266 and Val
313 prominently contributed to the hydrogen bond interactions and Lys 267, Tyr 310, Pro 312 and Lys
340 contributed to the hydrophobic interactions important for stabilizing Tau-EGCG complex. The
hydrogen bonding dynamics including ion-mediated and water-mediated bonding was maintained
during simulation in addition to residue-specific interactions. These interactions are crucial in
maintaining Tau-EGCG interaction.
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Figure 4.12. NMR spectroscopic studies of repeat Tau with EGCG. 1H-15 N-HSQC plots showing the chemical shift
perturbations. For all the NMR experiments a solution of 200 pM of repeat Tau in 500 pL phosphate buffer containing 10%
D20 is used. A) Overlay of IH-15N-HSQC plots (at 278 K) for the titration of 200 pM of repeat Tau against 0 uM (in orange),
100 puM (in blue), 500 uM (in red), 1,000 uM (in olive green) and 2000 pM (in coral, no visible signals) of EGCG. Continuous
drop in the intensity of HSQC cross peaks indicates an increasing precipitation of repeat Tau with increasing concentrations
of EGCG. B) Overlay of 1H-15N-HSQC plot of repeat Tau at 298 K with that of repeat Tau in presence of 2000 uM of EGCG
(sample from titration at 278 K, which was brought back to 298 K). C) Overlay of 1H-15N-HSQC plot of repeat Tau (at 278
K) (without EGCG, golden) along with 1H-15N-HSQC plots measured for the precipitation of 200 pM of repeat Tau in
presence of 500 uM of EGCQG after t = 0 h (blue) and t = 24 h (grey). Upon addition of 500 pM of EGCG, the HSQC cross
peaks are slightly displaced and lost intensity indicating precipitation of repeat Tau. After 24 h standing, no apparent change
was observed in the HSQC cross peak intensity. D) ThS fluorescence of NMR samples at 0 and 24 h suggesting no aggregation
of repeat Tau in presence of EGCG. E) SDS-PAGE analysis of NMR samples at 24 h showing no aggregation of repeat Tau
in presence of EGCG. This figure is reproduced from Sonawane et al., Scientific Reports, 2020.

To support the above binding studies, NMR studies were performed by titrating 200 pM "N labelled
repeat Tau with varying concentrations of EGCG with ratios 0, 0.5, 2.5, 5 and 10 (Tau:EGCG) at 278
K. The '"H-""N HSQC NMR spectra did not reveal visible changes in residue-specific interactions or
conformational change of Tau (Fig. 4.12A). Interestingly, with the increasing titration of repeat Tau
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with EGCQG, the signal intensities of HSQC cross peaks declined continuously until no signal was
detected at highest concentration of EGCG of 2000 uM. This indicated precipitation of repeat Tau into
higher molecular weights forms as the contents of NMR tube also turned turbid. This tube was further
allowed to stand for an hour and attain 298K temperature before recording the HSQC spectrum again.
This spectrum showed reappearance of very weak signals (Fig. 4.12B, grey), which were superimposed,
with HSQC of repeat Tau without EGCG recorded at 298K. This superimposition suggested that a
match in two spectra indicating that a small amount of Tau precipitate solubilized back as monomers
with native conformation. Next, investigation was carried out to decipher whether at a single
concentration of EGCG, Tau precipitate would increase over time. For this, IH-15N HSQCs for 200
uM of N labelled repeat Tau and 500 uM EGCG were acquired at 278K for 24 hours (Fig. 4.12C).
The HSQCs for 0 hour (blue) and 24 hours (grey) superimposed perfectly suggesting absence of seeding
effect at this ratio. Further to ensure EGCG-mediated Tau precipitation at 2000 uM EGCG at 278K, the
contents from the NMR tube were analyzed by ThS fluorescence and SDS-PAGE analysis at 0 and end
time point of NMR titrations. ThS recordings did not show increased intensity suggesting that the Tau
protein had been actually precipitated and ruled out aggregation (Fig. 4.12D). The SDS-PAGE analysis
also confirmed this observation as the end time point sample did not show presence of higher order
aggregates (Fig. 12E).

4.2.2 Effect of EGCG on Tau assembly and conformation

The assembly of Tau into PHFs and further into NFTs in the neuronal cells triggers various pathological
events leading to neuronal death. One of the methods to induce Tau aggregation is by induction with
heparin to form PHFs. This approach enables the study of various Tau aggregation parameters in vitro
as well as aids in screening Tau aggregation inhibitors. The effect of EGCG on full-length Tau self-
assembly was monitored at range of EGCG concentrations (10-500 pM). The progress of aggregation
was monitored by ThS fluorescence. The initial fluorescence monitoring was performed every hour till
5 hours to capture the initial stages of Tau aggregation in presence and absence of EGCG. The initial
recordings showed increase in ThS fluorescence in all reaction mixtures till 5 hours after which the
intensity began to drop proportionate to EGCG concentration. Tau treated with highest concentration
of EGCG showed least ThS intensity compared to other reaction mixtures. The gradual drop of intensity
suggested decreased aggregation and inhibition of Tau aggregation in presence of EGCG in a
concentration-dependent manner (Fig. 4.13A). The plot of ThS intensities at end point of kinetics versus
the EGCG concentration gave an ICsy value of 64.2 uM (Fig. 4.13B). Tau aggregation proceeds via
changes in the protein hydrophobicity, which is monitored by fluorescent, dye ANS. The
hydrophobicity mapping of Tau in presence and absence of EGCG revealed an initial surge till 5 hours
and gradual drop with the increase in concentration of EGCG suggesting inhibition of aggregation (Fig.
4.13C). The status of EGCG-treated Tau was analyzed by SDS-PAGE wherein the reaction mixtures at
0 hour confirmed the presence of soluble Tau protein and absence of any preformed Tau aggregates
(Fig. 4.13D). After 6 hours of incubation, a distinct band of Tau tetramers was observed in control as
well as treated samples. This band intensified in 500 pM EGCG treatment at 12 hours before
diminishing at 24 hours (Fig. 4.13D, 12, 24 hours). This is in accordance with the ThS kinetics, which
showed drop in intensity after 24 hours in EGCG treatment. Further increase in incubation showed that
EGCG-treated samples showed decrease in Tau aggregation as compared to control (Fig. 4.13D, 120
hours). The densitometric quantification of SDS-PAGE revealed concentration-dependent decrease in
Tau aggregation by EGCG (Fig. 4.13E).

81



Chapter 4

A B c
400 350 —
Inhibition of PHF assembly _ ICsq ination for inhibition of PHF 200 Inhibition of PHF assembly
350 35 300 5 hTaudOWT
< 300 ; bl o TautowTl < < - %
= = < 250 - 2 1
3 z (X § - $ IC50 = 64.2 uM g 150 x LY Toum
2 250 F S H
8 * x S 200 4 8
Wy » oum | £ 2
g 200 b4 £ £ 100
s H I $ &0 | 51507 S s © ®50
3 bl I E] -
2% o o 3 22 3 ¥ ¥ | 5100 - ® I LI
@ 100 g o 080 ® Y| © %7 50 oo
< © o =) J k<3
= S0 o 50 5
50 ° o < 200
0500 0 0 T T 500
0 T T T T T T T T T T T T T T T T T T T T T T T T T T
0 1 2 3 4 5 24 48 72 9 120 0 100 200 300 400 500 0 1 2 3 4 5244872 9 120
Time (Hours) Concentration of EGCG (uM) Time (Hours)

72 hours 96 hours 120 hours
45678 12

3

ohour Ghours 12 hours 24 hours

12345678 12345678 12345678

12385678 45678

S— o]

o |- SO OB

iyt

fif it

0_10 50 75 100200 500
Conc. (uM)

hTau40WT

'SDS-PAGE quantification for Inhibition of __ mmm o Conformational analysis of Inhibition of
N

PHF assembly

®

Intensity (A.U)
>

HTaudOWT soluble
————  EGCG (200 uM) day 1
— ——  EGCG (200 M) day3
————  EGCG (200 M) day 5
€— —— —- hTaudOWT aggregated|
T

o N &

T T T T
0 10 50 75 100 200 500
Concentration of EGCG (xM) 190 200 210 220 230 240 250

Wavelength (nm)

Figure 4.13. EGCG prevents Tau aggregation and changes their conformation in vitro. A) The inhibitory effect of EGCG
on the polymerization of full-length Tau monitored by ThS fluorescence. B) The IC50 for EGCG for full-length Tau is 64.2
puM. C) The inhibition of Tau PHF assembly assessed by ANS fluorescence shows a time and dose dependent decrease in the
hydrophobicity of the Tau protein. D) The analysis of control and EGCG treated samples on the SDS-PAGE shows initial
formation of SDS-resistant tetramers at 6 hours of incubation that are slowly abolished in a time and concentration dependent
manner. E) The densitometry analysis showing decrease in Tau aggregates p<0.05.D). F) The CD analysis of EGCG treatment
shows the formation of mixed Tau structures in a time dependent manner. G) The control reaction shows the presence of long
mature filaments whereas the EGCG treatment shows increase in the fragility of the Tau filaments at with increasing in time.
The 200 pM EGCG treatment shows broken filaments at the day 5 of incubation. This figure is reproduced from Sonawane et
al., Scientific Reports, 2020.

EGCQG is reported to prevent random coil to B-sheet conformation in a-synuclein protein and help
maintaining the random coil conformation. Hence, CD spectroscopic analysis was performed to study
the effect of EGCG on Tau conformation. The aggregation reaction mixture with Tau and EGCG in
1:10 ratio was analysed by CD at different time intervals with EGCG untreated Tau as a control. The
soluble Tau demonstrated a native conformation of random coil whereas EGCG untreated aggregated
Tau displayed a partial 3-sheet conformation (Fig. 4.13F). The EGCG-treated Tau showed a shift from
random coil to B-sheet conformation with increase in incubation period. However, the fluorescence and
SDS-PAGE analyses demonstrated absence of aggregation on EGCG treatment. Thus, the partial j3-
sheet conformation of EGCG-treated Tau might be attributed to aggregates formed in the early phase
of kinetics. Next, Tau in presence and absence of EGCG was visualized for morphological
characterization by TEM. The aggregated Tau in absence of EGCG formed long filamentous aggregates
while EGCG treatment formed only small fragmented filaments with complete absence of long fibrils
(Fig. 4.13G). Thus, EGCG curtailed the Tau PHFs formation in vitro.

4.2.3 Dissolution of full-length Tau oligomers and fibrils by EGCG

Since EGCG displayed potency in interacting with Tau and inhibiting its aggregation, next studies were
aimed to investigate its role in the dissolving Tau oligomers and fibrils, which are crucial for spread of
pathology. For the preformed fibrils, EGCG displayed a concentration dependent fall in ThS intensity
with time progression. This suggested decrease in fibrillar content in the EGCG treated fibrils as
untreated fibrils displayed a stable and stagnant fluorescence (Fig. 4.14A). The calculation of percent
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disaggregation based on the end time point fluorescence revealed significant disaggregation of Tau
fibrils at all treatment concentrations (Fig. 4.14B). The ANS kinetics for fibril dissociation revealed a
similar pattern with decrease in intensity with increasing dose of EGCG suggesting reduced
hydrophobicity (Fig. 4.14C). The percent of PHF disassembly calculated based on ANS fluorescence
revealed maximum of 85% for 500 uM of EGCG followed by significant disassembly at all EGCG
concentrations (Fig 4.14D).
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Figure 4.14. The preformed Tau fibrils dissolved by EGCG. A) The EGCG-mediated dissolution of mature Tau fibrils
recorded by ThS fluorophore showing the disassembly of PHFs. B) The percent PHF disassembly by EGCG monitored by
ThS fluorescence showed 81% disassembly at highest concentration (500 uM) p<0.001.C) The ANS fluorescence shows a
time-dependent decrease as the fibrils are dissolved. D) The ANS fluorescence shows 80% Tau fibril disassembly p<0.001. E)
The SDS-PAGE analysis of disassembly of Tau PHFs. This figure is reproduced from Sonawane et al., Scientific Reports,
2020.

The SDS-PAGE analysis of fibril dissociation revealed intact higher order Tau aggregation at the initial
time point (Fig. 14E, 0 hour). The increase in incubation led to decrease in Tau aggregates on SDS-
PAGE conforming dissolution of Tau filaments by EGCG in a concentration dependent manner (Fig.
4.14E).

The effect of EGCG on Tau oligomers was studied by allowing the oligomer formation for 6 hours after
which EGCG was added to the reaction mixtures which was considered as a 0 time point. The ThS
kinetics remained stable for all the samples till 12 hours after addition of EGCG but slowly started to
decline with further incubation in EGCG treated oligomers (Fig. 4.15A). The untreated oligomers
maintained a stable saturated ThS fluorescence suggesting intact Tau oligomers. EGCG showed
significant oligomer disassembly at all the concentration (Fig. 4.15B). The hydrophobicity of Tau
oligomers decreased after 24 hours of EGCG addition, which was monitored by ANS fluorescence (Fig.
4.15C, D). This revealed dissolution of Tau oligomers by EGCG in a concentration- dependent manner.
The Tau oligomers prepared were observed as a distinct band on the SDS-PAGE at 0 hour (immediately
after EGCG addition) (Fig. 4.15E), which were maintained intact till 12 hours of incubation (Fig.
4.15E). In concordance with kinetics at 24 hours, the Tau oligomers started to diminish on SDS-PAGE
indicating dissolution of Tau oligomers by EGCG (Fig. 4.15E).

Thus, in addition to inhibiting Tau assembly, EGCG was found to be potent in dissolving intermediated
species of Tau as well as fibrils.
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Figure 4.15. The preformed Tau oligomers dissolved by EGCG. A) The ThS fluorescence shows the inhibitory effect of
EGCG on the dissolution of Tau oligomers in a concentration-dependent manner. B) Tau oligomer disassembly was 82% by
ThS fluorescence at 500 uM (p<0.001). C) The ANS fluorescence shows the decrease in intensity with time and concentration
suggesting loss of hydrophobicity of Tau oligomers. D) ANS assay showed 75% of Tau oligomer disassembly at 500 pM
p<0.001. E) The SDS-PAGE analysis shows the presence of oligomers at the time of compound addition (0 h) which are
slowly cleared with time. This figure is reproduced from Sonawane e al., Scientific Reports, 2020.

4.2.4 Characterization of EGCG-induced higher order Tau aggregates

Aggregation of full-length Tau comprises of a heterogenous mixture of higher order species. Our aim
was to characterize these species formed in absence and presence of EGCG for their toxicity. For this
we employed size-exclusion chromatography (SEC) to separate the species formed based on their
molecular weights. The soluble monomer Tau was run as a negative control. This soluble Tau was
eluted at the retention volume of 10.9 ml (Fig. 4.16A, black chromatogram). Next the 0 hour reaction
mixtures were run consecutively for EGCG untreated and EGCG treated Tau aggregation reaction
mixtures and eluted at the retention volume of monomer (10.9 mL) suggesting absence of preformed
higher order species at the commencement of the assay (Fig. 4.16A, blue and pink chromatograms
respectively). Next, the SEC was performed after 3 hours of incubation for EGCG untreated and treated
Tau. The control as well as EGCG-treated Tau was eluted in two distinct peaks at 8.3 mL and 7.7 mL
respectively (Fig. 4.16B). This shift of retention volume toward lower volumes suggested formation of
early aggregates (Table 4.2). The SEC for 24 hours incubated samples displayed elution of both samples
at 7.6 mL (Fig. 4.16C). Thus, the SEC profile of 3 hours of incubation revealed accelerated initial
aggregate species on EGCG treatment as compared to control. Hence, it was necessary to analyze these
Tau species for their toxicity in neuroblastoma cultured cells. The 0 hour fractions belonging to
monomeric Tau did not affect the viability of the cells. The fractions for higher order species at 3 hours
incubation showed reduction in viability of cells in control aggregates but interestingly EGCG-treated
Tau showed increased viability as compared to control Tau. Similar observation was made for 24 hours
incubated samples (Fig. 4.16D). These viability studies suggested that though EGCG accelerated early
aggregates of Tau compared to control, these were less toxic to neuronal cells as compared to control.
The binding studies revealed the affinity as well as the probable sites and types of interactions for EGCG
and Tau.
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Figure 4.16. SEC for EGCG treated Tau. Tau was subjected to aggregation in presence of heparin as inducer. A) At 0 h Tau
was eluted as monomer, both in presence and absence of EGCG. B) Further incubation led to aggregation of Tau, at 3 h of
incubation EGCG showed more aggregation in Tau. C) Similarly, at 24 the peak intensity of Tau in presence of EGCG was
high when compared to control. This suggests that EGCG is driving Tau towards the formation of higher order aggregates. D)
Cell viability studies indicate that these conformers were non-toxic in neuro2A cells. E) Repeat domain of Tau showing two
hexapeptide motifs. F) The MALDI-TOF spectra of untreated repeat Tau showing a single peak at desired molecular weight
of 13.7 KDa. G) The EGCG treated repeat Tau shows an adjacent peak (red arrow) in addition to the soluble Tau peak
suggesting the modification of Tau with EGCG as increase in molecular weight. This figure is reproduced from Sonawane et
al., Scientific Reports, 2020.

Time Tau tEGCG Retention
(hours) Volume (mL)
Soluble Tau 10.9
0 Control 10.9
EGCG 10.9
Control 8.3
3
EGCG 7.7
Control 7.9
24
EGCG 7.6

Table 4.2. Retention volumes for EGCG treated and control Tau at various time intervals

Moreover, the SEC characterization revealed formation of distinct higher order species with different
retention volumes and reduced toxicity as compared to untreated control. Also EGCG is known to
covalently modify proteins, thus we analyzed covalent modification of repeat Tau in presence of EGCG
by MALDI-TOF analysis (Fig. 4.16E). The untreated soluble repeat Tau displayed a molecular weight
of 13.7 KDa as a single peak (Fig. 4.16F). Tau:EGCG at the ratio of 1:4 showed presence of one more
peak in addition to the monomer peak (Fig. 4.16G) indicating covalent modification of repeat Tau by
EGCG.

Further, in order to check its effect on viability of cells, EGCG was added to the cultured neuroblastoma
cells at a range of concentrations (0-200 uM). Interestingly, EGCG was not only found to be non-toxic
but also enhanced the neuronal viability as compared to untreated control cells (Fig. 4.17A). The
concentration as high as 200 pM did not affect the viability. Further, the cells were exposed to Tau
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aggregates in presence or absence of EGCG (0-200 pM) and studied for viability. The exposure of cells
to aggregates in absence of EGCG reduced the cell viability significantly as compared to untreated
control cells (Fig. 4.17B). The cells exposed together with Tau aggregates and EGCG maintained cell
viability and showed enhanced survival at increased concentrations (Fig. 4.17B).
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Figure 4.17. Effect of EGCG on cell viability. Toxicity was induced with 5 uM Tau aggregates and rescue in presence of
EGCG (0-200 uM) in neuro2a cells. (A) Cell viability assay shows EGCG was non-toxic to neuronal cells at varying
concentrations (0-200 uM) p < 0.001 and enhance the cell survival. (B) Tau aggregates induce toxicity in neuro2a cells at 0
uM EGCG p < 0.05(denoted as *) EGCG significantly rescues toxicity of Tau aggregate mediated toxicity till and enhances
viability p < 0.05 (denoted as #). This figure is reproduced from Scientific Reports, 2020.

Thus, EGCG was found to impede assembly of full-length Tau as well as dissolved Tau PHFs and
oligomers without having toxic effect on neuronal cells.
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Tau aggregation has been a major target for designing therapeutics in Alzheimer’s disease. The
aggregation of Tau is induced by various cofactors such as heparin which interacts with the repeat
domain of full-length Tau (Fig. 5.1A) and prompts Tau-Tau interaction leading to filament formation.
The two hexapeptide motifs *>VQIINK*? and ***VQIVYK?'" in the repeats 2 and 3 respectively are
known to play a crucial role in Tau self-assembly. A plethora of molecules have been screened and
found potent to be Tau aggregation inhibitors (TAls) including natural and synthetic molecules. The
greatest obstacles for these molecules to be effective in clinical trials is their bioavailability and ability
to cross the Blood-brain barrier (BBB). In such a scenario, the molecules naturally produced in the body
can be good candidates for the TAls. Few such molecules have been found to be neuroprotective
including neuro hormone melatonin®”’. Polyamines are polyvalent, aliphatic amines with two or more
amine groups found in all organisms. Polyamines regulate various cellular functions like cell
proliferation, DNA synthesis, cell differentiation, transcription, apoptosis etc’’’. Polyamine synthesis
takes place in a series of enzymatic conversions of the amino acid arginine (Fig. 5.1B). The first step
involves conversion of arginine to ornithine by the enzyme arginase. The conversion of ornithine to
putrescine is the rate-limiting step of the pathway and is catalysed by ornithine decarboxylase (ODC).
Putrescine is the precursor for the synthesis of two polyamines, spermidine and spermine.
Decarboxylated S-adenosylmethionine (SAM) by SAM decarboxylase also serves as a substrate for
spermidine synthase in addition to putrescine. The enzymatic action of spermidine synthase yields
spermidine which on addition of aminopropyl group by spermine synthase is converted to spermine in
the polyamine synthesis cascade. The formation of spermidine and spermine is irreversible and the
levels are regulated by the concentration of decarboxylated SAM. Polyamines have a positive effect on
memory and learning and increase the longevity in various model systems. The role of polyamines in
inducting apoptosis is regulated by the cellular systems as well as their metabolic profiles. The levels
of polyamines are altered in neurodegenerative diseases like AD and PD. In our study, we characterized
the effect of polyamines spermine and spermidine on Tau aggregation and neuronal death.

5.1 Effect of polyamines on modulation of Tau aggregation

Polyamines are known to regulate various physiological processes and also influence the aggregation
of amyloidogenic proteins like AP and a-synuclein. We investigated the role of spermine and
spermidine on the aggregation of full-length Tau. The classical assay was set up by adding heparin as
an inducer of Tau assembly. The progress of aggregation and the associated hydrophobicity changes
were monitored by ThS and ANS fluorophores respectively. The polyamines, spermine and spermidine
were added to the reaction mixtures at the 50, 100, 200 and 500 uM respectively. The untreated control
Tau aggregated progressively as observed by the continuous increase in ThS fluorescence. The
saturation of aggregation for the control was attained within 8 hours. Spermine, on the other hand,
supressed Tau aggregation till 12 hours, after which the ThS intensity began to increase in 50 uM
spermine treated reaction (Fig. 5.1C). Further, in 100 uM spermine, the aggregation was initiated after
24 hours. The higher concentrations of 200 and 500 uM supressed Tau aggregation completely till 72
hours. Thus, spermine increased the lag period of Tau aggregation at least for 12 hours. Spermidine,
however supressed Tau aggregation at the higher concentrations of 200 and 500 uM and reached
saturation at 48 and 60 hours respectively (Fig. 5.1D). The increasing concentration of polyamines
proportionately increased the lag period of Tau aggregation. Table 5.1 presents the lag time (t1) and
saturation time (t2) for respective concentrations of polyamines. This summary highlights more potency
of spermine in inhibiting the Tau aggregation. Tau aggregation is accompanied by hydrophobicity
changes in the protein due to the exposure of the hydrophobic amino acids. As with aggregation, the
hydrophobicity changes were minimal in polyamines treated Tau as compared to the untreated control
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(Fig. 5.1E, F). The polyamine treated Tau was analysed on SDS-PAGE at 0, 24 and 72 hours. At 0 hour,
presence of monomeric soluble Tau was confirmed in polyamines-treated and untreated Tau.
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Figure 5.1. Polyamines-mediated Tau aggregation inhibition. A) The N-terminus region of Tau forms the projection
domain comprising of two inserts followed by a polyproline stretch. The C-terminus region comprises of microtubule-binding
region consisting of four imperfect repeats involved in Tau aggregation. B) Biosynthetic pathway of polyamines. C, D) The
fluorescence analysis showed the inhibitory role of spermine on Tau aggregation, which was evidenced by decrease in both
ThS and ANS fluorescence. The effect was observed in concentration-dependent manner and was prominent at the highest
concentrations of 200 and 500 uM. E, F) Spermidine had poor inhibitory effect when compared to spermine. The higher
concentration of 200 uM increased the lag time in Tau aggregation but after 24 hours the increase in fluorescence was observed
which indicated Tau aggregation. The error bars represent mean +=SD values.

Polyamines | Concentration t1 t2
(LM) (h) (h)
Full-length 0 0 8
Spermine 50 12 48
100 24 60
Spermidine 50 0 4
100 0 8
200 8 48
500 12 60

Table 5.1. The lag time (t1) and the saturation time (t2) for control and polyamine-treated Tau aggregation, highlights the
potency of polyamines in delaying Tau aggregation at the respective concentrations.

At 24 hours, higher order aggregates were observed only in control and Tau treated with lower
concentrations of polyamines (Fig. 5.2A, B). After 72 hours of incubation higher order aggregates were
formed in control and 50 uM of spermine treated Tau. In spermidine treated Tau except 500 uM
treatment other groups showed formation of higher order aggregates. The results for SDS-PAGE were
confirmed by immunoblotting the reaction mixtures with total Tau antibody (K9JA). The
immunoblotting results clearly reflected the findings of SDS-PAGE analysis wherein spermine strongly
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inhibited formation of Tau aggregates and spermidine was effective at the higher dose of 500 uM (Fig.
5.2C). Thus, polyamines were found to be effective in preventing in vitro Tau aggregation by increasing
the lag period of the aggregation kinetics.
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Figure 5.2. SDS-PAGE analysis of Tau aggregation inhibition by polyamines. A) Spermine showed complete inhibition
of Tau aggregation as no high molecular weight aggregates (HMW) could be seen. B) Spermidine showed a strong inhibition
at higher concentration but the lower concentrations showed presence of HMW aggregates (indicated by black arrows). C)
Immunoblot analysis for total Tau suggested that spermine does not allow Tau to polymerize into HMW aggregates till 72
hours, whereas 500 pM of spermidine inhibits Tau aggregation till 24 hours.

5.2 Effect of polyamines on native Tau conformation

Tau aggregation leads to the formation of heterogenous Tau species comprising of soluble monomers
and oligomers in addition to insoluble higher molecular weight aggregates. The conformational analysis
of this heterogenous population gives a conformation profile of partial B-sheet as opposed to random
coil conformation of native soluble protein. The SDS-PAGE analysis and immunoblotting results
revealed that the polyamines maintained Tau in the monomeric form. In order to gain further insight
into the conformational profile, CD spectroscopy was performed on soluble, untreated aggregated and
polyamine-treated Tau. At 0 hour, all the groups showed maximum ellipticity at around 198-200 nm
indicating native conformation of soluble Tau (Fig. 5.3 A, C).
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Figure 5.3. Conformational and Morphological changes in Tau aggregates by polyamines. A. The CD spectra of Tau, in
presence and absence of spermine showed native conformation of Tau at 0 hour. B. The change in Tau conformation was

90



Chapter 5

observed as a shift towards -sheet conformation in absence of polyamines (indicated in red). At lower spermine concentration,
the shift towards B-sheet was observed. Spermine at 500 uM concentration showed a prominent shift towards its native
conformation. C) 0 hour CD spectra of spermidine treated and control Tau show no conformational changes of Tau. D)
Spermidine however had no effect as Tau exhibited B-sheet conformation. E) Full-length Tau showed the presence of long
Tau fibrils whereas the spermine treated Tau formed smaller fragments of Tau (represented as white arrow) and long fibrils
were absent. Spermidine treated Tau exhibited presence of long filaments.

After 72 hours of incubation, the untreated aggregated Tau displayed partial B-sheet conformation as
opposed to soluble Tau. Spermine treated Tau maintained the random coil conformation of Tau at both
the concentrations of 50 and 500 uM (Fig. 5.3B). But spermidine-treated Tau showed a shift in the
spectra toward partial -sheet conformation (Fig. 5.3D). Thus, spermine prevented Tau form heparin-
induced aggregation by maintaining it in its native conformation and monomeric form. Further,
transmission electron microscopy imaging revealed long fibrillar aggregates in untreated Tau whereas
polyamine treatment led to formation of fragile and broken fragments of Tau (Fig. 5.3E). Thus,
polyamines prevented formation of filamentous Tau aggregates and maintained its native conformation.

5.3 Mapping of Tau-polyamines interaction
Since, the polyamines were found to be potent in maintaining Tau in its native form we studied the
physical interaction of repeat Tau with polyamines by 'H-'’N HSQC NMR experiments. 'H-""N HSQC,
a two dimensional NMR experiment represents each amide proton present in proteins as a cross peak
(which have to be assigned specific to each sequential residue in the protein by interpretation of a series
biomolecular NMR experiments) in the spectrum. It acts as a fingerprint NMR spectrum that represents
the conformation of a protein under defined conditions such as temperature and buffer. Any perturbation
in the position of the HSQC contour peaks upon addition of a ligand to the protein implies the interaction
of the protein with the ligand at the amino acid residues corresponding to the perturbed cross peaks. We
titrated 200 uM °N labelled repeat Tau at 0, 1, 2, 4, 8, 16 stoichiometric ratios of spermine (Fig. 5.4A)
and spermidine (Fig. 5.4B) respectively.

h.¢ 5 8 n.é 1.3 "0

. .B .%o

i &
110 118 “, 3

FA | |
B 3 6‘ " : "\ ‘ b130
: " i*"*;

),
»

’
&
A

.

5@
; fv b
,~ Rt .
‘ o & *°®

91



Chapter 5

Figure 5.4. '"H-'>N HSQC NMR for repeat Tau and polyamines. NMR "N HSQC chemical shift perturbation plots for the
titration of 200 pM solution of repeat Tau with (a) Spermine and (b) Spermidine in various concentration ratios. Color codes
for '"H-'>N HSQC spectra (with respect to protein : ligand concentration): 1:0 (gray); 1:1 (magenta); 1:2 (turquoise); 1:4 (dark
orange); 1:8 (royal blue); 1:16 (medium purple). Each cross peak in the parent 'H-'>N HSQC spectrum corresponds to an
amide proton (and hence to an amino acid) in the repeat Tau protein sequence. The labels given on each cross peak in the
parent "H-""N HSQC spectrum (gray; repeat Tau in 1:0 ratio with respect spermine/spermidine) indicate the name of the amino
acid and its sequential position in the repeat Tau sequence. For clarity, only expanded region of >N HSQC containing majority
of the assigned residues is shown. Residues that are interacting with the polyamines (H268, H299, V300, H329, H330, K331,
H362, V363, L266, K267, Q269, K298 and T361 in decreasing order of perturbation) can be identified by the trailing of their
corresponding HSQC cross peaks with increasing concentration of polyamines, while the other residues have remained
unchanged.

The analysis of the interaction was done by reference 'H-'’N HSQC chemical shift assignment for
repeat Tau deposited in BMRB with accession number 19253. The analysis revealed identical
interaction for both polyamines with repeat Tau. Both the polyamines showed strong chemical shift
perturbations of H268, H299, V300, H329, H330, K331, H362, V363 and a moderate perturbation of
L266, K267, Q269, 1297, K298, 1360 and T361 and the interaction at these repeat Tau residues was
observed from the initial titrations with 1:1 ratio. The interacting residues of Tau with polyamines was
spread across the repeats and could be categorized into 4 regions. L.266-K267-H268-Q269 (in repeat 1
domain of Tau), [297-K298-H299-V300 (in repeat 2 domain of Tau), H329-H330-K331 (in repeat 3
domain of Tau) and 1360-T361-H362-V363 (in repeat 4 domain of Tau). These results suggests that
histidines as the primary interaction sites and the neighbouring residues acting as secondary interacting
sites; for example L266, K267, Q269 for interaction with H268; and 1297, K298, V300 for interaction
with H299.

5.4 Characterization of polyamine-treated Tau
Prior to characterization of polyamine-treated Tau, the polyamines were studied for their toxicity in the
neuronal cells. The neuro2a neuroblastoma cells were treated with a wide range of polyamines 100 nM

to 200 uM. Both the polyamines were found to be non-toxic to the neuronal cells at all the given doses
(Fig. 5.5A, B).

Next aim of the study was to investigate the role of polyamine-treated Tau in neuronal cell viability.
For this, the cells were exposed to the reaction mixtures from the end timepoint of the assay. The
viability test showed that the untreated aggregated Tau reduced the viability of the neuronal cells
compared to control cells (Fig. 5.6A). However, spermine-treated Tau at all concentrations showed
increased viability as compared to untreated aggregated Tau. Spermidine-treated Tau showed similar
effects at the higher concentration of spermidine (Fig. 5.6B).
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Figure 5.5. Toxicity study of polyamines. A) Spermine did not show visible toxicity in the neuroblastoma cells except for
the highest concentrations of 200 uM B) Spermidine maintained the complete viability at a broad range of concentrations from
0.1-200 pM.
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This is in conjunction with the aggregation studies wherein spermidine is found to prevent Tau
aggregation only at higher concentrations. In addition to MTT, LDH release assay was performed to
check for the membrane integrity of neuronal cells on exposure to polyamine-treated Tau. The
polyamine-treated Tau did not show changes in LDH release as compared to control cells. However,
the Tau treated with highest concentration of spermidine showed reduction in LDH release even
compared to control cells. This suggests its potency in protecting neuronal cells from membrane damage
(Fig. 5.6C, D). The viability studies show that polyamines drive the Tau to non-toxic species.
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Figure 5.6. Toxicity study of polyamine-treated Tau of neuronal cells. A) The spermine untreated Tau showed a decrease
in viability relative to cell control. The polyamine treated Tau rescued the viability of cells as compared to untreated Tau. B)
Spermidine treated enhanced the viability of neuro2a cells as compared to untreated Tau. C, D) Membrane leakage assay
shows that spermine and spermidine treated Tau does not lead to altered membrane permeability. The error bars represent
mean +SD values. Data is significant at the mean difference between treatment groups where (X — X') > Tukey’s criterion

(D).

As mentioned, Tau aggregation forms heterogenous population of species including monomers,
oligomers and filamentous aggregates. We separated these species by size-exclusion chromatography
from polyamine-treated and untreated reaction mixtures at 0, 24 and 48 hours. At 0 hour, all the groups
eluted a single peak of Tau monomer without any higher-order species (Fig. 5.7A). At 24 hours, control
as well as the polyamine-treated Tau eluted at lower retention volume in addition to the monomer peak
(Fig. 5.7B). The peak with lower retention volume corresponds to the higher molecular weight Tau
species. At 48 hours, the peak corresponding to higher molecular weight aggregates increased in
intensity in the order control>spermidine while peak for spermine did not change (Fig. 5.7C).
Additionally, the eluted fractions were analyzed for their hydrophobicity by ANS assay. This study
revealed that the fractions eluted as the higher molecular weight species possessed more hydrophobicity
as compared to polyamines treated Tau at all the three time points (Fig. 5.7D). Thus, polyamines
inhibited the Tau aggregation by preventing its compaction which is essential for its aggregation to
occur.
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Figure 5.7. Size exclusion chromatography analysis of polyamines treated Tau. A) Initially at 0 H polyamines showed no
effect and the retention volume was similar to polyamine-untreated control (Tau) and soluble monomer (Full-length Tau). B)
At 24 hours the higher order aggregates were formed. It was evidenced that spermidine had enhanced effect in formation of
higher order aggregates when compared to control and spermine. Moreover, the intensity of higher order aggregates in presence
of spermine was less, which indicated that it prevented aggregation of Tau. C) At 48 hours, control and spermidine reached
saturation where Tau completely aggregated. In presence of spermine only minor proportion of Tau was aggregated as
observed by the presence of smaller peak at 8§ mL. The comparative hydrophobicity of Tau corresponding the peak are showed
as inserts. D) The ANS fluorescence analysis revealed that at 0 hour the hydrophobicity of soluble Tau was less when compared
to spermine and spermidine, where spermidine exhibited higher ANS fluorescence. Analyzing the higher order fraction at 24
and 48 hours showed that the hydrophobicity in untreated Tau increased when compared to spermine and spermidine. The
error bars represent mean £SD values. Data is significant at the mean difference between treatment groups where (X — X") >
Tukey’s criterion (T).

5.6 Effect of polyamines on neuronal apoptosis

Polyamines are known to regulate various cellular functions and cell apoptosis is one of them, though,
the effects vary with cell type. We investigated the role of polyamines in neuronal apoptosis by
employing flow cytometry by Annexin V-FITC and propidium iodide labelling. The upper right and
lower right quadrants correspond to the cells undergoing late and early apoptosis respectively. The
percentages in both these quadrants were summed up to determine the total apoptotic cells. Accordingly,
spermine showed decline in apoptosis with increasing concentrations. Spermine exposure of 1, 2, 5 uM
lead to apoptosis in 91.9, 86.3 and 80.6% cells respectively (Fig. 5.8A) Similarly, spermidine at 10 and
20 uM caused apoptosis in 93.1 and 80.4% cells respectively. These results suggest that lower
concentrations induce apoptosis whereas higher concentrations of polyamines inhibit neuronal
apoptosis. Further, polyamines were studied with respect to their caspase-3 activity as it is involved in
apoptotic pathway. Both the polyamines did not show significant changes in the capsase-3 activity (Fig.
5.8B), although, spermidine tend to mildly decrease caspase activity at 40 uM concentration (Fig. 5.8C).
Thus, polyamines were found to modulate the apoptosis of neuronal cells.

94



A
A
« ___ Neuro2A « Spermidine 10 yM _ Spermidine 20 uM
g G70R "8 A 03-UR "% Zoa-00 RERI=
Ei} 39% 0.0% 57% .| F0.0% 37%.
usg °°S§ ¥ :
b= 4 d
= |.3 o
O %z i
2 |47 g
° R :
2 = 5 Ilﬁ)ltlll xS
£ w o 2 W a2
S | «~ _Spermine 1 uM 3 MSSLermine 2 uM «_Spermine 5 uM
= | "3 P g0z T 0700 02
— : 53 L 55.23({3]5 30.0% S0.0% 45%
g— <4 29 Vg EE
a | ] kr eF
o+ 3 % ; * :
s = = E
9 i &
E i 3
£ E AT i
- 3 7% =
3 WAL 31
Wb

Annexin V-FITC

B Cc
10000 — 10000
E 8000 E 8000
3 6000 - 8 6000

c c
g g
2 4000 3 4000
o o
3 3
'S w
2000 2000 -
0 - 0 -

10

40

Chapter 5

1 10
Spermine (uM) Spermidine (uM)
(n

Figure 5.8. Effect of polyamines on apoptosis. A. Polyamines showed decrease in cell death with increase in dose. B.
Analysis of caspase activity showed no change in spermine treated cells. C. Spermidine showed a mild decrease in caspase
activity with increase in concentration. The error bars represent mean +SD values. Data is not significant, since the mean
difference between treatment groups where (X — X') < Tukey’s criterion (T).
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Alzheimer’s introduced the clinical features of the senile dementia now known as Alzheimer’s disease
about 100 years ago, but the supremacy of the in-depth research on the subject commenced in the
1970’s. The last few decades have productively propelled the research on AD with varied aspects of the
causes, molecular pathophysiology and more importantly the therapeutic interventions. Alzheimer’s
disease (AD) accounts for 70% of total dementia cases accompanied with insidious memory
impairment, the chances of which are elevated with increasing age. While majority of AD cases are
known to occur sporadically, mutations in several genes accounts for the less prevalent familial AD.
The causal pathologies of AD are famously bifurcated into the Amyloid hypothesis and the Tau
hypothesis. For the past 25 years, the amyloid hypothesis (aka the amyloid-B hypothesis) was
considered to be the mainstream and nexus of AD pathology®*'". This hypothesis suggests accumulation
of misfolded peptides AB42 and AB40, which are the byproducts of the APP metabolism with AB42
peptides dominating the plaques composition. The accumulation occurs due to imbalance in the
production and clearance of the AP peptides. Although, the hypothesis is most prevalent it does not
necessarily correlate with the disease progression as well as for therapeutic intervention. Hence, the
amyloid hypothesis needed reconsideration due to the following observations;

1. The genetically modified mouse for AP pathology, showed accumulation of plaques but
there was no evidence of associated cytotoxicity to the neurons as well no Tau NFTs
formation®'?

ii. The AB deposition is not a mandatory pathology observed in AD brains*'?

iii. The defect APP metabolism is linked to AD rather than the AP plaque deposition or
accumulation.

On the contrary, Tau hypothesis is found to be the prime cause of AD pathology. The predominant
observations, which support this view, are;

1. Presence of hyperphosphorylated Tau inclusions in AD brains '

il. Correlation of extent and localization of Tau NFTs with Braak staging of the disease
progression ¢

iii. Observation of Tau lesions prior to AR accumulation?'

iv. Increased neuronal degeneration due to Tau abnormalities and accumulation®'

V. Disruption of neuronal cytoskeleton, signaling and mitochondrial integrity due to Tau
dysfunction?'¢*!”

Thus, Tau plays a major role in AD pathology and is a crucial therapeutic target.

Tau: Central nexus in physiology and AD pathology

Tau was discovered as the prominent microtubule-associated protein (MAP) in the mammalian brain
with 6 isoforms in the central nervous system'’. The 3R isoforms dominate the early developmental
stages which are highly phosphorylated and implicated in the synaptic plasticity'>*'®. The adult
mammalian brains have equal expression of 4R and 3R isoforms of Tau, which are reported to be
concentrated in the axonal region of the neuron. However, in the axon the distribution of Tau differs
between the two axonal ends. Tau is concentrated more at the distal ends especially in the growth
cones*”’. This concentration gradient of Tau along the axon is maintained by its phosphorylation state
wherein phosphorylated Tau is found near the soma region of the axon and dephosphorylated Tau is
found at the growing axons*?’. This helps in keeping the dynamicity of the microtubules at the growth
cones. However, the impairment in the gradient of phospho-Tau due to aberrant phosphorylation leads
to axonal defects such as axonal swellings and varicosities in the early stages of AD**'. These are
correlated with the defective transport of cargo containing vesicles. In addition to predominant axonal
localization, Tau is also present in other cellular compartments like nucleus, nucleolus, dendrites and
plasma membrane. The ectopic localization of Tau to somatodendritic compartments is partly attributed

97



Chapter 6

to the Tau acetylation that destabilizes the AIS cytoskeleton®. The AIS acts as a barrier maintained by
interaction of Tau and the microtubules to prevent the diffusion of Tau in the dendrites. The
somatodendritic mislocalization of Tau is observed in degenerating neurons in AD and the Tau in this
compartment is found to be highly phosphorylated**>. The somatodendritic Tau also causes impairment
in synaptic plasticity by abnormal activation of NMDA receptors in the spines®. The role of nuclear
Tau has been implicated in the protection of DNA and RNA from damage and maintain the
pericentrometric heterochromatin (PCH) framework®**??, This physiological function of Tau is
hampered in the AD neurons, affecting the PCH integrity. The physiological role of Tau is also
implicated in the nucleolar transcription”® and the abnormal Tau Nuclear Indentations (TNI) have been
reported in the early AD patients**’??, These TNIs are mapped to only phosphorylated Tau and serve
as an early marker. TNIs may contribute to loss of nuclear integrity observed in AD. The association of
Tau has also been reported with cellular organelles like ribosomes, Golgi apparatus and endoplasmic
reticulum®. Tau plays an important at the synapses, which serve as the connections between the
neurons. Tau present at both the presynaptic and the post-synaptic compartments in AD is
hyperphosphorylated and forms SDS-stable oligomers leading to synaptic dysfunction®*. Moreover,
the synaptic plasticity is mediated by Tau-actin interactions especially in the dendritic spines and
presynaptic boutons which helps maintain spine density and release of neurotransmitters®'. But the
pathological Tau mutations in AD and hyperphosphorylation of Tau hampers Tau-actin interactions
and curtails these functions®'®. Thus, Tau aggregation due to mutations, hyperphosphorylation and other
modifications disrupt its multiple neuronal physiological functions leading to AD. Our studies revolve
around the causative agents of Tau pathology as well as solutions to attenuate Tau pathology and related
neuronal dysfunction in form of naturally occurring small molecules.

6.1 Tau mutations and post-translational modifications

The FTDP-17 are hereditary Tauopathies accounting for various disorders including Alzheimer’s
disease, corticobasal degeneration, progressive supranuclear palsy and Pick’s disease. The FTDP-
mutations in Tau comprise of missense, deletion, transition, and intronic mutations affecting the
expression and function of Tau. The splice site or the intronic mutations act to include the exon 10,
which codes for R2. This increases the total levels of 4R isoforms disturbing the 3R/4R ratios. The
mutations which lie in the exon 10 and affects its alternative splicing are N279K, L284L,
AK280 and S305N**, Other Tau mutations induce aggregation as well as curtail one of the important
functions of Tau of microtubule stabilization and these include G272V, AK280, P301L, P301S, V337M,
R406W**, The mutations G272V and V337M are localized to the ends of the microtubule-binding
region or the hinge region and may play a in disrupting the secondary structure required for microtubule
interaction”*. These two mutations are also showed to enhance Tau assembly as compared to the wild
type Tau?*. The mutation R406W lies in the carboxy terminal of Tau and mildly affects Tau aggregation
as well as microtubule-binding®*>. The mutations P301L and P301S are reported to have greatest
propensity of aggregation compared to wild type®>. Moreover, P301L Tau has a reduced affinity for
microtubule interaction. Thus, the mutations have multiple effects on Tau physiology and play a role in
AD pathology. The post-translational modifications of Tau are key players in Tau function. Recently,
seven types of physiological Tau PTMs have been reported out of which one-third are newly
identified®. This highlights the higher level of regulation of endogenous Tau than previously suggested.
The neurotoxicity of Tau is linked to several PTMs of which phosphorylation is the cardinal
modification. Phosphorylation not only controls the self-assembly of Tau but it also plays a decisive
role in interaction of Tau with other interacting partners including microtubules. The criteria deciding
Tau hyperphosphorylated is subjective to a certain extent as it is based on mole of phosphates per Tau
molecule*. But this may not be completely true because phosphorylation of certain residues in a
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combinatorial manner influences Tau pathogenicity rather than the extent of phosphorylation across the
protein. Although, phosphorylation had gained initial attention in Tau pathology, other modifications
have also surfaced equally important in Tau pathogenesis like acetylation, methylation, glycation,
ubiquitination efc. For example acetylation of Tau at the positively charged lysine residues declines its
affinity for the microtubules by reducing the overall charge the protein’’. The reduction in positive
charges also sets in self-assembly of Tau triggering its aggregation. In addition to individual PTMs, the
cross talk among the various PTMs also affects the fate of Tau modification. For instance, acetylation
and ubiquitination modify Tau at the lysine residues but each modification affects Tau in a discreet
way. Acetylation precludes Tau ubiquitination, which is required for its degradation®. This results in
overall increase in endogenous Tau levels elevating the chances of its aggregation. On the other hand
phosphorylation of Tau positively regulates its auto acetylation property. Tau phosphorylation at the
repeat regions enhances the auto acetylation of Tau?*. On the contrary, phosphorylation at the KXGS
motifs inhibits Tau ubiquitination®”. Thus, the cross talk among various causal agents inducing Tau
pathology like mutations and PTMs might regulate the overall Tau pathogenesis in AD. Hence, we
designed our study to decipher the effect of multiple factors on Tau pathology. For example, the first
part was designed to study the glycation of the FTDP-17 Tau mutants and the other half dealt with dual
(phosphorylation and glycation) modification of Tau.

6.1.1 Glycation of Tau FTDP-17 mutants

Glycation, a non-enzymatic reaction caused by sugars and their reactive intermediates like
methylglyoxal (MG) drastically alters protein structure and function. It induces protein aggregation and
accumulation due to conferred protease resistance. The presence of glycated Tau in the pathological
Tau PHFs from AD brains suggested the role of glycation in stabilization of the PHFs™®. Glycation was
also found to decline Tau’s affinity for microtubules”. We modified Tau and the 3 FTDP-17 mutants
G272V, P301L and R406W by methylglyoxal and determined its role in the various pathological
parameters of Tau aggregation. Our studies revealed that the MG-induced aggregation was enhanced in
the Tau P301L mutant and suppressed in R406W mutant as compared to the wild-type Tau. Moreover,
the advanced glycation end products (AGEs) formation also followed a similar pattern as aggregation.
These results are attributed to the local conformational changes caused by specific mutations. The
suppressed aggregation and AGEs formation in the R406W mutant as compared to wild type Tau is in
agreement with the nature of this mutant to resist modification. The mutant R406W is found to resist
phosphorylation by multiple kinases such as GSK-3p, PKA and Rho kinase which might due to
mutation-specific local conformational changes'® However, there are controversial reports regarding
the phosphorylation status of this mutant as the post-mortem brains report hyperphosphorylation of
R406W Tau*****. These results are also subject to disease stage and progression when compared to in
vitro data. Thus, the reduced MG-induced aggregation might be due to inaccessibility of preferred
glycation sites due to altered conformation. On the contrary, the mutant P301L showed enhanced MG-
induced aggregation and AGEs formation as compared to wild type Tau.

The wild type Tau adopts a relatively compact hairpin conformation in solution®. In this conformation,
the C-terminal of Tau folds upon the repeat region and remains in the vicinity of N-terminal, while N-
terminal projects away from the repeats® (Fig. 6.1). This might mask the sites responsible for glycation
and hence, we observe moderate glycation of wild type Tau as compared to P301L mutant. The P301L
mutation is reported to induce extended Tau conformation, which explains enhanced glycation of this
mutant with respect to wild-type Tau. The extended conformation allows for more sites to get modified
by MG and hence the elevated glycation. Glycation generally induces rigid structural changes in the
proteins such as cross B-sheets which favors protein aggregation rather than folding®****!. Tau is
natively unfolded protein and adopts random coil conformation®*. The CD spectroscopic analysis of
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MG-induced glycated Tau and its mutants did not present significant global conformational change.
Thus, the variations in glycation observed could be attributed to local conformational changes.
Moreover, glycation is known to have differential effects on 3D-protein conformations, thus explaining
the observed CD results**'#*, Another interesting observation was morphologically distinct glycation-
induced Tau aggregates as compared to heparin-induced Tau aggregates. The glycation formed
amorphous aggregates of Tau as opposed to fibrillar aggregates. A 2 repeat Tau peptide is reported to
form such amorphous aggregates on glycation and does not show formation of filamentous
aggregates”**. Thus, the predisposition to P301L mutation might accelerates Tau pathology in metabolic
anomalies like diabetes, as it is more prone to glycation and aggregation by diabetes-related reactive
dicarbonyls.
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Figure 6.1. Enhanced MG-induced glycation of Tau P301 L. The glycating agent MG shows enhanced glycation for the
Tau dementia mutant P301 L with large aggregate formation as compared to wild-type. This might be due to differentially
exposed amino acids in WT versus the P301 L mutant that leads to enhanced modification by MG. The other mutant G272V
showed basal level of glycation as control whereas R406W mutant showed less glycation as compared to control.
Mechanistically, P301L mutation induces extended conformation in Tau, which otherwise adopts a compact hairpin
conformation in solution. The extended conformation makes more sites accessible for modification, hence enhanced glycation.
This model shows additional pathological feature of a predisposed Tau dementia mutant, which might enhance Tau dysfunction
in a combinatorial manner.

6.1.2 Dual modification of Tau

Tau phosphorylation has been studied immensely due to its impact on physiological function and
pathological conversion of Tau. Hyperphosphorylation is reported to reduce Tau-microtubule affinity
and drive towards aggregation®®®. Similarly, Tau glycation is found predominantly in AD brains with
reduced microtubule affinity’”. Moreover, the PHFs Tau is a product of multiple Tau modifications.
Hence, we studied effect of two known aberrant Tau modifications, phosphorylation and glycation on
Tau aggregation. It’s a well-known fact that in addition to extent of phosphorylation, the site-specific
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phosphorylation plays a key role in Tau pathogenesis. The site-directed mutagenesis is employed to
make the pseudophosphorylation mutants such that a single site or a combination of sites would be
studied for their effect on Tau aggregation and related microtubule assembly®. Our study focused on
glycation of double pseudophosphorylated mutants (262/404D, 262/396D and 231/262) and their
impact on aggregation kinetics. The results suggested no significant differences in MG-induced
aggregation propensity of pseudophosphorylation mutants and wild type Tau. These results agree with
reported MG-induced aggregation propensities of double pseudophosphorylation mutants, which do not
show visible changes. The site-specific pseudophosphorylation might play a role in these results.
Moreover, the sites localized in the C-terminal region of Tau like S396 and S404 are known to intensify
Tau aggregation on phosphorylation whereas, the sites are located in proline-rich region (T231) and
repeat domain (S262) suppress the aggregation*®. The phosphorylation at S262 residue suppresses the
Tau aggregation with overall increase in the phosphorylated sites on Tau. The 3 double mutants
employed in our studies have a common pS262, which might be responsible for suppressing MG-
induced aggregation. Thus, site-specific pseudophosphorylation affects MG-induced Tau assembly.
Further, the mutants 231/262D and 262/396D showed elevated SDS-resistant AGEs formation with
respect to wild-type Tau. The study of glycation of pseudophosphorylated Tau by exposure to MG also
reports formation of higher order aggregates on SDS-PAGE®®. The pseudophosphorylation mutants did
not reveal any global conformational changes. This has been previously reported for various sites of
Tau pseudophosphorylation. Phosphorylation at T231 does not significantly alter Tau conformation.
Phosphorylation at this residue leads to some local interactions of salt-bridge formation with
surrounding residues but does not change the Tau conformation 2*°. Similarly, phosphorylation at S262
induces turn formation and induces local rigidity in conformation but do not affect the global
conformation of Tau. Moreover, phosphorylation at the C-terminal has been reported to induce
flexibility in Tau’. Also, glycation did not alter this native conformation of Tau and its mutants. This
might be attributed to the stable random coil conformation of these pseudophosphorylated residues. The
morphological analysis revealed presence of amorphous MG-induced aggregates. Similar amorphous
aggregates were also observed in Tau pseudophosphorylated mutants glycated by various reactive
carbonyls including methyl glyoxal®®. Glycation of Tau dementia mutants by methyl glyoxal is also
being reported to form amorphous aggregates as opposed to heparin-induced fibrillar aggregates®”’.
Thus, the study of glycation on with Tau bearing predisposition to pathological transition suggests that
glycation can act as an enhancing factor to trigger the self-assembly and impart stabilize the aggregates
by imparting resistance to detergents via excessive cross-linking.

6.2 Glycation-mediated cytoskeleton abnormalities and rescue by EGCG

One of the important causes of Tau pathology in AD is aberrant post-translational modification. As
discussed above, hyperphosphorylation is the most prominent modification implicated in the
pathogenesis of Tau. Accordingly, enormous reports are available for Tau hyperphosphorylation and
its inhibition as a therapeutic strategy. Accordingly, kinase inhibitors**® and phosphatase enhancers**
are being studied, though, not quite successfully. As already discussed above, glycation severely
disrupts the protein structure and associated functionality rendering them either prone to aggregation or
increases their build up in the cells due to protease resistance. In AD, Tau glycation is present in the
purified brain PHFs and dominant sites for glycation of Tau in vitro are confined to the repeat region
which also serves as the microtubule-binding domain’*’. Glycation reduces microtubule-binding
affinity of Tau and also induces cellular oxidative stress®'. In spite of its deleterious impact on Tau,
glycation as a therapeutic target is not yet studied. In our studies, we reported EGCG, a polyphenol
isolated from green tea as a potent inhibitor of in vitro MG-induced Tau glycation. EGCG efficiently
inhibited glycation of Tau treated with 5 fold excess of MG. Aminoguanidine, a known glycation
inhibitor, inhibited Tau glycation with 2.5 fold excess of MG. EGCG was found to be more potent
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which is likely due to its structure that helps trapping of carbonyls with a ratio of 3:1 (EGCG:
carbonyls)®’. Further, the effect of EGCG in inhibiting global glycation in neuroblastoma cells was
studied and the results were positive with EGCG visibly inhibiting the MG-induced glycation.
Additionally, EGCG also rescued the unique nuclear localization of phospho-Tau AT100, which was
disrupted on MG exposure. A study has reported similar results wherein the intracellular AGEs
formation induced by MG was inhibited in presence of aminoguanidine. Also, AG was reported to
modulate the levels of Tau kinases GSK-3f and p38 MAPK and alter epitope-specific Tau
hyperphosphorylation*'. Effect of EGCG in modulating MG-induced AGEs in neuroblastoma cells can
be attributed to its ROS quenching ability via Nrf2 pathway in different cell types**. As already known,
EGCG quenches carbonyls hence this might be the same mechanism by which it might be inhibiting
intracellular AGEs formation by MG. This suggested role of EGCG in modulating PTMs of Tau like
phosphorylation and glycation as well opens new horizons to explore effect of EGCG on other Tau
modifications.

In addition to Tau, glycation modifies the cellular proteins depending on the total concentration, which
include abundant cytoskeletal proteins actin and tubulin. Modification of cytoskeletal proteins has a
huge impact on neuronal cells, as these are polarized cells with specialized structures, which are
maintained by the dynamicity of cytoskeletal proteins. Microtubules composed of tubulin subunits are
known for their ability of guided organellar and membrane vesicular trafficking. Microtubules not only
provide infrastructure for organellar movements but also acts a basis of fast axonal transport (FAT) in
neuronal cells’. The organellar movement in neuronal cells can also take place independently of
microtubules via actin through an ATP-dependent manner. This movement is unidirectional and
postulated to be generated by myosin-like motor. This actin-dependent unidirectional organellar
mobility also contributes to FAT in neuronal cells®**. Our study demonstrated severe disruption of both
actin and tubulin cytoskeletons in neuronal cells by MG exposure suggesting loss of neuronal functions.
Moreover, tubulin glycation affects axonal transport in the rat model of diabetes*’. Additionally,
glycation modifies the lysine residues in the proteins which are required for assembly of tubulin into
microtubules®****”. Further, assembly of actin into F-actin plays a crucial role in maintaining the spine
morphology as well as density in neuronal cells, which is decreased by actin glycation''****. These
observations highlight role of glycation in severely affecting cytoskeletal structures and associated
functions. We demonstrated role of EGCG in actively inhibiting the MG-induced glycation of actin and
tubulin and restoring the neuronal morphology including the neuritic extensions and MTOC, thus,
strengthening neuronal structural integrity which is essential in neuronal functioning (Fig. 6.2). EGCG,
further stabilized microtubules by maintaining the interactions between end-binding protein (EB1) and
microtubules which could be associated via Tau*>*°. Analogous results have been reported for ADP-
NAP peptide, which increases the Tau-EB1 interaction and restores Tau-mediated EB1 recruitment to
the microtubule ends upon zinc intoxication. Tau has been known to interact with the end-bindings
proteins EB1 and 3 and guide their localization to the ends of microtubules in extending neurites in
developing neuronal cells. This interaction is postulated to fine tune the microtubule dynamics in
neuronal differentiation.

This study highlights the need to focus Tau therapeutics towards modulating aberrant PTMs as well as
to maintain the neuronal cytoskeletal structure and integrity.
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Figure 6.2. EGCG maintains neuronal cell cytoskeleton integrity. Methyl glyoxal treatment leads to glycation of actin and
microtubules leading to hampered growth of neuritic extensions and microtubule organization. Microtubule stabilization by
+TIP EBI1 is also affected resulting in loss of cell morphology. In presence of EGCG, the actin rich neuritic extensions are
enhanced which might help in neuronal connections. EGCG also maintains intact MTOC and thus microtubule mediated
transport. EGCG also helps in microtubule polymerization via EB1 protein thus maintaining and rescuing overall cell integrity.

6.3 Small molecules inhibitors of Tau aggregation

The essence of inhibitors of Tau aggregation lies partly in the process of aggregation itself, as it’s a
continuous process once initiated. In order to have a potent inhibitor of Tau pathology, a molecule must
possess multiple activities. For example, only inhibiting Tau from aggregation would be of little help
as the already present aggregate load in the cells would still be hampering neuronal function and leading
to the neuronal death. Also the intermediate Tau species like oligomers, which are reported to be extra
toxic, also need to be quenched or sequestered and dissolved. Thus, a potent Tau aggregation inhibitor
would inhibit Tau aggregation, sequester and degrade oligomers and dissolve preformed Tau fibrils.
But in addition to be potent the most important characteristic required is the ability to cross the blood
brain barrier. Thus, the charge, size and polarity also play a critical role. Since, Tau pathology is
complex, higher dosages may be required which highlights importance of non-toxicity and
biocompatibility at generous dosages. Thus, the molecules belonging to the natural origin would be
assumed safe as therapeutics though synthetic molecules are also found to be equally potent and non-
toxic. We have studied 4 molecules belonging to natural origin, each of which acts at various and
multiple steps of Tau aggregation process and modulated Tau pathology.

6.3.1 Baicalein-mediated Tau aggregation inhibition via off-pathway oligomerization

Baicalein is isolated from the root of Chinese herb Scutellaria baicalensis Georgi and is reported to
overcome AD pathologies like ROS quenching and recovery from cognitive deficiency?”. Our study
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reports the inhibition of Tau aggregation by Baicalein with the ICso of 27.8 uM. A study with similar
observation has been reported for a-synuclein, which aggregates in dopaminergic neurons in

Parkinson’s disease®!

. The ICs for Tau aggregation inhibition has been reported to be 2.7 uM but not
with sufficient evidence. This results also prove that Baicalein acts at the initial stages of Tau
aggregation like methylene blue, azaphilones, anthraquinones ezc. In case of a-synuclein, Baicalein was
found to enhance oligomer formation. This was evident in our ANS fluorescence studies where
Baicalein induced oligomerization of Tau which was observed by increased ANS fluorescence in the
initial kinetics. Tau oligomerization exposes hydrophobic patches in the protein, which acts as a binding
site for ANS dye and its increased fluorescence?!. Thus, Baicalein enhanced and sequestered Tau
oligomers and inhibited their transition to PHFs. The transition of Tau from monomer to aggregates is
accompanied by conformational change for random coil to PB-sheet which was also observed in
Baicalein stabilized Tau oligomers. Moreover, the Baicalein-induced a-synuclein oligomers also
revealed same conformational pattern’®®. The characterization of Baicalein-induced Tau oligomers
revealed SDS-resistant nature which is reported for various other polyphenols as well. For example,
various polyphenols enhance SDS-resistant AP oligomerization which include nordihydroguaiaretic
acid (NDGA), resveratrol, and myricetin®. A green tea polyphenol EGCG, forms SDS-stable AP

264265 Concurrent observations were made for a-

oligomers through polar and non-polar interactions
synuclein with dopamine inducing SDS and heat stable oligomers*®. The oligomers induced by all these
molecules were non-toxic and off-pathway which is in concordance with our study wherein Baicalein
induced Tau oligomers were not toxic to neuronal cells. The dissolution of preformed Tau filaments by
Baicalein in our study yielded broken and fragile Tau fragments which were similar to the broken Tau
filaments observed on treatment with cinnamaldehyde®®’. Also Baicalein is reported to dissolve the
similar o-synuclein filaments®' suggesting a common mechanism of Baicalein in aggregation
inhibition and fibril dissolution of amyloidogenic proteins. Baicalein is known to interact with proteins
at specific residues. For example, it interacts with human serum albumin at Leu, Arg and Ala residues®®®
whereas it modifies lysine residue of AP to Schiff’s base and binds to tyrosine residue in AB**’. To
decipher the interacting sites of Tau with Baicalein, we employed in silico studies with repeat Tau (244-
373) and Baicalein due to increased disordered nature of full-length Tau, which makes it impossible to
model. Our in silico study revealed the interaction of both the protein and ligand and MD simulations
confirmed the stability of the interaction. The nature of interaction was depicted primarily as
hydrophobic which was followed by stabilization via water mediated hydrogen bonds. The simulation
trajectory also suggested conformational changes in Tau on Baicalein binding which may be attributed
to relative flexibility of C7-C4 bond of Baicalein. This agrees with the structure of Baicalein with two
adjacent -OH groups with possible ability to modify Tau oligomers. Analogous observations have been
made for other flavonoids with adjacent -OH groups®**. Moreover, we reported covalent modification
of repeat Tau by Baicalein suggesting that Baicalein belongs to a class of covalent inhibitors which
include oleocanthal, cinnamaldehyde and asperbenzaldehyde®’*?”'. The mechanism of these molecules
vary though, with oleocanthal modifying g-amino group of lysines forming imines and cinnamaldehyde
and asperbenzaldehyde acting via nucleophilic attack of cysteine residues of Tau. On the contrary to
both these mechanisms, Baicalein exerts an electrophilic attack via oxidation to quinone form*’%. Tau
oligomers are reported to be toxic and cause membrane leakage in cells’”®. In contrast, Baicalein
mediated Tau oligomers were non-toxic to neuronal cells. Correspondingly, Baicalein showed similar
rescue of toxicity of a-synuclein oligomers®’.

Thus, we report Baicalein as a potent molecule since it acts at various stages of Tau aggregation and
inhibits it with no toxic effects in the neuronal cells at moderate concentrations (Fig. 6.3.1)
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Figure 6.3.1. Dual effect of Baicalein on Tau. Tau in presence of heparin forms mature fibrils via intermediate oligomers
formation. On the other hand, Tau in presence of Baicalein and heparin is restricted to form Tau oligomers without further
mature fibril formation. These PHFs when exposed with Baicalein are dissolved into smaller fragments. The exposure of
heparin-induced Tau oligomers and PHFs to healthy neuronal cells imparts toxicity in neurons and leads to neuronal death.
The Baicalein-induced Tau oligomers as well as the dissolved fragments of PHFs do not affect the neuronal health and
maintains the morphology. These suggest nontoxic nature of Baicalein-induced Tau oligomers.

6.3.2 Interaction of Epigallocatechin-3-gallate (EGCG) with Tau and its effect on Tau aggregation
EGCQG is a famous molecule and has gained huge popularity owing to its multiple effects in plethora of
diseases including neurodegenerative diseases. In case of Tau pathology, EGCG is found to inhibit the
in vitro assembly of aggregation-prone repeat Tau fragment K18AK280. Moreover, EGCG was found
to be ineffective in preventing heparin-induced assembly of this Tau fragment and aggregation led to
the formation of morphologically distinct Tau filaments as compared to control Tau?”’. In our studies,
we reported analogous effect of EGCG on the inhibition of heparin-induced assembly of full-length Tau
with altered filament morphology. The ICsy for Tau aggregation inhibition was found to be 64.2 uM.
This value seems to be higher as compared to other TAls but several inhibitors show varied potency
from nM to uM range. For example, molecules such as Thionine and Azure A display inhibitory
constants of 98 nM and 108 nM respectively. On the other hand chlorpromazine and tacrine show
inhibitory constants of 55.9 uM and more than 100 pM respectively?’>. Moreover the natural aglycone
in extra virgin olive oil, oleocanthal, displays ICso value of 2.9 uM and 3 uM for natural and unnatural
origin of compound®”'. Thus, the ICso value for EGCG falls on the higher side of the micromolar range
which might be attributed to decreased lag phase of Tau aggregation on heparin induction, as the lag
phase might be required for efficient interaction of EGCG with monomeric Tau. Due to shortened lag
phase, EGCG is forced to bind to the intermediate Tau species, which require greater stoichiometric
ratios for efficient inhibition of Tau assembly. The fact that EGCG interacts with monomeric Tau, is
also evident from our MALDI-TOF analysis wherein EGCG covalently modifies repeat Tau which
might be due to its reported activity in covalently modifying proteins at reduced Cys thiols. Moreover,
the observation of higher order band in nitrobluetetrazolium (NBT) staining for Tau and EGCG from
the previous studies explains the Tau modifying function of EGCG*”". In order to gain further insights
into the interaction of Tau and EGCG, docking and MD
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Figure 6.3.2. Effect of EGCG on varied Tau species. Broadly the aggregation process of Tau undergoes initial misfolded
oligomer formation before maturing into ordered B-sheet PHFs. EGCG acts at every stage of Tau species and acts respective
to the species present. In case of monomer, EGCG interacts at a binging pocket of Tau such that it leads to covalent
modification of Tau. Moreover, this Tau is unable to transition into mature filaments and the EGCG-modified Tau does not
affect the neuronal cells. With Tau oligomers, EGCG interacts to stabilize these oligomers and prevents them from further
aggregation. Further, the stabilized oligomers are gradually degraded by EGCG. These degradation products are non-toxic to
cells. EGCG rapidly degrades the mature fibrils as soon as they are treated. The dissolution of PHFs is relatively rapid to
oligomers. All the degradation products do not alter the cells on exposure.

simulations were carried out for the complex. Here, repeat Tau was modelled due to difficulties in
modelling the full-length Tau due to its increased disordered conformation. The docking of repeat Tau-
EGCG complex yielded Leu and Asp as the major interacting residues which were similar to interacting
residues of transthyretin complex?’®. Lys 267 was also shown to have major interaction with EGCG.
This is in agreement with studies on EGCG and prostatic acid phosphatase (PAP) peptide, wherein
lysine was found to be major contributor for interaction with EGCG and important for ligand-binding®””.
This suggests that though the number of interacting residues for EGCG with proteins vary the key
interacting residues remain common for most proteins. Since, Tau-EGCG interaction was confirmed by
above studies the quantification of the interaction was made by ITC studies. Although, the binding was
observed to be strong, the results suggested multi-sites binding event for Tau and EGCG wherein initial
binding is rapid and saturable. The equilibrium is attained after the early interaction events after which
continuous association and dissociation of Tau-EGCG takes place. This is in agreement with two
separate binding events occurring on EGCG-HSA interaction where initial strong binding is followed
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by 1000 times weaker secondary binding. As for interaction with proteins®®. EGCG is also postulated
to act via a common mechanism to prevent aggregation in the aggregation prone proteins. EGCG is
reported to bind with cross-beta structures in the amyloidogenic proteins and prevent its fibrillization®’®.
We made similar observations wherein we visualized full-length Tau initial oligomerization in presence
of EGCG on SDS-PAGE, which eventually decreased with incubation. On the contrary, the dissolution
of preformed PHFs was relatively rapid. This might be due to readily available aggregation
intermediated for rapid EGCG binding (Fig. 6.3.2).

Thus, the role of EGCG in inhibiting Tau aggregation and rapid dissolution of Tau PHFs highlights its

potential as a strong therapeutic molecule in AD.

6.3.3 Effect of polyamines on Tau aggregation and cell apoptosis

Polyamines are ubiquitous molecules with multitude of functions. They participate in various cellular
functions from gene expression to cell proliferation. In neurodegenerative diseases like AD and PD,
polyamines levels are altered and this is reported to play a role in disease pathogenesis*”®. The in vitro
analysis of aggregation prone proteins involved in AD and PD that is AB and a-synuclein respectively
revealed enhanced aggregation in presence of polyamines®***!. In contrast to this, we reported the
inhibitory action of polyamines spermine and spermidine on Tau aggregation at 100 - 500 pM
concentrations. The mechanistic explanation for this inhibition was obtained from the fluorescence
kinetics, which suggested increase in lag period of Tau aggregation in presence of polyamines with
spermine showing more potency. These results were contrasting to the previous studies which reported
decrease in lag time of aggregation prone proteins A and a-synuclein on polyamine treatment which
is attributed to their a helical content. In case of Tau, the same polyamines increased the lag period of
aggregation thereby delaying the formation of nucleating species essential for aggregation to proceed.
The NMR studies confirmed the physical interaction of polyamines with Tau similar interacting
residues. The interaction revolved around the 5-histidine residues of Tau spanning along the 4 repeats.
Similar type of interaction were reported for interaction of AR with polyamines®™’. Apart from
interacting histidine residues the peak pattern did not change throughout the titrations, which suggests
only local conformational changes in Tau on interaction with polyamines and intact global
conformation. The stereo packing of Tau required for aggregation might be hindered on binding to
polyamines which also accounts for the delay in aggregation and altered filament morphology. The
NMR studies with a-synuclein suggest contrasting findings with polyamines driving the protein to 3-
sheet conformation®®?. Our analysis of global conformational changes of Tau in presence of polyamines
re-iterated our NMR results wherein polyamines did not alter the protein conformation. Moreover,
polyamines maintained the random coil conformation of Tau except for spermidine at lower
concentrations. The CD analysis of Ap and a-synuclein reported transitioning towards -sheet in time-
dependent manner on polyamine exposure. The visualization of filament morphology on polyamine
treatment revealed short broken fibres without intact filamentous aggregates. Similar observations were
made for AP and a-synuclein where they formed amorphous aggregates and lacked filamentous
aggregates in presence of polyamines. The size-exclusion chromatography for polyamine treated and
untreated Tau resolved into higher order species which had discreet properties. The polyamine treated
Tau had reduced hydrophobicity and were less toxic as compared to control untreated Tau. Since
polyamines are involved in various cellular pathways including apoptosis, we investigated their role in
neuronal apoptosis. Both the polyamines were non-toxic at higher concentrations and reduced
apoptosis, indicating a neuroprotective role. The caspase-3 activity analysis suggested spermidine
helped decrease caspase-3 activity thus preventing apoptosis. This function of spermidine is reported
and further involvement in autophagy via inhibition of Beclin-1 cleavage is also studied®®’. In addition
to being involved in apoptosis, caspase-3 also acts to enhance Tau cleavage at C-terminal D421 giving
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Chapter 6

rise to truncated Tau which is prone to aggregation®. The D421 truncated Tau is found in AD brain
and is known induce conformational changes in Tau, which drives it towards self—assernbly“. Since,
polyamines inhibited caspase-3 activity, they play dual role of preventing apoptosis as well pathological
transition of Tau (Fig. 6.3.3).

Thus, polyamines inhibited Tau assembly by maintaining Tau in soluble form such that the nucleation
phase and thus the aggregation is delayed. The mechanistic explanation of this was provided by NMR
wherein the interacting residues of polyamines match with those of Tau and polyamines might be
competing with heparin for binding to Tau thus preventing its aggregation.
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Figure 6.3.3. Multifunctionality of polyamines in AD pathologies. A) Heparin induces Tau aggregation via charge
compensation with major interactions with histidine residues. Exposure of Tau together with heparin and polyamines prevents
heparin binding due to the common sites of interactions of polyamines and heparin. The polyamine treated Tau maintains in
soluble form and does not undergo fibrillization. B) The PHF Tau formed in presence of heparin alone proves to be harmful
to cells as it alters the cell morphology and leads to death. On the contrary, polyamine treated soluble Tau does not hamper
neuronal integrity and maintains the cell viability. C) Polyamines modulate neuronal apoptosis in a concentration dependent
manner. At lower concentrations, polyamines inhibit apoptosis whereas at higher concentrations they induce apoptosis in
neuronal cells.
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Summary

The aggregation and accumulation of toxic Tau species is one of the paramount factors in the pathology
of neurodegenerative diseases like AD, FTDP-17 related Tauopathies, Pick’s disease efc. This not only
increases the load on the cellular clearance machineries but also hampers vital neuronal functions like
intracellular transport and synaptic transmission owing to disruption of the cytoskeleton. The neuronal
cytoskeleton is of utmost importance as it maintains the specialized the cellular architecture essential
for its functioning. The misfolding and aggregation of Tau results due to cellular insults, post-
translational modifications and genetic mutations. We hypothesize that the Tau pathology is a result of
cross-talk between these discreet factors and aimed our studies on the impact of two factors at a time
on the Tau aggregation. The glycation of Tau was studied in presence of other PTMs as well as genetic
mutations. Further the impact of small molecules was elucidated on the Tau PTMs, neuronal
cytoskeletal architecture and in vitro aggregation inhibition. Our findings are summarized as follows:

Glycation modulates the aggregation propensity of mutant Tau proteins:

Glycation is one of the abnormal PTMs which severely disrupts protein rendering it structurally and
functionally incompetent. The glycation of genetically predisposed Tau with FTDP-17 mutations by
methyl glyoxal, exhibited increased propensity of aggregation as well enhanced formation of advanced
glycation end products in the mutant P301L as compared to the wild type Tau. On the other hand,
glycation of doubly pseudophosphorylated Tau did not alter the aggregation propensity but enhanced
the AGEs formation with the pseudophosphorylation at 231, 262 and 396. Thus, the interplay of causal
factors can modulate the Tau pathology exacerbating the disease manifestations.

EGCG rescues Tau glycation and glycation-induced neuronal cytoskeleton disruption:

Glycation modifies the proteins by irreversible cross-linking which enhances the aggregation and
accumulation of the proteins in cellular milieu due to protease resistance of the aggregates. Tau
glycation in AD is reported to impart stabilization to the paired helical filaments. These stable PHFs
persist over the years leading to neuronal degeneration in AD. Thus, we targeted Tau glycation in vitro
by EGCG which is an active polyphenol of green tea. EGCG prevented Tau glycation in vitro as well
as inhibited MG-induced AGEs formation in the neuronal cells. EGCG enhanced the neuronal
extensions as well as prevented the actin and tubulin glycation by MG thus, maintaining the neuronal
cytoskeletal integrity. EGCG also maintained the tubulin-EB1 function aiding in the tubulin
polymerization. The role of EGCG in preserving neuronal cytoskeleton is of utmost importance and
highlights its potential as a future therapeutic in AD.

Small molecules Baicalein, EGCG and polyamines prevent in vitro Tau aggregation and dissolve the
preformed aggregates via varied mechanisms:

The inhibition of Tau aggregation and dissolution of the PHFs is one of the highly explored area in the
field of AD therapeutics. Accordingly, numerous molecules have been screened and tested for Tau
pathology. We screened two polyphenols (Baicalein and EGCG) and two polyamines (Spermine and
Spermidine) against Tau pathology in vitro. Baicalein, isolated from the root of herb Scutellaria
Baicalensis inhibited the aggregation of full-length and repeat Tau by inducing the off-pathway
oligomers and preventing filamentous aggregation. Baicalein efficiently dissolved the preformed Tau
oligomers and fibrils highlighting dual potency in overcoming Tau pathology in AD. The hydrophobic
and the water bridges dominated the Tau-Baicalein interactions which are postulated for its
disaggregation activity. On the other hand, EGCG, a green tea polyphenol showed dynamic electrostatic
and hydrophobic interactions in the Tau-EGCG complex. The residue-specific interactions in addition
to ion-mediated and water-mediated bonding play a crucial role in maintaining the Tau-EGCG complex.
EGCQG inhibited Tau aggregation in a concentration-dependent manner. The dissolution of PHFs was
more prominent as compared to preformed oligomers probably due to readily available intermediate
species required for EGCG binding. Both the polyphenols exhibited covalent modification of Tau
explaining their role in inhibiting filamentous Tau aggregation. Alternatively, polyamines, Spermine
and Spermidine inhibited Tau aggregation by increasing the lag period of Tau aggregation and
maintaining Tau in the soluble form. The NMR studies revealed a potent mechanism of interfering
heparin binding to Tau thus, preventing its assembly. Polyamine treated Tau did not induce toxicity in
the neuronal cells and maintained their morphology. Polyamines modulated neuronal apoptosis in a
concentration dependent manner.
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Summary

Thus, the work conducted comprises the study of effect causal factors of Tau pathology and attempts
to modulate these factors in order to prevent Tau and related neuronal pathologies. The study has
unraveled multifaceted roles of polyphenols and polyamines making them potent candidates for future
therapeutic applications in AD-related pathologies.
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Future Directions

Our studies underline the impact of PTMs on Tau pathology and thus the further investigations of
modified Tau would help understanding the role of modified in neuronal functions. In accordance
with this view the future direction of study would focus on the effect of glycated Tau on the neuronal
cells (Fig. D).

Internalization and processing activation of kinases

Effect of glycated Tau on the neuronal cells

Glycated Tau

Neuronal viability

A:eraction with RAGE and

e
<

Glycated Tau RAGE

%’ RAGE-mediated
activation

GSK-38 CaMKIl

Endosome

Limited proteolysis MAPK

5 S~
12~
Z - e
Partially digested modified Tau f

22
l Tau hyperphosphorylation

Glycation of endogenous Tau

Effect on actin-rich neuronal extensions Effect on MTOC and tubulin assembly

Fig I. The effect of glycated Tau on neuronal cells. The glycated Tau would be assessed for the toxicity to the neurons. The
glycated proteins (AGEs) interact with their receptor RAGE, which activates several kinases. These kinases mediate Tau
hyperphosphorylation adding to the pathology. The internalization of glycated by bulk endocytosis would initiate its lysosomal
degradation. This might be lead to the limited degradation due to nature of glycation and release partially digested peptides
which would act as seeds to aggregate endogenous Tau. Glycated Tau could affect the actin and tubulin cytoskeletons affecting
the neuronal extensions and MTOC-mediated tubulin assembly.

The glycated Tau would be studied for its effects on various neuronal parameters:

L
IIL.

III.

Iv.

Neuronal viability

The glycated Tau would be studied for its interaction with RAGE and other scavenger receptors
by various interaction techniques

The RAGE activation leads to activation of various kinases which are also involved in Tau
hyperphosphorylation. Thus, effect of glycated Tau on inducing Tau hyperphosphorylation
would be addressed

The internalization of glycated Tau and its endosomal processing would aid in understanding
the seeding behavior of glycated Tau.

Since, Tau is largely associated with the actin and tubulin cytoskeleton maintenance in neurons,
the effect of glycated Tau on these cytoskeletal elements would be deciphered.
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Alzheimer’s disease is a type of dementia denoted by progressive neuronal death due to the
accumulation of proteinaceous aggregates. This includes Tau neurofibrillary tangles, one of the causes
of neuronal degeneration. Post-translational modifications (PTMs) of Tau play a pivotal role in its
pathogenesis and acts as a triggering factors in Tau aggregation. While hyperphosphorylation is known
to play a pivotal role in tau pathogenesis, evidence suggests that glycation may also play a role.
Additionally, genetic predisposition also causes alteration of Tau functions. Thus, Tau has become one
of the important therapeutic target in AD. The chemical modulators of Tau PTMs such as kinase
inhibitors and antibody based therapeutics have been developed but natural compounds as modulators
of Tau PTMs are not explored. Thus, it is important to understand the effect of interplay of two or more
causal factors for Tau pathology in order to device the efficient therapeutics.

We studied the crosstalk of glycation and FTDP-17 mutant Tau as well as glycation and
pseudophosphorylated Tau. These studies highlighted the enhanced Tau aggregation as a result of
combination of two causal factors. This would assist in designing the focussed therapeutic strategies in
AD. Further, we report EGCG, a green tea polyphenol, as a modulator of two key Tau PTMs,
phosphorylation. EGCG inhibited methyl glyoxal (MG) induced Tau glycation in vitro and modulated
the phosphorylation in neuroblastoma cells.. EGCG potently inhibited MG induced overall AGEs
formation in neuroblastoma cells and modulated the localization of AT100 phosphorylated Tau in the
nucleus around the periphery of the nuclear membrane, which was disturbed by MG. It was also
observed that MG severely disrupted neuronal cytoskeleton which was rescued by EGCG. EGCG
maintained intact Microtubule Organizing Center (MTOC) and polymerization and stabilization of
microtubules by Microtubule-associated protein RP/EB family member 1 (EB1). EGCG enhanced actin
rich neuritic extensions which might play a role in neuronal connections. Thus, EGCG alleviates the
effect of Tau PTMs and maintains neuronal integrity. In addition to PTMs, EGCG also showed residue-
specific interaction with Tau and covalently modified Tau. This property has also aided in EGCG-
mediated Tau aggregation inhibition and disintegration of PHFs. The investigation of another
polyphenol Baicalein against Tau aggregation yielded similar results with a role in inducing and
sequestering off-pathway Tau oligomers to prevent filamentous aggregation. Baicalein also exhibited
covalent modification of Tau suggesting a common mechanism of polyphenols in Tau aggregation. The
screening of polyamines displayed inhibition of Tau aggregation by interfering with the binding of
inducer heparin and thus maintain Tau in soluble form. Polyamines also modulated neuronal apoptosis
highlighting its potential role in AD-related pathologies.
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1. Understanding the Role of Post-Translational Modifications of Axonal Tau in Alzheimer’s
Disease
Shweta Kishor Sonawane and Subashchandrabose Chinnathambi*

Science Day, CSIR-NCL, 2015

Abstract

Alzheimer’s disease is a neurodegenerative disorder characterized by progressive memory loss
and dementia. It affects around 4.4 million individuals progressively and the number is rapidly
increasing especially in the South Asian and Pacific regions. Two major aggregation prone
proteins playing a key role in the pathogenesis of AD are Amyloid Beta (AP) and Tau. Tau is
a microtubule associated protein having 6 isoforms found in the neuronal axons which plays
an important role in microtubule stabilization. It is a highly hydrophilic disordered protein
which undergoes aggregation on several post-translational modifications especially
phosphorylation. Tau is also known to be glycated, methylated, ubiquitinated but the effect of
these modifications on the aggregation kinetics of Tau is not well understood and is still being
studied. Glycation is protein modification wherein a sugar moiety reacts irreversibly with a
protein and leads to protein crosslinking. Effect of glycation on the aggregation kinetics of Tau
is being known but the exact conformational changes occurring due to glycation are not yet
well understood. Also the isoform dependent effect of glycation on the tau aggregation is not
known. So the focus of our lab is to investigate in depth the effect of glycation on Tau and its
isoforms and to study the effect of inhibitors of glycation on Tau aggregation kinetics.

2. Implications of Post- translationally modified Tau isoforms and dementia mutants in
Alzheimer’s Disease

Shweta Kishor Sonawane , Urvi Goyal and Subashchandrabose Chinnathambi®

Science Day, CSIR-NCL, 2016

Abstract

Alzheimer’s disease is a neurodegenerative disorder characterized by progressive memory loss
and dementia. It affects around 4.4 million individuals progressively and the number is rapidly
increasing especially in the South Asian and Pacific regions. AD is also called as protein
misfolding disease as the two major aggregation prone proteins play a key role in the
pathogenesis of AD. The Amyloid Beta peptide (1-42) misfolds and forms extracellular plaques
whereas Tau protein forms intracellular tangles. Protein misfolding occurs either due to specific
mutations (dementia mutants) in the Tau protein or modifications of Tau protein. Tau is a
microtubule associated protein having 6 isoforms found in the neuronal axons which plays an
important role in microtubule stabilization. Tau protein is composed of two major domains
based on their microtubule interactions namely ‘assembly domain’ which interacts with the
microtubules and ‘projection domain’ which projects away from the microtubules. Tau is an
intrinsically discorded protein which undergoes aggregation due to various insults in the
cellular environment. Tau is also known to undergo modifications such as phosphorylation
glycation, methylation, ubiquitination etc. These modifications alter the native conformation
of Tau such that it loses its affinity for microtubules and destabilizes them. Further this
modified Tau with altered conformation interacts with itself forming Tau aggregates So the
focus of our lab is to investigate in depth the effect of PTMs on Tau isoforms and dementia
mutants and to study the effect of inhibitors on the post translationally modified Tau proteins.
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3. Glycation does not alter the Tau Conformation in Alzheimer’s Disease.

Shweta Kishor Sonawane and Subashchandrabose Chinnathambi”

XXXIV Annual Meeting of Indian Academy of Neurosciences National Brain Research
Centre, Manesar, INDIA, October 2016.

Abstract

Alzheimer’s Disease (AD) is a neurodegenerative disease characterized by progressive
cognitive decline. It accounts for 60%-70% of total dementia cases. The extracellular plaques
of amyloid beta and the intracellular neurofibrillary tangles of Tau protein are the hallmarks of
AD. Tau is a microtubule-associated protein, which stabilizes the microtubules and maintains
neuronal structure as well as trafficking. It is amenable to various post-translational
modifications (PTMs), which influences its microtubule binding affinity. The most exclusively
studied PTM is hyperphosphorylation, which affects the microtubule binding and leads to Tau
aggregation. Other PTMs include glycation, acetylation, methylation, nitration etc. Glycation
is an irreversible non-enzymatic addition of sugar to the lysines of protein leading to formation
of advanced glycation end-products (AGEs). Glycation modifies protein and alters its
structural and functional properties. Pseudophosphorylation of Tau at specific serine and
threonine residues impart differential aggregation properties depending on the motifs as well
as combination of pseudophosphorylated residues. Apart from the abnormal PTMs, Tau can
aggregate due to several mutations in the Tau gene, which are linked to fronto-temporal
dementia, and Parkinsonism associated with chromosome 17 (FTDP-17). These FTDP-17
mutations affect the microtubule binding ability of Tau and also alter the Tau 4R:3R isoform
ratio. Hence, the overall objective of the study is to elucidate the effect of glycation on the Tau
dementia mutants and pseudophosphorylation mutants in the pathology of AD. Since, glycation
is an irreversible modification we are also screening the natural herbs for Tau glycation
inhibitors.

4. Baicalein Inhibits Tau Aggregation by Inducing and Sequestering Oligomerization in
Alzheimer’s Disease

Shweta Kishor Sonawane , Abhishek Balmik' and Subashchandrabose Chinnathambi *
Society of Biological Chemists, JNU, 2017

Abstract

Alzheimer’s disease is a neurodegenerative disorder caused by protein misfolding, aggregation
and accumulation in the brain. Tau is a microtubule-associated protein present in the axons of
the neurons, where it helps in the assembly and stabilization of microtubules. A large number
of molecules are being screened against these pathogenic proteins but the focus for therapeutics
is shifting towards the natural compounds as aggregation inhibitors, mainly due to their
minimum adverse effects. Baicalein is a natural compound belonging to the class of flavonoids
isolated from the Chinese herb Scutellaria baicalensis. Here we applied fluorescence,
microscopy, MALDI-TOF, spectrophotometry and other biochemical techniques to investigate
the interaction between Tau and Baicalein in vitro. We found the aggregation inhibitory
properties of Baicalein for full-length as well as the repeat domain of Tau having the two-
hexapeptide motifs involved in B-sheet formation. Baicalein has shown its effect on the early
aggregates of repeat Tau as well as on the mature fibrils. This potential in dissolving the
preformed Tau oligomers as well as mature fibrils can be of utmost importance in therapeutics
for Alzheimer's disease. Our biochemical and biophysical data suggest that the mechanism of
aggregation inhibition by Baicalein might be by binding to and sequestering the soluble
oligomeric Tau species thus inhibiting the further fibrillization of Tau.
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5. Epigallocatechin gallate modulates Tau Post-translational modifications and
Cytoskeletal network

Shweta Kishor Sonawane and Subashchandrabose Chinnathambi”

Science Day, CSIR-NCL, 2019

Alzheimer’s disease is characterized by intracellular Tau tangles, one of the cause of neuronal
degeneration. Post-translational modifications (PTMs) of Tau play a pivotal role in its
pathogenesis and acts as a triggering factor in Tau aggregation. Thus, Tau PTMs has become
one of the important therapeutic target in AD. The chemical modulators of Tau PTMs such as
kinase inhibitors and antibody based therapeutics have been developed but natural compounds
as modulators of Tau PTMs are not explored. Here, we report EGCG, a green tea polyphenol,
as a modulator of two key Tau PTMs, phosphorylation and glycation. EGCG inhibited methyl
glyoxal induced Tau glycation in vitro. EGCG potently inhibited overall AGEs formation in
neuroblastoma cells as evidenced by immunofluorescence studies. EGCG modulated the
localization of AT100 phosphorylated Tau in the nucleus around the periphery of the nuclear
membrane, which was disturbed by MG. Further, FA induced Tau phosphorylation was
regulated by EGCG along with a key Tau kinase CDK5. MG severely disrupted neuronal
cytoskeleton, which was rescued by EGCG. EGCG maintained intact MTOC and
polymerization and stabilization of microtubules by EB1. EGCG enhanced actin rich neuritic
extensions, which might play a role in neuronal connections. Thus, EGCG alleviates the effect
of Tau PTMs and maintains neuronal integrity.
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Prion-Like Propagation of Post-Translationally Modified Tau
in Alzheimer’s Disease: A Hypothesis
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Abstract

The migotubule essociated protem Tau plays 2 key roke in the neunpathology of A lzheimer's disease by formmng intsoellular
neurofibrillary tangles. Tau in the normal physiological condition helps stahilize microtubules mnd tramport. Tau aggregstes dus
10 varous gene mutstions, intracelluler msulty and shnormal post-translatonal modifications, phosphory lstion bemg the most
important one. Ofher modificatons which aler the finction of Tau pritem are glycation, mitraton, acstylstion, methylaton,
oxidaton, ek, Inadditon to forming mtraceliular agpmgates, T pathology might spread in 2 priondike manner a3 revealed by
several m vitro and m vivo stdies. The possible mechanism of Tau spread can be viabulk endocytosis of misfolded Tau species.
The moent studies elua dating this mechemsm have mamly focussed on the aggregetion end sprexd of rpeat doman of Tsu m the
cell culture models. Further studies are needed © clucklare the prion-like propagstion property of full-length Tau and ity
aggregies M 2 mdre MisTse manner in viro a3 wdl & m vivo condiions. Vared post-transistional maodificatins can have
dncrete effects on saggregstion propemsity of Tau as well 23 1% propagstion. Here, we review the prion-like properties of Tauand
hypothesize the role of glyastion m priandike propesties of Taw This post-trans lstimally modified Tau might have an enhanced
popagation propetty due to differential poperties confermal by the modifications.

Keywords Tau - Post-trmslations] mod ifications of tau - Propagation of tsu - A zhamer disesse - Tauopathies

Abbee viations Protams, in their native oonnmstion are required for nonmal
AD Alzhemmer’s Disense physiological imationmg of al the body cells including cell-
AMPA  aaming3-hydroxy-5methyl- ©-cell commumcation, cd! metsholnm, cd| division, etc. In
4 soxxokpopionic said certain diseased conditions the pmtems tend to change their
PTMs  Posttamslstionsl modifictions native cnformation keading o misfoklng, aggwgaton and
AGEs  Advanaxd Glycation End grodudts accumulstion m e cells.
PHFs Paired helicd filamnents
CML Carbxx ymoethyl lysine
LRP Laminin recepior prcusar Neurodegenerative Diseases
LRP1 LDL receptor relged protem 1
RAGEs Receptor for Advanced Glycation Neurcdegenerative disanses am 2 group of disordens wheren
End products msfokled proteins aggremte and acoumnulste intoscel lularly
CNS Central nervous system or extracellularly in the bram causing various pathologes,
ultimately keading to loss of fimction of 2 part or whale of
the tram. The aren of bram afiected, fhe pathogemc protem
s e mvolval and the phenotype differ among different neurode-
gaerative dseses. For example, in Parlinsan’s dseasse, o
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symuclem protan misfolds and aggregstes m the dopemmer
gk naurons of the bram leading to loss of motor fimeton and
typical body gait (Beitz 2014; Eriksen et 2l. 2005). In
Alzheimer's disesse (AD), two protemns, Amylaid bets snd
Tau soquire pathological conformations which acaumulate
and spread m the hippocampal ares of the bram lexding to
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prgresive memary loss and dementia(Selkoe 2001 )(Fig. 1)
Alhough the role of prion-like protems in newrodegenentive

diseases hay been very well sumnmarized in recent reviews
(Clavaguers et al. 2015; Goadent e al. 20175; Hssegawa of
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2l 2017; Walker etal. 201 3), the main focus of Susreview &
1 summarize the priandike properties of Tau and pesent our
hypothesis of likely spread of the post-ranshtionally
maxdified Tau prions in the newons.

Tau and its Role in AD

Tau belongs o the class of mcrotbule-ssociated proteins
found in axons of the neurons (Binder et al. 1985;
Wemgarten et 2l 1975). The principke physiological finction
of fhis proten is stshilizaton of mucrotubules, s belping m
avonal ranspont. Tauis one ofthe highly soluble proteins and
therefore does not adopt & rigid structure. It rather snains
natively unfolded or imnnsically disordemd (Schweers et al
1994). Tau protem is composed of two major domams based
on ther micmmbule inersctions, namdy, ‘ssembly domam’
which intemcts with the microtubules and ‘projection domain'
winch projects away fram the microtubules. Tau bmds tomi-
crotubules 2t the interfsceofthe o and f-tubulin dimer via the
residues which am also esential for the aggregetion of Tau
(Kadavath et al 2015; Mukrasch et al 2007). Based on the
altemative sphicing, Tau consists ofsix mofonms, of which the
four repent isoforms are distritnged m an adult-speci ¢ man-
ner while the fhree repeat noformns are present since fetal
stages (Goedert et 2l 1989 Wang and Mandelkow 2016).
Tau prot=mn tends Lo aggregste intracell ulsrly owing o vanous
factors such as mutations (Goedert and Spillantim 200
LeBoeuf etal 2008), post-translatioml maodifiastions, cellular
envirnment, eto, Specific pheing mutstions lead © the m-
clusion of the exon 10 which codes for the repest 2 in Tau
pootem and increases the 4R to 3R =tio of Teu protein, and
this imbalance might drive the neuropathology of AD
(Goedert and Spillantini 2000; Hutton et al. 199%). Miseme
mutstions like P30IL, V337 M and R&6W decrease the
mrotubulebmdng cpacity of Tau and lead © the miaotu-
bule destahilization (Hong etal. 1998). Mutstions can lead 0
Taupathokgy by either distushmg the o forms ratio or afiect -
ing the microtubuleaffinity orenhencing the aggregstion pro-
pensity of Tau (Coppola et al. 2012; D'Souza and
Schdlkenberg 2005; Goedert and Spillentmi 2000; Hong et
2l 1998; Ingram and Spil lantini 2002; LeBoeuf et al 2008)

Prion-Like Properties of Tau

Prions am known for their pathogeniaty and shility to propa-
gate mfectvity among venows cell types. Vanous recent re-
saerch wark has focussed on investigating the prondikeprop-
erties of aggregeied Tau protem and its spread & various bram
regions (Goedert et al. 201 72; Goedert 2015).

In early 1990s, Brask and Braazk showed that AD
pahology spresds m he bram in stsges and a regon-specific

mamer (Braak and Bask 1991) suggesting that the protemn
aggregaes fommed m one mgion of the bram spread to the
naghbormg ares lexing o spread of the disease. Various
researchers have proposed diffemnt madeks of Tau popagas-
tion dependmg on ther chservations. Msfolded Tau species
can be eken up by the cultumd newromal cells as opposad o
soluble Tau monomers flom an extoece] lul armed non (Frost et
2l 2009). Tau release from thenewanal cells 1 proposed to be
2 pee-synaptic mechsmism stmulsted by the newronal activity
(Wu et 2l 2016) via calonm dependent AMPA recepior acti-
vatin (Pooler et 2l 2013). Tau fibrks formed mirace] lularly
by the cultured naurons s rdeased fram the host cell in the
medium and tken up by theneighbormg cells m 2 co-culture.
These fibrils taken up, are patent enough 10 act 23 seed mnd
mfluence the aggmgation of the native Tau protin m the re
cipient cells. But the exact mechaniam of uptake of Tau firils
from the cells was not ehucideted by these studies (Kfoury et
al 2012). Later, m the same year, Kasen Duff and colleagues
showed fhat the extracelluler mufokled Tau & intemalized 2t
the somatodendritic comperiment or axon termmal hy the
mechanian of bulk endocytosis (Guo and Lee 2011; Wu &t
al 2013) with a cntical sze not less than 3 Tau unmits of Tau
trimen (Mirbaha et al. 2015). The endocytosed Tau aggre-
sates solubilize the vesiculer membomes and lesk into the
cytoplasn thus sealing the native Tau protein of the recipient
cell (Calafate et 2l 2016; Wegmann et al. 2016). The agare-
sated Tiau is taken up in the cuburel brain shoes as well =
cultured newans via the clathrin-medisted endocytosis.
Several i vivo studies have alw demomstrated prion-like
propagstion of Tau oligamens m the brains of animal models
(Clavagruers etal. 2016). AD patient's brsin derived B olig-
amers mjectad in mice showed manory deficits as well =1
propagation to the neighboring regions like carpous
callousum, cortex and hypofhalunus suggesting the prion-
like spead of the oligomens (Lasagna-Reeves et al. 2012).
The tansgenic mouse mode] for huonan Tau P301S mutaton
miwsal uniberally with bram extracts conteinmg Teu aggre.
grtes in the lefl hamiphere showed the disease devdopment
withm 2 weeks of inoculstion. The spread of infecton was
observed] an the oppasiie side of both postenior and antenor
regions of the brain suggesting that the pead of Tau pathal -
ogy is bsed on the synaptic connectivity rather than spatial
proximity (Ahmed et 2l 2014).

All these studies suggest that aggregtnd Tau species show
prandike properties of infectivity and spread n cell culture as
well a5 animal maodels, but the ofier impartant property of
prons, formation of distinet “conformational strams™ has
been anly recently denonstrated. It was demonstrated that
Tau repeat (amino acids 274 to 372) transfected in HEK
ozl lines leads to the formation of distinct amyloid confor
mations which can be clanally propagsted éirough differ-
ent masages. These clonally propagated Tau strains ako
showed ducrete pathologies for the tiree generations of
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tramgenic mice (expresmg 4RIN P301S) while mamtsin-
ing their discrete strain properties. The spread of this Tau
pathology was to distant synaptically cted regions
(Kasufman et al 2016 Sanders et al. 2014). Apert from
bemg infectous the mufokled Tau seeds can also act =
an early bomarker for the detection of AD by a sensitive
and pecific flow cytometry-based assxy at the femtamolar
concentration (Holmes et al 2014).

Post-Translational Modifications of Tau

Post-transhstymal modifications (PTMs) of protems are essen -
tial for their proper foldmg, fimaionand cellular localzaton.
But PTMs sometimes can confer shnonnal poperties o pro-
tins. The prian protein PrP is one such example where gly-
oosylation 1s an inportant event for its rephication of the m-
fecbous agent in the peniphery and abo for its myasion into the
CNS (Canaellotti et al. 2010), and the changes 1 the P
glycosylation can sffect the stran propertes of the mfections
agent (Cancelloti et al. 2013). Bu protein & also known ©
undergo multiple PTMs in the physiokgical conditions which
2re necessary for its funcboming. There are several types of
physiological PTMs of Tau protein like phophorylation, gly-
cosylstion, acetylation, glycation, ubiquitination,
sumay lation, methy lation, nitetion, ek, (Gong et al. 2005;
Reynolds et al. 200 5). These di fferent PTMs regulate the func-
tion of Tau ot a different level but whether these PTMs can
impant the propagabon praperty to Ta © not understood.
Though studies by Hyman and group provide evidence an
effet of phispho-Tau an propagation, the indepth knowl-
edge of this aspect is not availshle (Takeds et al. 2015).
Here we will review phasphorylstion and glycation as PTMs
of Teu and hypothesize whether they can mmpart any peculiar
characterntios to Tau pathology.

Tau Phosphorylation

Phospharylstion 15 2 normal physiologxal madification of
Tau protemn which detennines its function of mamtammg mi-
crotubu e stehility and dymermics. The longest buman Tau hes
around 85 phosphory lation sites including 45 sermes, 35 thre-
onmes and five tyrosnes. The site-specific phospharylstion
plays 2 cucial role m Tau functioning with respect % micro-
tubule-hinding, axonal transport, newrite outgrowth and so an
(Jolmson and Stoathoff 2004). Foar nstnce, phospharylation
=t Ser 262 in KXUS matif by the MARK kmase leas ©
reducal microtubule affnity (Drewes et al. 1995; Hanger et
2l 2009). The sites distant from the muicratubule-bindmg do-
mam of Teu pratem also influence it binding capacity to
microtibules. Phosphorylation st Ser 214 or Thr 231 reduces
microtubule-hinding aepahility of Bu (Alomo et al. 2010;
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Cho and Johnson 2003) but 1t does not lead to or enhanae
the PHF assembly; rather the phospharylation at Ser 214 &
found %0 have an mhibitary roke on the Tau palymerizaton
(Schnader et al. 1999). The SP/TP matifs ako pley & cucial
role in Tau toxicity as the proline directsd kineses such 2
MAP kinmes and GSK-3 B phosphorylate hese sites and am
linked to Tsu neurodegeneration (Drewes et al. 1992;
Mandelkow et al. 1992) Tasu protem contxins 14 such SP/
TP sites and studies have suggested that hese stes work ©-
gether #0 canse Tau mediated neurodegeneration in vivo
(Seeihilb & al. 2007). Phasphorylation extent of Tau 2ko
depends on the intemlay of kinases mvolved For exanple,
the PKA kinase phosphory betes Tisu such that it beoomes read-
ily phosphorylated by GSK-3p st hespecificepiopes of Tau-
1 and PHF-1, thus leading to hy perphosphorylstion of Tau snd
memary loss (Liu et al. X4). The PKA-kinase phosphary-
Interd Tau also maimams its ability t0 bind the microtubules
and promotes its sisembly but mquires an osmolyle TMAQ
for this reaction (Tseng et al. 1999). Hyperphosphorylation of
Tau i3 sufficient © cane the self asanbly of Tau ino fils
mends in vivoas well a3 m vitro conditions and sbo to nhibit
the microtubule ssembly (Alomso et al. 2006; Alnso et al
2001). Tau 1s maost shundent n the axoms of the newons but
dendritic mssoting of Teu is ohwerved in cse of patholgical
conditons such as hypephosphoryletion and selective phos-
phorylation by specifickinases such as fyn (Ittner etal 2010).
The hypephospharylstion of Tau in AD has also been found
% be mduox] by upregulstion ar downregulstion of certam
pwotems which are indizectly mvolved in Tau pathology. One
such pratan 8 CYF1P2 (Cytoplasmic FMR | interacting pro-
=in 2), which is mown © be downregulsted m AD, and
represmes the bocal synthesis of APP and oC sMK 1T kinase =t
the synapses. aCaMKII kinase is involved in Tau
hyperphoshorylstion a3 well as disnpied calcum signaling
2t the synapses in AD. Thus, downrgulstion of CYFI1P2
mdisectly leads 10 AD by increasing the AR-42 levels aswell
23 by oCaMKII kinase mediated Tau hyperphosphary lston
(Tiwan et al. 2016). On the other hand, the wregulation of
ool ytic calpam activity m the AD brains have shown o
enhance the activity of Tau kinsses 1ike CDKS and glycogen
kmase synthase-3 leadmg the Tau hyperphosphorylation
(Kurtatskeya o al. 2016) Along with the signaling cascades,
fhe transgenic mouse maodel rTgd5 10 overexpessng human
Tau bexring a FTDP-17 mutation P310L shows increased
levels of post-translationally modified Tau including
phospho-Tau (Song et al. 2015), The impact of Tau
hyperphospharylation on aggregation hes been explored using
molecular dynamic simulations suggesting that
hypemphosphorylstion might expose the repest Tau dommam
for Gorillzation by moreasing the attraction between the re
peat domsin and the N-termmal domsin and increasng repul -
sion between the N and C-terminal domams depending on the
number and phosphorylated sites (Xu et al. 2016).

139



1 Mol Newoso

Publications

Tau Glycation

Glycation 1 2 non-enzymatc post-trans bstiona] mod ification
wherem excess sugar molecu les interact with psotems to form
sugarprotan adducts. This reaction is reversible oll mitial
steps of glyastion but becomes imeversible affer varows bond
rearon gements, and these imeversible reactions give e ©
advanced glycation end products (AGEs). In AD, giycation
23 PTM was found to bepresent only m the dnensed bram and
nat in healthy brams. Early studies have revealed that 2 frac
tion of Tau i PHFs from AD brams s glycated whereas; the
nan-dementsd bram did not show presence of any glycation
(Ledesna @ al. 1994). Further, the study by the same growp
revealed that Tau & prferentially glyasted ot lysines n the
microtubulebmndmng domam and hence decreases the ahility
© hind © migotubules (Ledesns et al. 1995), and gl ycated
Tau abo induces oxidative stress in the neusomal cell cultures
(Yan et al 1994). The glycation reaction is a set of complex
pathways inter-connecied with sach ather which give rse ©
variows types of mtermedistes. One such highly reactive nter.
mediate i3 carboxymethy | lysine (OML) which & found 1 be
prsent in the PHF-Tau fom the AD brain (Ko et al. 1999),
In vitro glycasted Tau can enhance fibnllization by shifting the
equiliium of the kmetics owards fibnilliztion, but camat
act a5 a seed for nucleation (Necula and Kuret 2004).
Glycation affects polymerzation of Tau in an isoform-
dependent mmner with the 4R2N isoform showing the en-
hanced aggregation propensity compared to other 4R no-
forms, and glyastion of 3R2N omstitues 1o most mchsiom
amang the 3R soforms (Liu et al, 2016). Ths suggess the
role of insefts m aggregation m addition o the number of
repeaty. Advanced glyastion end poducts 2= also found o
be accumulsted in the bram depending an the age of e mdi-
vihual as wellas the stage of AD (Brask stages). Asthe stage
advances, the number of neumms stumed for AGEs increases
2 campared © young and old heelghy controls. Gl ycation 2lso
leads o activation of RAGE medisted pathways which acti-
vate several kinases mcludmg CaMKIL GSK-3, and MAPK,
which are all involved in Tau hyperphosphorylation
(Batkulwar et al. 2015; Ca et al. 2016; Fawveret al 2012;
Kaoriyana & al. 2015; Wei et al. 2015). Thus, there 142 passi-
hility that Tau glycation can enhance its phosphorylation and
actas an xidibonal factar to enhanae the aggregation propen-
sity of Teu I vitro as well 28 in vivo by stehilizng the
2ppreies.

Prion-Like Properties of Post-Translationally
Modified Tau: Hypothesis
As far a3 prion dseases are concemed, the major factor

pleying & role i the conversion of PrP™ 1 PrP™ is the post-
transistional modifications like glycosylation and sialic acid

addition i the protem (Bolon et al 1985; Cancellntt et al
2010; Cancellotti et al 2013; Caughey et al 1989) These
modifications give rise © different conformational prion
strans which propagate the pathology to the vanows parss of
the body. Post-transistional maodifications such 21 axilative
and nitetive steess of prion protan have shown o contribute
in its aggregstion and popegation (Dear et al 2007). Prion
poten i glycated m the N teminus of hummns affecied with
transmusible spongiform encephaiopaghies (TSE) but the ex-
act role of glycation in aggmgaton and popegaton of prion
potem neals © still be mvestigated (Chai et o, 2004). As
already discussed] Tau prowein & known to undergo many
post-rramslatonal maodifications as well a5 0 spread the pa-
thology 1o different regions of the brain. Thee might be a
pasibility that hae PTM s may confer some of the prion-
like propesties % the Tau protem.

Modes of Prion Propagation

Prion psotem 1s known to propegate the disease pathology via
various mechamams. The cell-fo-od! transfer is prposed ©
take place by mechaniamns like rogncylosis, exocytosis, hm-
ted mutophagy, recepior medisted endocysosis and via nano-
tubes (Kldhn et al. 2013). Trogocytoss is 2 phenomenon
wherem the membane patches are tensferred between the
cells. The GPI anchored proteins 2= known to transfer by his
mechamsn and smae the prion grotem & one of e GPlan-
chored protems 1 1 postulsted to be propagsted fom cell
cell via rogocytosss (Klohnet 2l 2013 ). Prions ako propegste
© homologous 2s well 2s haemlogows od] types by exosome
formation and these prion losded exosomes act 2s 2 potent
pool of mectivity spm=ading the pathology 1o the distsntcells
as well (Porto-Cerrerro etal. 2005; Vella et al. 2007). Lamited
sutophagy provides more seeds for further aggregation ad
mdimctly propagate the mfation. These seads are marepotent
templstes for prion formation and hence are more foxic
(Heweke et al. 2010). Prons interact with various receptons
whidh help n ther miemalization as well a3 popagstion.
Prions mieract with the lamimn receptor precursar (LRP)
and lammm recepior (LR) on the surface of the neuronal cells
and undergo intemalzation (Geuczynsia et al. 2001). Prion
protemn 1 2o endocytsed by clsthnn costed pits via LRP1
(LDL recepter relsted protin 1) in the newonal cells. This
recepior & abo known to bmd to Amyloxd beta prosen which
plays a devaststing role in AD (Shyng etal. 1994; Taykr and
Hooper 2007 ). Prions avail various mades for ther internali-
zation and propegation wiich can be potential targets for her
apeutics. Albeit, Tau pmtem has shown 1o be propagsted ina
prion-ike manner but whether PTMs make Tau more efficient
m its seeding and propagstion i the question. For example,
glycation maodifies e protem e, function, o

professe semitivity, cross-links protsins and forms potein
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aggregses. Phasphorylation and glycation incresse the over-
all negative charge of the protein which might also play a rale
m its propegetion.

AGE modified proteins bind to RAGEs (Receptors for
Advanced Glycation Products ) as well 23 scsvenger receptors
Type 1 and Type I1. The most stdied recepior of these types
bdongs to the immunoglobulin superfamily dess ofreceptors.
AGEs bind to RAGE and am mtermahizd via clathnin depen-
dent or independent mechmmisms. These intemalized
endosomes are fransporied to early endosomes where the
AGE-RAGE complex dissocistes and AGEs are further proc-
esed by lysosomal protesses % small AGE modified pep-
tides. This could be ane of the propagstion pathways for
gheated Bu & prons (Fig. 2). Stmiler pathways with scav-
enger receptors might help the uptake and propagsion of
ghycated Tau as fhe CD36 scavenger revepior hinds to AGEs
(Gauczymki etal. 2001 ; Ohgami etal 2001). As glycated Tau
wauld be resistant to protese degrxlation m fhe lysosomal
campantment, partial degradation would form small modified
peptides which G act =5 potential seeds for further aggmga-
tion of the native Tau protan. The patially digestesd peptides
relessed n the extocellula space could be taken wp by the
ofher cells via receptor mediated endocysis and hence en-
hmnce the propagtion. Also, AGE-RAGE interaction eheits
mmunokgical reponse via various sigmaling pethways m-
cluding NFxB which further moresse the oxidstive stress m
the cells (Ot etal 201 4) keading 0 newroml desth and expos-
mg the dead cell contents to the ather nauranal cells. Whether
glycation alone or with other modifications such =5 phophor-
yltion might give rse © ditinct prion-like strans stll needs
0 bestudial as these modi ficatons confer diffesnt surface
charge as well as hydrophobicity to the potem. Apert from
these studies, 2 novel mechemiam of propagation of the mad-
ifial Tau can be via the Hirmation of membrane annuler rmgs
which are known to be formed by the amyloid protems
(Lasagne-Reeves etal. 2014) which males the study of mad-
ifial Tau m #us aspect more mirigumg. The potential path-
ways of prion-like Tau aggmgates formation, and ther prop-
2gatin is necessary to undenstand the mechensm of patholo-
gy s well 23 10 tarpet these pathways in order to suppress the
dese mthology.

Therapeutic Importance of Studying
Prion-Like Propagation of Tau

A plethora of molecules were omsidered and wsted 25 the
potential anti-prion agents, most of which faled in the clinical
studies. Few ofthese mclude congo red which delays the onset
of disense in rodents (Caxpi et al. 1998; Corsto et al. 2009),
heparmn sulphate mmmetics which elminate the prion propa-
gation in the Scrapie mfected cells (Adjpou et al 2003),
polythiophenes (Margalith et al. 2012), etc. All these stidies
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Fig. 2 Hypothetical medel for priondike propagation of post-P
trandation sy medified Tan. Three poasible sodes of poos dike poop-
agation of glyoeed T e hyposhesed. T & glycwed by segw mol-
ecudes as well & =5 renctive itermadicss ke medylglyonad
MG mad 3 Seoxyghacosms (-DG). This modfies Tas aad ladi o Tas
crom- lekng, fiully lading 20 AGE sodified Tau forsution. This AGE
modfiad Tas sny bave several effecs i e coll wihich we yer o be
complesly chockdmad B muight ax as a seed B glyomion, acing asa
ghyoming ages eelf and converting sarmml Tas oo mod fiad T k can
ako Han poos-Jike vanees of Tae poasss by templice- based coofosra.
sioon| coawvesion. The AGE modifiad Tan (glyorad Tia) might show in
poopagation by v o modes. /. Modifiad Thes mighs fhom mesboe
macaes as fomnad by other anvylodd pendsins called anevale peosofia b
(APF) and pomagte melf via sk membase poes 2. The modified
Tz can esmer S cells via moep diged eadocy
Sevagh RAGES. The AGE modfiad Tan cm bind 0 RAGE aad nilea
spby e 2eoe cell inthe formof eadonome. The AGE modfiad Tus and
RAGE dissocuee after faseg with e hnosome RAGE srecyckdback
 the mambane wharens e modified Ths |5 pazially digeanad @ue ©
lenited proteolysis of prosease mwigant gywaed Taw These pasilly

Thes pepoaden mary act & moee podest glycation seads 1 glycee
e sorsml Taw s frming a vicbes cock. The activicion of RAGE
stgsaling would trigger varions kisases (lavolved ia Tas

asshows i te figue ad lond o Tieaggregmon

madting s faher enbascemnent s Tan pabobgy. J. Glyoesd Tis can
akao be wien up by balk cadocy d propagced i a sl way s
shown ia Be figae

report the efficacy of the molecules m lower model systems
2nd suggest their potential a3 2 future therapeutic agrinst the
prion diseases. The cument snmunatherspy agamst prions hes
not denomstraied any encouraging output, One of the cbsta-
cles for this & the tolerance of the immune system for the
endogenous PrP, while the other resson might be the confor-
matiom] variant stoins of prion potein. Marsover, the mono-
clonal antibody designed agrinst gl yoated prion proten serves
2 goad diagnostic marker but whether #f can act as a therapeu-
tic is not known (Dvarakova et al. 2011). The review of imv
munatherapy for prion disease s an elaborate topic in itelf
and & bemg reported in these recent studies (Li et 2l 2010;
Roettger et al. 2013). Inmunotherspy has been also reported
for clearance Tau aggmgates vis uptake of antibody through
clathrin dependent receptor endocytoss in cultured brain
slices and nauronal cells (Congdon etal. 2013). On the other
hand, amti-Bu manockonal antibody SE2 fxiled to recover the
memxy deficitin JX) mowe models far AD. Mareover, teat
ment with this antibody showed increased mortality in the
snimals (Mably et 2l 2015). Such results demonstrae the
practical cbstecles for m vivo studies with reped 1 animal
maxdels and demand extnsive precimical mvestigatons for
fhe putative thermpeutics before entering the climcal trials
One more hermer in m vivo stucies is the seeding and propa-
gatin i the animal madds Since Tan & highly soluble, ity
mereoverexpression m ammal madels does nat lead to aggre-
gatin I vivo and hammperns fisther seeding mnd propagaton
studies. Tiis drawhack has been partially overcame by the
doxycycline inducible tensgenic mowse mode]l which has 2
regulstable expression of pro-aggregent humen Tasu mpeat
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domam. The mpeat doman of Tau protem gets ovenaxprssed
and acts as a seed © aggmgate the endogenows mouse Tau
when the expression is induced (Sydow and Mandelkow
2010). Sevenl therapoutics are also bang designed and tried
1 clear the Tau aggmgates from the tram m AD including
kmae inhibitors, small molecules (Bulic et al 2009), e,
Mast of then show excellert potential in in vitro studies or
in anmal models but fail in the later climcal trisls. For

example, tidegusih, a kinese mhibitor, 1s being reported o
ameborate Tau hyperphosphorylaton = well 25 AR deposi-
tion m expermments] models but has failed o show its efficacy
2t the phsse 11 triads (Lovestone etal 2015) Another example
5 Davunetide, an odtapeptide which showed pramsmng neu-
roprotective effects in vanied snimal models moludng amy-
Jox] bets taxicity. & hes also shown %0 rauce phospharylation
of Tau at specific Thr 231 which mfluences the Tau
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Fg.3 Therapeutic lmpor tance © study prioodik e p roperties of med-
ified Taw: lvascotherapy by far has mot beea very saccessfal i

elimpating the poioa padogenesis. The dlenatica dove w10
dypodeaize one of 1he many reasoma for Sekr fikwe and 1he

Searapetic Imponusce 1 atady modified The and 15 abered peopeaties.
Pom-ranslmom | modfiosioes cas sodify Tas sach e modifiad Tag

s have differcacly e pposad epitoges wiich might s be recognoed by
e avaikible astbodies or e trgeiad dugs These epitopes cun be

microtbuledinding (Matsuoks et a. 2007). Such effects ne-
cessitsted ity clinical evalustion but the early clincal analyses
camiad out m 144 subjects for 12 weeks failal to detect its
statigtically significant effect on cognitive improvement
(Manmoto et al. 2013 ). There can be varied ressons for s
failure. The fxilure in efficaoy at the cimical level might be
due © discrde propertes of prion-like Tau in different mdi-
viluak The prion-like Tau might adopt distinet con forma-
tonal strains which woukl be specific or indivicuals. Ths
ha been recently reparted for the C-teminel confHrmational
differenaes for prion protem with di fferential bmding of e~
pes to antibody (Saijo et al. 2016). These strains might have
different exposad epitopes which might not hind o antihodies
designed agamst some other common epitopes (Funk et al
2015) (Fig. 3). For example, the T C3 sntibody specific for
the C-termmally truncaterd Tau can block the propagaton of
high maleculsr weight species of Tau (Nichalls et 2l. 2017).
The study of prion-like properties of post-transbstionally

D sprmger

umigee o the modifiad poter and suglt sx show e amibody crom
maivey, Ses sacapiy e | ysem of fe body and poopagating
el losighas ko the combamaional qpropes of The ci bl i wades-
sanding Se vt mewe and chamctesstios of madified Tis wisch fias
Sher cum aeilal I davigaig the mulor made dags or mobodies daving
moce tges specific ofa s abows by diffessas epiiope specific
webodes

madified Tau would belp to design the specific or txilor-
made drugs which woulkd he more efficient and specific.

Conchkision

Post-transiational modifications can have vanouws 1mpli-
cations on the protein characterigics. Here, we hawe
reviewed glycation as 2 post-manslstional modification
and 18 pulative effects on the prion-like characteristic
of Tau protein in AD. As this & an imeversible modifi-
cation it does permanent damage © the proteins and
might enhance its mfectivity and propagstion throughout
the bram, lkading to rapxl neuradegeneration. In conclu-
sion, # » highly important t study the effect of PTMs
on Teu protein behaviour with respect 0 its prope gation
and spread in arder to design a mare targeted drug.
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Abstract.

Background: Froalotemporal dementia and parkinsonism-finked to chromosome-17 are a group of diseases with tau muta-
tions leading to primary tavopathies which include progressive supranuclear palsy, corticobasal syndrome, and frontotemporal
lobar degeneration. Alzheimer's disease is & non-primary tauopathy, which displays tau neuropathology of excess tangle
formation and accumulation. FTDP-17 mutations are respoasible for early onset of AD, which can be attributed to com-
promised physiological functions due to the mutations. Tau is a microtubule-binding protein that secures the integrity of
polymerized microtubules in nearonal cedls. It malfunctions owing to various insults and stress conditions-fike mutations and
post-translational modifications.

Objective: In this study, we modified the wild type and tau mutants by methyl glyoxal and thus studied whether glycation
can enhance the aggregation of predisposed mutant tan.

Methods: Tau glycation was staded by fluorescence assays, SDS-PAGE analysis, conformational evaluation, and transmis-
sion electron miCroscopy.

Results: Our study suggests that FTDP-17 mutant P301 L leads to enhanced glycation-induced aggregation as well as
advanced glycation end products formation. Glycation forms amorphoas agpregates of tau and its mutants without altering
its native conformation.

Conclusion: The metabolic anomalies and genetic pradisposition have found to accelerate tan-mediated nevrodegeneration
and prove detrimental for the early-onset of Alzheimer’s disease.

Keywords: Advanced glycation end products, Alzheimer’s disease, FTDP-17. tau glycation

INTRODUCTION

Alzheimer’'s discase (AD) is a progressive neu-
rodegencrative  disorder affecting the cognitive
functions. Protein misfolding and aggregation in the
brain is the major cause for neuronal dysfunction
in AD. Amyloid-8 (AB) and tau proteins aggregate

*Cormespoadence 1o: Ms. Shweta Kishor Scaawsne and Profl
Subashchandrbose Chinnathambi, New group, Division
of Biochemical Sciences, CSIR-National Chemical
(CSIR-NCL), Dc Homi Bhabha Road, 411008 Pone, India
Tel: 451 20 25502232; Fax: +91 20 25902648; E-mails:
sk sonzwane @ nclnes.in and s chinnuthambi @ nclres.in

and accumulate causing ncuronal death and brain
lesions. AR pro-aggregant peptide ABi-42 forms
senile plagques extracellularly. Recently. these senile
plaques have been implicated in enhancing seeded
tau aggregation in mouse brain. Tau aggregation
and accumulation hampers ncuronal functioning and
microtubule stability. Tau is a natively unfolded
protein and is involved in microtubule dynam-
ics by association with the labile domain. Tau
is a microtubule-associated protein playing a piv-
otal role in stabilizing the axonal microtubules
[1, 2]. Tau protein is broadly divided into two
major domains. The N-terminal projection domain
consisting of two inserts and a polyproline rich
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region. The projection domain maintains the flex-
ibility and the hydrophilicity of the protein. The
C-erminal region consists of 4 imperfect repeats
which function in binding to the microtubules and
stabilizing them [3, 4]. Tau has 6 isoforms based on
the alternative splicing of exon 2 and 10 [5]. Tau
pathology in AD is sporadic as well as genetic. The
genetic mutations leading to tau pathology belong to
frontotemporal dementia group of mutations. Fron-
totemporal dementias are the group of disorders
characterized by degencration of cercbral cortex and
sub-cortical regions of substantia nigra [6]. The ini-
tial reports of familial linkage of discase mutations
to the chromosome locus 17g21-22 were published
in 1994 for disinhibition-dementia-parkinsonism-
amyotrophy complex (DDPAC) [7]. which was
subsequently grouped under frontotemporal demen-
tiz and parkinsonism-linked to chromosome-17
(FTDP-17) in 1996 [8]. FTDP-17 is an autosomal
dominant disorder phenotypically characterized by
behaviorl, motor, and memory impairments [9-11]).
Tau mutations are missense, deletion, or silent which
cither affects the protein coding or the splicing events
depending on the locus [12, 13]. The mutations
that affect the splicing sites alters the 3 repeat to
4 repeat tau ratios [14]. Moreover, the combination
of tau isoforms and the FTDP-17 mutations affect
the parameters like aggregation kinetics and agpre-
gate length, thus, having important implication in
the discase pathogenesis [15]. Tau misscnse muta-
tions affect its functions in two ways. Some of these
mutations reduce the affinity of tau to microtubules
[16] and others render tau to increased aggrega-
tion forming neurofibrillary tangles in the beain [17].
The misscnse FTDP-17 mutations include P301 L,
G272V, V337TM, K3691. and R406 W. The muta-
tions G272V, P301 L, G303V, S320F, and 8352 L.
among others, demonstrate increased mggregation
propensity compared to the wild type tau [18, 19].
Morcover, the ability to polymersize tau varies with
the mutation. The mutations P301 L, G303V, and
S320F induce tubulin polymerization at aslower pace
compared to wild type, whereas V337M and E342V
cnhanced the rate of tubulin assembly [I8]. The
slight decrease in the affinity of tau to microtubules
can completely hamper the stability of microtubules.
Morcover, decreased affinity can reader the increased
cytoplasmic concentration of tan accelerating its self-
assembly and aggregation [20]. Familial AD accounts
for 2-5% of the total AD cases and is associated
with the casly onset of the discase, before 60-65
years of age [21, 22] which includes genetic muta-
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tions. In addition, one of the most important aspects
of AD is the abnormal post-translational modifica-
tions (PTMs) of tau, which hampers its functions and
increases the propensity of self-aggregation [2. 23].
Abnormal phosphorylation of tau in AD is studied
in its complete depth and is onc of the key player
of tau pathology in AD [24, 25]. Another important
tau PTM is glycation, which reduces tau's affinity
for microtubules [26-28]. Glycation affects the pro-
teins by forming cross-links and rendering it protease
resistant [29, 30]. It also leads to protein aggrega-
tion and accumulation [31, 32]. Few reports suggest
that tau glycation might not trigger its fibrllization
but may cnhance the already initiated fibrillization
process [33]. The effect of PTMs on the dementia
mutants is still unexplored, whether it can enhance
or modulate the tau pathology. Here, we report the
cffect of glycation on selected tau dementia mutants
G272V, P01 L, and R406 W (Fig. 1A). Glycation
enhanced the aggregation of P301 L tan with subse-
quent increase in advanced glycation end products
(AGEs). However, glycation did not alter the global
conformation tau.

- MATERIALS AND METHODS

Chemicals and reagents

Mcthyl glyoxal, ThS. ThT, ANS, Glycine,
MES, BES, and SDS were obtained from Sigma:
Luria-Bertani broth (Himedia): Ampicillin, Hep-
arin, NaCl, Pheaylmethylsulfonylfluoride (PMSF),
MgCl; Sodium azide, APS, Ethanol (Mol Bio
grade), were purchased from MP biomedicals: IPTG
and Dithiothreitol (DTT) were from Calbiochem;
EGTA, Tris base, Acrylamide, and TEMED were
obtained from Invitrogen. Protease inhibitor cocktail
was purchased from Roche. Methyl glyoxal should
be handled with care. Any contact with skin and
cyes should be avoided. Inhalation of vapors must
be avoided. It is advised to wear gloves and safety
goggles while handling the chemical.

Tau purification

Protcin purification for full-length tau and the
FTDP-17 mutants was camied out as previously
described. Full-length recombinant tau and mutants
were expressed in E. coli BL21* strain. The cell
pellets were homogenized under high pressure
(15,000 psi) in a microfluidics device (Constant Cell
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Disruptor). The obtained Iysate was heated at 90°C
for 15min after addition of 0.5 M NaCl and 5 mM
DTT. The heated lysate was then cooled and cen-
trifuged at 40,000 rpm for 50 min in Optima XPN-100
ultracentrifuge (Beckman coulter). The supematant
was collected and dialyzed in Sepharose A buffer
overnight. The obtained dialyzed sample was sub-
jected to a second round of ultracentrifugation and
the supernatant was loaded onto the cation exchange
column (Sepharose fast flow GE healthcare) for fur-
ther purification. The bound protein was cluted using
an ionic gradient. The cluted fractions were pooled
and concentrated for size exclusion chromatography
(16/600 Superdex 75pg GE healthcare). The con-
centration of respective proteins was measured using
BCA method.

MG-induced tau aggregation assay

20 pM full-length tau and its FTDP-17 mutants
were incubated in BES buffer pH 7.4 with 2.5 mM
methyl glyoxal as a glycating agent. The extrinsic
fluorophores were added to the reaction mixtures
to a concentration of 2.5 pM for thioflavin S and

thiofiavin T and 400 pM for ANS respectively. The -

reaction mixture was supplemented with 25mM
NaCl. 0.01% sodium azide, protease inhibitor cock-
tail, and | mM DTT. The mixtures were made in
opaque tubes to avoid fluorescence bleaching at
37°C. For measurement of extrinsic fluorophores
(ThS. ThT, and ANS), samples were diluted to 5 uM
of tau in ammonium acetate (pH 7.0). The excita-
tion/emission for the Avorophores was as follows:
ThS 441/521, ThT 435/485, and ANS 375/490. The
measurements were acquired in triplicates every 24 h.
Background fluorescence was subtracted from the
obtained readings. The fluorescence measurcments
were carried in TECAN Infinite series Pro plate
reader.

Measurement of AGEs-specific fluorescence

The reaction mixture was set as mentioned above
except the addition of the extrinsic fluorophores.
For measurement of AGEs-specific luorescence, the
50 pL. of 20 pM reaction mixture was aliquoted in
334 black-well plate and reading was acquired at
excitation/emission 370 nm/430 nm in TECAN Infi-
nite series Pro plate reader. Buffer background was
subtracted from the obtained readings.

SDS-PAGE

The glycated tau and mutants were analyzed on
10% SDS-PAGE at the interval of 24h. 10 pL of the
reaction mixtures were analyzed at cach time point
Gels were stained with 0.1% Coomassic brilliant
blue.

Transmission electron microscopy (TEM)

The glycated proteins were visualized by TEM.
2 pM of glycated proteins were applied to 400 mesh
carbon coated copper grids for 1 min. The grids were
rinsed with ultra-pure water and stained with 2%
urany! acetate for 2 min. Further the grids were dried
and scanned in Tecnai G2 20 S-Twin transmission
clectron microscope.

CD spectroscopy

Gilyeation-induced conformational changes were
mapped by CD spectroscopy. The modified and
unmodified tau proteins were diluted to 3 pM in
50 mM phosphate buffer pH 6.8 in a cuvette with a
path length of 1 mm. The scanning was done using
Jasco J-815 CD spectrometer under mitrogen atmo-

lpbm: The scan was camried out with following

parameters; bandwidth 1 nm, scan speed 100 nm/min:
scan range 190 to 250 nm, and an average of 5 acqui-
sitions. All the scans were done at 25°C. The buffer
baseline was set with phosphate buffer. pH 6.8.

Statistical analvsis

The statistical analyses were carried out using
unpaired T-test by SigmaPlot 10.2. The error bars rep-
reseat mean + SD values. 95% confidence intervals
were maintained for the analyses.

RESULTS AND DISCUSSION

Tau mutant P301 L shows enhanced MG-induced
aggregation

Tau FTDP-17 mutations decrease the microtubule-
binding affinity of tau [34] and also cnhance the
heparin-induced assembly of tau in vitro [35]. In cur
study, we investigated the glycation-induced aggre-
gation of tau and its mutants. Glycation of proteins
by sugars and their reactive intermediates. cross-links
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and aggregates proteins [36]. Methyl glyoxal (MG)
is a highly reactive byproduct of glucose metabolism
in glycolysis and polyol pathway (Fig. 1B) and a
precursor of AGEs [37] (Fig. 1C). AD brains are
reported to show excess accumulation of MG and
AGESs [38-40]. In order to study MG-induced protein
aggregation, tau and its FTDP-17 mutants G272V,
P301 L, and R406 W were subjected to MG treat-
ment in vitre and aggregation kinctics was studied
using three fluorescent probes. These extrinsic fluo-
rophores have discreet binding affinitics, which give
information about varied folding states dunng the
aggregation [41]. We employed three extrinsic fluo-
rophores, Thioflavin S (ThS), Thiofiavin T (ThT), and
ANS. to study aggregation of tau and its mutants. ThS
and ThT are structurally different. ThS has two qua-
temary nitrogen atoms. Both these dyes have similar
binding sites. They bind to B-sheets formed during
protein aggregation and Avorescence according to the
extent of aggregation. ThS binds to mature fibrils and
not to monomers and oligomers. ThS aggregation
studics showed that MG eahanced the aggregation
of the demeatia mutants G272V and P301 L as com-
pared to wild-type taa (Fig. 1D). R406 W tau had a
very low ThS signal intensity suggesting decreased
MG-induced aggregation as compared to wild-type
control (Fig. 1D). ThT kinetic studies followed the
similar trend with P301 L showing highest aggrega-

tion propensity and R406 showing the lcast (Fig. 1E)..

ThS and ThT followed the similar pattemn of kinet-
ics for glycation-induced aggregation. Further, we
checked the effect of MG-induced hydrophobicity
changes in tau and its mutants by ANS dye. ANS
binds to hydrophobic regions of aggregated protcins,
which are exposed during the transition of monomers
to polymers [42]. These species are transient and
might be short lived and hence not captured by ThS
and ThT. ANS assay did not show any difference
between the tau wild-type and its mutants suggesting
that there 1s no difference of hydrophobicity of pro-
teins while transitioning from monomers to polymers
(Fig. 1F).

One of the recent finding suggests that the
FTDP-17 mutants enhance oligomer formation under
heparin induction especially the P301 L mutant show
small and more granular oligomers as compared
to wild-type control [43]. But glycation-induced
aggregation did not show enhanced oligomeriza-
tion by ANS fivorescence. Thus, the comparative
analyses of tau and its mutants for the extrinsic flu-
orophores suggest that P301L and G272V show
more glycation-induced aggregation as compared to

A om0, *2"

72 96 120 144 168
Time (Hours)

-

0 -
nTaudOWT G272V PI0IL  ReDEW

F3g. 2. Advanced glycation end products formation propensity of
tau end its mutants. A) Hypothetical model to check the effect
nl'll, i onK'Es 3 Tbnmumahudunm-

i y for AGEs formation as
mpuibmldtypeuhlsqnmmdbymﬂupeaﬁcﬂu-
onescence. B) The AGEs-specific Sunrescence reveals increase in
intensity with Sme for tas and its mutants. P301 L. mutant shows
highest AGEs formatica =5 compared to coatral. C) The com-
p-smn(lntmwmtlnmnmymkdm&e
mutant F30] L shows moee prog y for glycation as
1o wild-type tau (p < 0.05).

*

control (Fig. 1G). Glycation enhances aggregation
propensity of tau mutants (P301 L and G272V) as
compared to wild-type tau.
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P30IL tau mutant shows more AGEs formation
on MG induction

Glycation of proteins leads to formation of brown
and fiuorescent protein adducts, which can be
quantitated by AGEs-specific fluoresceace. AGE-
specific fluorescence was initially wtilized to study
the extent of diabetic complications [44-—46]. Fur-
ther this technique was used as a non-invasive
tool to determine the skin fluorescence in dia-
betic patients [47]. AGE-specific fluorescence is
detected at the excitation/emission 300-420/420-

600 nm. We hypothesized whether the tau mutations
would enhance AGEs formation or suppress it
as compared to the wild-type control (Fig. 2A).
The glycation induced aggregation studies revealed
enhanced aggregation of P30]1 L mutant over the
wild type. Further. the AGEs formation of tau and
its mutants was investigated in the presence of MG
by the AGEs-specific fluorescence. The tau mutant
P301 L. showed increased fiuorescence as compared
to control. G272V and R406 W mutants showed
decreased AGEs-specific fluorescence than wild-type
(Fig. 2B). The comparative analysis of AGEs-specific
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fluorescence at 168 h revealed that P301 L showed
cnhanced AGEs formation as compared to con-
trol (Fig. 2C). Although tau glycation for FTDP-17
mutants is unexplored, MG-induced glycation has
been found to accelerate tau aggregation in presence
of hyperphosphorylation [48]. Thus, dual modifi-
cation might have an additional impact on the tau
pathology. The mutant R406 W showed least AGEs
fluorescence as compared to other mutants. This
mutant also exhibited lcast MG-induced aggregation,
which might be attributed to the local conformational
changes caused by this mutation. Similar reposts have
been recently published wherein the tau R406 W
mutant resists phosphorylation by various kinase
[49]. A transgenic ¢xperimental model of diabetes
mellitus expressing P30IL tau showed increased
tau hyperphasphorylation and tangle deposition [50).
Ouwr in vitro glycation data suggests P30]1 L. mutant
showed enhanced AGEs formation, which supponts
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the in vivo findings. Thus, this mutation might play
an important role in accelerating brain pathology in
carly onsct of AD.

Protein glycation forms protein cross-linking and
aggregation [51] which accumulates steadily over
time due to slow clearance of these proteins as they are
resistant to most proteases. Moreover, glycation ren-
ders more stability [52] to the proteins leading to bulk
deposition over the years [53, 54]. In order to study
the nature of these aggregates SDS-PAGE analysis
was performed at 24-h time intervals. At 0 time point,
we observed a single soluble protein band for tau and
its FTDP-17 mutants. As the time progressed, the
soluble protein was no longer intact and had formed
higher order aggregates (Fig. 3A). The aggregates
were SDS-resistant and migrated on the separating
gel in acontinuous trail of cross-linked proteins. The
extent of glycation differed between the mutants and
the wild type. Mutant P301 L had enhanced glycated
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products on the SDS-PAGE as compared to con-
trol. G272 V and R406 W mutants showed decreased
glycated proteins on SDS-PAGE as compared to
control. Thus, the FTDP-17 mutant P301 L. showed
enhanced glycation as compared to control. The
heparin induced aggregation of tau protein leads to
formation of the fibrillar aggregates as visuahzed by
TEM [55]. We visualized the glycation-induced tau
aggregates by TEM for tau and its mutants. Glyca-
tion led to the formation of amorphous aggregates
completely discreet from the hepann-induced fibnl-
lar aggregates (Fig. 3B). The morphology did not
alter for tau and its mutants. Similar observation has
been previously made for a 2 repeat tau peptide which
forms dimers on glycation but does form filamentous
aggregates [S6L.

Glycation does not alter the conformation of tau
and its mutants

The modification of proteins in AGEs alters the
structure and function of the proteins rendering it
prone to aggregation and protease resistant. [31, 57].
Tau is natively random coil lacking a rigid structure.
On aggregation, it adopts a partial B-sheet structure
[58. 59]. In order to study the effect of glycation on
tau and its mutants, we studied the global confor
mation of glycated and non-glycated soluble tau and
its mutants by CD spectroscopy. The conformational
analysis of soluble proteins revealed a typical madom
coil structure (Fig. 4A). The muunnmcmmcly was
observed at around 198 nm for all the proteins sug-
gesting a complete random coil structure (Fig, 4A
zoom). The glycated proteins also showed CD spectra
of random coil conformation (Fig. 4B). The maxi-
mum cllipticity was unaltered at 198 nm. same as that
of soluble protein. Thus, glycation does not alter tau
native conformation. This is in conjunction with pre-
vious studics wherein glycation can induce the 3D
structural changes differently for different proteins
[52, 60].

The connection between AD and glycation have
been suggested in the earlier reports [61]). Morcover,
tau pathology is enhanced due to insulin-mediated
hyperphosphorylation suggesting a link between
diabetes and tauopathy [62-64]. Hyperphosphory-
lated tau is known to undergo enhanced glycation
[48]). Thus, metabolic anomalics and genctic pre-
disposition have found to accelerate tau-mediated
neurodegencration and prove detrimental for the
carly-onset of AD (Fig. 5).
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Qe peart 5 Sor Aldeime /s Gie e
1. Introduction taget in AD. Sennl nﬂemles belonging to dl&nn clagses like

Alzheimer's Disease i 2 degy disarder ch d
by memory Joss and pro gressive dementia. The cytsolic Taa aggregates
and the extracellular amyloid beta plaques are the typical traits of AD
[1-3]. The therpeutis or AD & being designed to act on both the

gasmad as wdl as integrated The efficacy of the
drugs designed seems © reduce x fhe Jevel of tial mareases [4,5]. The
accumulation of cylsalic neurafibrllary tangles mainly composed of
Tau PHFs (patred hedical filaments) [£] leads © newronal degeneration.
Along with microtubule stabilization Tau has varied roles soch as
near it outgrowsh, intrace] kilar trafficking ex. Iln.ehnpcednhb
due to devated Tan levels [7,4]. All fhese lities and

synthetic mpounds, peptide i ex. have
found to be potent against Tau aggregation [13-171 In recent time,
methylene blue was found © be a potent molecule in AD [12.20] but
failed to show effects on co gnitive abilities in atransgenic mousemodd
of AD [21]. On the other hand, the mathylene blue dervatives MTC
methylfhionmium chloride (MIC) and it reduced form lewco-
methylhioninium salts (LMTX) has shown positive effects on Tau ag-
gregation mhibition [22] by modifying the cysteine residues to the
axidized forms [23]. Other approaches © inhibit Tan aggregation in
cinde targeting FIMs (post4ranshational modifimtions) of Tan. Ac.
cordingly, knase mhibitars or phosphatase activators have been
ed for these malecules but faded to show potency due © ow

degeneration due to Tau dysfunction and aggregation necessittes
screening for molecules to inhibit Tau aggregation as well as 1o disalve
the preformed aggregates.

Tau aggregation in AD lke ob-
gamers, proto-fibrills, paired helical filaments farmation, which when
untreated forms neurofibrillary tangles [9-111 Heee, fhese s
mediates are bang targeted for therapeutics in AD. The oligomer spe-
cies are found to be mare toxic than the filamentous aggregates [12]
and hence Tau oligomers are gaming much attention a3 a therapeutic
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specifiaty and less efficiency. Since the ultimaw effet of Tou ag-
gregation is micrombule destbilimtion, an demative strategy br
designing of dhermpentics ! AD is to screen or synthesize the micro-
tubule stabilizing compounds [ 24-26]. The natural compounds having
varied targess in AD have also shown 1o have a potential as ermpeutics
i AD ke curcumin, pachtaxd, geldanamycin ec [27]. Azaphilones, a
class of fungal metabolites have shown the aggregation mhibition &
well as disaggregation activity for Tan aggregates [24]. The dary
metabolites of Aspoplbs miduons like 2 oDihydroxyemodin,
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Acn arth o Mdehyde b

and A rings are potent
TnWamHhon[ ). domﬁi derived from extra virgin
olive ail have shown inhibition of Tau aggregation by covalendy
maodifying the protein at #ts lysine residues [30]. BGOG & an active
component of green tes and has been shown © intafere with e ag-
gregation of anyloid bets, asymudean as well as Tau in dn vivo studi
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23, Moleculer modeling

To identify emplates for homology model building, a similarity
search using Hasic Local Alignment Search Toal (HLAST) [34] algorithm
was performed against the Protein Dats Bank (PDE), to identify high.

lton aystal of hamalog 63, 64 The se.

[31,22]. Baicalein #s a pohyphenal compound bdonging © the class of
flavonoids ssalated from the Chinese herb Sardloria boicalensds Fla-
vonoids are a rich source of anti.oxidants and are known to phy a
newroprotective role [ 33]. Bacalan has been known to exert ant.al
lergic, mtcardnogenic antidnflammatory as wdl as cardio protective
properties. It has alo shown a potential for inhubiting aggregation of
proteins fwolved in odegencrative dis Baicalem not only

fibrillzaton of a dein but alo disaggregates the pre-
fcnmd fibrills invalved i l"hnsdsdinm [34]. In AD tansgenic
mouse model, Baicalein has shown © reduce the amylod §§ accumu.
lation and enhance the proeessing of amyloid prearsor protan wa a-
secretasesthus leading © non-amyloido genic processing of APP [151. In
this smdy, we repart that Baicalein shows a dual property of inhibiting
aggregation as wal as dissolving the preformed ﬂhﬂldlqaeﬂb—
mdnd'munhvbncmdlicuudmaomd.

quence identity cut off was set © zm (Evalos cut off = 1)
Homology modeling of Tan K18 was then camied out using Modeller
9.16 [29] by taling structures homologous to he target protans =
templates, m order to stady their structural features, binding mode and
affinity with the substrages.

4. Mode] validation and ®finement

The initial models obtained, were evaluated for the h 1
quality of fhe protein hackbone and side chains using PROCHE(X and
RAMPAGE [40,41). ERBAT server chedied the environmenss of the
atoms in the protan model [42). Ervars in the modd structures were
aleo checked with ProSA saver [43]. After modd validation, initial
models were refined using impreof minimizmtion of protein preparation

vizard and Impact 58 minimuzation [44). These eagy minimized

explore the putath memdmodedaahldnhndlqml\
T&&emdmhdnchq-ﬂﬁnw'uexwmtte
hexapeptide repeat region. Only this region & amenahble to predict fhe
reliable model from the presendy avadlable structure information. The
dynamics simulation on Tau filament reported ously showed the
w«:mxhnhndmmwmyhnm [361.1‘hlndy
would reveal nature of interaction and mech of Baicaleln @ in-
hibition of Tau aggregates Hrmation.

2. Experimental procedures
21. Chemicals and magens

Baicaldn, ThS, ANS, BES, sinapinic acid, BCA reagent and MIT
were purchased from Sigma. Heparin, NaCl and sodium azide were

final models were further used for the binding studies with Baicalein.
25, Ligond-prossn preparation and docking ssudies

The ligand malecules considerad in the present study were down-
lkoaded from ZINC compound database in fhe mol2 format ‘The protein
and ligands were prepared first before procesding with the docking
studies. The water molerules and ofher hetero atom groups were re-
moved from the protein stru using pr preparation utility of
Macstro, Hydrogens were added subsequently to carry out restrained
minimization of the models. The minimization was done using impref
utility of Maestro in which the heavy atoms were restrained such that
the strains generated upon protonation could be relieved. The root
mean square deviation (RMSD) of the atomic displacement for srmi.
nating the minimization was set as 0.3 A". Smnilarly, Bgands were re.

parchased from MP Bomedicals. UTT and p inhibi cictadl
were purchased from Calbiochem and Roche respectivaly. ECL reagent
(32132)and antibod fes antio ligamer A11 rabbit palyclonal (AHBOOS2)
and goat anti.rabbit HRP conjugated (A16110) were purchased from
Thermo Pisher Sdentific ‘meellain'erugeu:mﬂum?ml
Bovme Serum (FES), Penicilln Streptomycin (¥ [}

trypsin -EDTA, 1X phosphate bu ffered nbe(PS)-enpthaadﬁm
Invitrogen. 10mM and 1mM stock of Baicalein was prepared @
efhanal. 12 5mM mother siock of ThS was prepared in 1:1 efhanal
mili) water, which was further, dilted © 200 M stock In filtered
mil) water. ANS was prepared as 10 mM stock i filtered miliQ

22. Tou purifcation

e __Lj__.LJ

The protein purification was out as pr
lanhhﬂ.&ulpdktdn&ddsh&wcndpmdnu-

2sion were homogenized under high pressure (15000 psi) | ami-
adﬁhdemhlsunmeowmdm'-h“nm'c
for 15min afeer addition of 0.5M NaCl and 5mM DIT. The heated
lysate was then coaled and centrifuged at 40,000 rpm for 50 min. The
supermatant was o lected and dialyzed in Sepharose A buffer over-
night. The obtained dialyzed sample was then subjected to 2 d
round of ultracentrifugation and the supematant was baded onto the
cation exchange oo lumn (Sepharase fast flow GE healthcare) for farther
purification. The bound proten was eluted using an {onic gradient. The
ehited proteins were pooled and d for sze exdusion chro-

graphy (16/600 Superdex 75 pg GE healthcare). The T cone
centration was measured using BCA method

Mwﬁtehﬂ;dﬂghﬂp?&bdﬂh&&qtdﬂpﬂ‘enﬂ

their The p epiors and ligands
were further used for the bdngMuuhg Glide 5.8 [45). Resulss
from fluorescence micoscopy and MALDL-TOF spectrophotometry, in-
dicated fhat in fi ids with the Tau protein, mfluen.
cing their aggregation and disaggregation propensities. Theeby one
such flavonaid onginally tsolated from the roots of Scasellaria baica-
lensis and Scumllaria lateriflara, believed to enhance lver health, Bai.
caldn was dodked in the binding site cavity of the prepared recepior
molecule, aka the protein. A Sitemap analysis [45] was performed on
the prepared receptor molecule, © identify the probable binding sites
for our ligands of interest, sinee no prior information was avadlable
regarding the same. Newt, grids were generated by sdecting any of fhe
Sitemap poms obtained above. Flexible ligand dodang was carried out
using the standard precision option.

A total of 6 pases with the respective ligand and different sites were
pﬂ&dmdnﬂdmt&hﬁdtdrm:ﬂgﬁﬁlm-ﬂ
Emode] values. The hydrogen bond 1 the
and ligands were visalized using PyMOL.

26. Mokeadar dynamics sivedations

The docked compl exes were prepared first using protein preparation
wizard and then subjected to mak foratime
deduu(u)ﬁwn:ndlldm[mmfm
field was applied on docked complexes placed in $he conter of the or-
tharhombic box solvated in water. Protein was immersed in arfhor.
hombic water bax of SPC water model. Total negative charges on fhe
docked structures were balanced by mutable number of counterdons ©
make the whole system neutral (10 Q4dons). The system was mitially

L.L__AA;|
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energy minimized for maximum 2000 fierations of fhe &

g 8pM of ThS to a fnal volume of

(500 seps) and the limited memory Broyden-Fletcher-Goldfarb
Shanno (BFGS) algarithm with a convergence threshold of 1.0 keal/
mal/A The shart and longrange Coulambic interactions were handled
by Cunff and Smooth particle mesh Fwald method with a cutoff radius
of 9.0A and Pwald 1 of 1609 Periodic boaundary conditions
were apphied @ all three directions. The rdaxed sy 'was simu lated
for 10ns with a time sep of 2.0 & (fs), NPT ensembie using a Berendsen
mﬂnam{mmemd atmospheric pressure of 1bar. The
rgies and traj weae —“"'ﬂuauylt)psq:).'me
uupsndmddle omplex in each trajectory were
with respert © simulation time The Calpha atom oot mean square
flucmation (RMSF) of each residoe was analyzed. ‘The intermalecular
meractions batween the target and substrate were assessed to chedk
the stability of the complexes.

17. Tou qgregetion inhibition assay

Tau aggregation inhibiton assay was performed with a few mod
ifications in the already described protocal (731 In brief fhe soluble
Tau protan was centrifuged at 60,000 rpm for 1h (Optima Max XP
Beckman Coulier) © aggregates pr ff any and 20 M of
Juble Tau p was incubated in 20 mM BES buffer pH 7.4 with
Sp\ld}t;-*lnl?.smmhpmofzsmtd‘llmlm
cictadl, 0.01% sodmum azide, and different con-
mumndmmgmomsmm.mem«nm
tures were incubated at 37 °C.

28, Sokdle protein assay

The saluble protein of repeat Tan was centrifuged as d

o te pH 7.0
S0ul. Thm:vdpoﬂncm'-mﬁld a5 1:4 for the fluar.
measurements were camed out
using Tecan Infinite 200 Pro series plate reader. The excitation and
emission wavelengths were setat 440 nm and 521 nm respectively. The
plae wa given a quick shalong for 105 before $he measurement. The
readings were carmied out in triplicates for each sample at 25°C. Initial
readings were taken within an interval of 1 htlll 6 h and later readings
were continued at an interval of 12h each. The fluorescence was nar-
malized for hadkground by subtracting the buffer blank fluorescence

212 ANS fluorescence assy

T‘hcladcfpmdnhydrqﬁohmynsmredby»sﬂm
cemee. The 5pl of 20pM reacts were dilued in S50mM
pH70 ining 40 M of ANS to a final valume of
S0pl. The raio of proiein © ANS was maintuined as 120 for e
fluorescence measwrement The excitation was curied out at 390 nm
and the emission dats was collected at 475 nm. Each sample was read in
triplicate and subtracting from respective blanks eliminated fhe back.
ground fluorescence. All meamurements were cumied out @ Tecan
Infinite 200 Pro series plate reader at 25°C. The time paints were fal-
lowed in a similar way & THS fluorescence.

212 SDS PAGE analysis

Samples Jeft after fiu assay llected and analyzed by
SDS-PAGE for visual d jon of aggregaton mhibition on 17% paly-
aaylamide gds with different time points. The SDS.PAGE gel quanti-
fiation was cwried out msing Image lab software (Bio-Rad). The

fication for ] lanes was camried out using the

above prior setting up the reaction. 20pM of each proein was in
cubated with 25 and 100 M of Baicalein in absence of heparin. The
other reaction mixture composition was mamtained 3 mentioned
above. A positive and negative control was kept with and without ad.
dition of heparin respectively. The reaction mixtures were incubated at
ZIC

29. UV-vishle specsroscopy

mpﬁn&idnn 20 mM BES buffer wasplaced ina cuvette and an

P was ded 1n 230450 nm range using Jasco V-

90-1- h Alig of repeat Tan were added © fhe
cvmeh35,7 14, 28 42 56, 70, 84, 98pM concentration and re-
spective spertra were recorded for each addition ‘The total volume of

£}
A it ol 1

software and the bty were plotted in the frm of fiebar

graphs.

214. Piwrvop asmy

The detection of repeat Tan oligomers induced by Bakalem and
separated by SEC was camied out by filter trap assay using Al11 anti.
oli gomers rabbit polycdonal antibody. The fractions obtained after SEC
were blotted ont®o Protran (.45 pm membrane (Amersham Bioaciences)
using Mintbld Dot Hot Sysiem (Amersham Rlosciences). The mem-
trane was hlocked with 10% milk in PRST (0.01% Tween 20) for 1h at
room temperature. The primary antibody A1l was diued © 1:2000
and the blot was incohated with it overnight at 4 'C. After washing the

repeat Tau added was less than 100 pl to avoid the dilution effec.

210 Repent Tou dimggregation assay (oligomers and fibrds)

bound antibody thrice with FEST, the blot was maubated with sec.
ondary goat antaabbit antihody conjugated to HRP for 1h at room
temperature in 1:10000 dilutions. The unbound antbody was washed
Mmtmmmmdﬁmdﬁqnnumtuﬂ
the chemiluminescence was detected on Amarsham Imager 600 and

The effect of Bakcalem on the dissolution of Tan aggregates was
studied by incubating the preformed FHFs with different comcentrations
of Badcaletn at 37 'C. Aggregation of 20 pM repeat Tau was carried out
and induced by 5pM heparin in 20mM BES, pH 7.4 Repeat Tan ob-
gomers and mamre fibrils were prepared prior to the addition of
Baialan by incubating Tau in aggregation conditions for 4h and &0 h
respectivaly. Baicalan was added in 50-500 pM concentration afeer 4 b
r repeat Tau oligomer disaggregation and after 60 h for fibrll dis-
aggregation. ThS and ANS fluorsscence assays were employed for
monitoring the disaggregation kinetics. 20p] samples from different
time paints during the course of assay were baded onto 17% SDS.
PAGE and analyzed using BoRad Image lab soffware.

211. ThS fluorescence assay

THS fi

assay d Tau aggregates formation as de.
scribed. The Spl of 20pM reacts

were diuted In SOmM

quantified using lmage Quant T1. safrware
215 Chradar dichroism spectroscopy

Cbh = was paformed for d jon of cond
tional d-gu azwling ching fhe aggregation mhibition process
using Jasco J815 CD spertrometer in a cuvette with a path length of
1mm under mivogen atmosphere. The scan was camied out with
handwidéh 1 om, scan speed 100 nm /min; scan range 190-250 nm, and
an average of 5 acquisitions were taken In exh experiment, mea-
surements were done & 25 'C. The buffer baseline was set with sodium
phosphas buffer, pH 6.8, The oncentration was maintained 1M br
repeat Tau for all CD measurements.

216 Eecron microscopy

Transmission electron mcroscopy was curied ot ©o quali Ty
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determine the Tau flaments formation @ presence and absence of
Baimldn 2pM of the reaction mixtures were applied to 400 mesh
cabon coated copper grids for 455 billowed by 2 washes with filtered
Milli) water for 455 each. The samples were negatively stained r
1min using 2% uramyl acetate. The dried gnids were analyzed using
Teenad G220 S Twin transmission electron microscope.

217. Sae exchuion chromangraphy for Tau digomers

Szeexdusion ch aphy was camried out for repeat Tau in
mdh&ndﬁu&lmepwllndamm
the effect of Baicalein on the tendency of alig aion. Repext Tau
samples were prepared by incub ',d!,_ 4n in 20 pM
tion i 20mM BES buffer, pH 7.4 with or wihout Baicalein in 200 pM
final concentration. Heparin was added in 1:4 ratios as an inducer of
aggregation. Baicalein was added © the reaction mixture after 4h of
mmbation at 37 'C. ‘The mital inmbation was provided for the pre-
paration of lower arder oli gomers. Thetime point of Exicalan addition
was considered as 0 h. The protetn sample was filtered prior to bading
on © Superdex 75 10300 Gl column (GE). BSA and Lysozyme were
loaded as sandards in 3 mg/ml concentration and soluble repeat Tan
was Joaded as a control The separation was carried out in PES buffer.
Samples at 0, 6, 12, 24 and 60h of incubation were subjected to size-

excdusion chromatography.

218 MALDETOF analysis of Boi alein modified Tou

Repeat Tan proten (1 mg/ml) was mcaubated with different con-
centrations of Baicaledn (5, 10, 25, 50, 100, 200, 500 M) for 15 and
12h at 37 'C respectively. ples ware then dilated 1:20 i
Sinapic acid and spotted on fie MALDI plae and analyzed using
ABSCIEX 4800 MALDL-TOF analyzer.

219. Cdl cuture and tadaty esays

The neurchlxtoma N2a cells were seeded tn 96 well culture plates
at e cdl density of 25 000cells/well. The cells were grown in DMEM
F12 media conmining 0.5% FBS and antibiotic (Penstrep) or 24 h_For
studying the toxicity of Baimlan induced oligomers 10p] from the SEC
fractions was added to cells/well and incubated for 24 h 10plofSmg/
ml MTT (Methyléhlazolyldiphenyltetrolium bromide) was added ©
each well and incubated for 4h at 37 °C. The formazan formed
after redoction of MTT by viable cells enzymes were dissolved in 100 pl
of 100% DMSQ. The purple clowr devdoped was rmad at 570 0m i
Teran plate reader.

220 Saatission) analysis

SigmaMot 10.2 carried all ¢he statistical analyses out using unpaired
Tdest The error bars represent mean & SD valves. 95% confidence
mervals were maintained for the analys

7

3. Resuhs

21. Boicalan dinds to Tau in oo
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t&hﬂuofma’tgx 1D and S1C). The maxima at 362 nm
g Tau jon (098 pM) shows a gra-
d:d d:au n Mhne mensy (Fig. 1E). The dissoaation con-
stant (K,) or the bindng of Tan with Baicalein was foomd tobe 3.5pM
by using the fallowing formula:
[Cral % {Cruticn]
1Ctas Cratotem | = X, +1C ]

\\hct [Ou.‘lhtentﬂ‘rwmundm [Cassataia} 5 the free
o0, [Crafas ]} is the concentration of Tau.
Baimlan complex and K4 & the dissociation constant [49-511

12, Moleadd 2.1, dT-‘r

The molesilar structures of repeat Tan were modded, i order
ascertain the putative binding site of Haicalein and the role of the
conserved hexapeptide repeat regions ™ VOQINK™ and ™ vQuvyx™!
in the & ctions with Baicalein (Fig. 1C). It & very challenging ©
predict the fulldength Tau mode] due to its disardered namire of the
regions i both N. and C-erminal But the hexapeptide repent region
forms fhe stable secondary structure as reporied by many biochemical
studies and strucural imfrmation [52-541 A BLAST search against
PDE identified homalo gous structures, © be used as emplates © buid
the hamalo gy modds of this reglon. Structures of Tau (267-312) bound
to microtubules (2MZ7) and shared an identity of 100% and query
coverage of 92% with the trget sequence, and were thus used for
modeling studies.

The initial models were evaliated for fhar stereochemical para-
meters. More than 95% of all residues were in the allowed regions of
Ramachandran plot. The mode] refinement phase fvolved preproces-
sing the initial modek by addng hydrogen's, assigning bond arder, and
filling missing Joops and side chains. Next, fhe modelswere subjected ©
Testrained mini mization by applying the constraint to converge fenon-
hydrogen atoms to an RMSD of (3 uwsing OPLS 2005 force field
Subsaquently, the models were subjected © 500 steps of steepest des
centenagy minimzation fallowed by 1000 steps of conjugate gradient
energy minimization using the same force fleld. These energy-mini.
mized models were wsed for docking and malecular dynamics smdies.

33. Moleaular docking of repeat Tou and Bakcalen

The docking studies of Bakcalein with repeat Tau model generated
the best pose with glide scoreand Emodel values of - 506 and - 44365
Tespectively. The O atom of Baicalein interacts with the NH; growp of
Asn 265 and the NH group of the midaale ring of His 268 The OH
groups fwvolving O3 and Oy atams of Baicalem, interacts with the car.
baxyl O~ atom of Gln 338, farming hydrogen bonds i the process
(Fig. ZA). While the two OH 3 and Q) have an interaction
disance 0f 270 A, 2.0 Aand 1 80 A respectively, the with
the amine group stand at a distance of 230A for Asn 265 Purtier
hydrophobic interaction was ohserved with residues Tyr 310 and Val
313, of which ane (Tyr 310), mterestingly, belongs to the hexapeptide
repeat P VOIVYK™ ! and the other (Val 313) & a flmking residoe to fhe
same repeat, 2 prime area of mierest in owr study. Anather arocial re-
sidue His 299 & predicted to have an mportant Ineraction with Bai.
calan via water bridges, which may be invalved in the probable me-

Tau protem is one of the major bul ciated p
neuranal avons that mamly hmsbnﬂzmﬂm&tkmh&
tubules. Tan 5 highly soluble protein and adopts a Jy unfalded

hanism of Tau disaggregation in presence of Bamlan

24, Moleauk

structure in solution [44]. The repeat domatn of Tau plus fhe proline
rich flanking regions confer the property of microtubule binding and
assembly (Fig. 1A), where the repeat domain of Tau repr the core
d’hel'l-uk'rhe* ical fBaialein & depiceed in (Fig. 1B)

len shows ch i Acax 3t two wavdengths 20 nm and
362nm (Figs. 518 and C). Upon ttrating with repeat Tau from 0 ©
98 pM, the peak at 362 nm was Sound to decrease in miensity indicating

dynamic s simadation of repeat Tau and Balcolein

The Baicalemn docked complex was subjected to a stmulation of 1 505
time duration © analyze fhe stbility of the interaction and ofher
stroctural changes. The RMSD graph was plotted by assigningtime inns
on the X.axis and RMSD values of the Ca atoms of the protein and
ligand in/A on the left and right Y.axes respectively (F iz $2). The graph
and the snapshots at different time intervals of simulation mdicated
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#ves & plot regr g The Discling affedty of T with B cafein. (For interpmmsion of the referances to cdowr in Sis figue lgend, te
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that the RMSD of Ca atms of the generated structures over the come 313and Leu 315 out of which three residues belong to the hexapeptide
plate trajectory & quite stable with minor repositoning of Bakcalein region mentioned sbove, were ound to form an mcreasingly high
with respect o the hexapeptide repeat region “*VQIVYK''. The Ca mber of i ctions with Haicalein, indicating $hat these may be
RMSD between the initial and final conformation after the simulatonof  crudial residues to stabilize the complex (Figs. 28 and S3).

docked complex was 10 A indicated fhe considerable conformational

change upon binding. During the course of the simulation, a few re-

sidues namdly Asn 296, lle 297, His 299, Gin 307, Tyr 310, Lys 311, Val
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35. Buicalen inhibit Tou aggregation in vitro

Tan is a natively unfolded proten with an 1l positive charge
This property makes it possible © aggregae Tau in vivo by using
polyanionic cofa ke heparin. Heparin & a palymer of gh
minoglycan monomers, which has 2 negative charge and ilzhcs ag-
gregation of Tan i vt [ 55,50]. This approach has been widely used
screen for fhe Tau aggregation inhibitars [14,30 57]. The aggregation
mhibition of the repeat Tau by Baicaletn was determined wsing 0, 5, 25,
50, 100, 200, and 500 pM concentrations. The rate of Tau fibn] for-

ation was maonitared by Ths fl The ThS flo in.
tensity & d with i sing concentrations of Bakcalein in fhe

d samples. The ThS fi showed an fitial -1

3

control as well as treated samples till 4h of incubation (Fig. 2AL Asthe
time progressed, fie 3 R R in fl

mensity but e control dhwd sagnant saturated fluorescence sug-
gesting a concentration dependent inhibition of aggregation. The in
hibition was observed to occur atan early tme point and the 1Cs, value
rrepeat Tau aggregation mhibition was ound to be 358 uM of Bai.
calemn (Fig. 3). The pattern of rise and &ll in fluorescence nensity for
the treated samples suggest i Baicalein might be inducing inatial

orized inm Sour Type. Hydmgen Boads, H ydrophobic, Taske

aligomerization of Tau proten and inhibiting the further fibrilimation
by sequestering fhese oligomers.

36, Boicaldn mh

Tau oligomertzaton i presence of heparin

The #n vzo formation of PHFs in pr of hepan d
w;mmm[%-bﬂm-t&mhbyb
phobicity of fhe Tau protein [59). One of the intermittent stages o
PHFs formation is the formation of oli gomeric spedes, which actsas a
mdeation step to firther enhance fbrillzation The prmary studies
with ThS indicated that Baialan prevents Tan fibril formation. We
further nvestigated fhe role of Baicalein in Tau oligomerization. Asan
inermediate n Tan fibrillization, Tau aligomers show enhanced hy-
drophobicity due to their partally folded characteristics. ANS & adye
which emits enhanced fi onin tion with partially, falded
or exposed hydrophobic micro domains of the proteins.

Thus, © smdy the effect of Bakcdan on Tau oligomerimtion and
accompanied hydrophobidty changes, we mored ANS fln
for fie contol as well as treated samples. ANS showed an initlal de-
cresse in fluorescence and fien the rapid increase before beroming
stagnant (Fig. 54). This effect was evident at the earlier time pains
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the higher concentrations of Baicaldn (Fig. 3C). This behavior of ANS
suggests that Baicalein might be Imvalved in initial Tau oligomer for-
maion and sequestraton

27. SDSPAGE analysis reveals the emhanced Tau oligomerimsion and
sequegtration by Boicalan

In arder © confirm owr hypothesis, we camied out SDS-PAGE ana-
lysis of fhecontrol as well as Baicalem treated samples & differsnt time
mervalk We examined 10l of all the reaction mixtures at zero time
point © rule outthe presence of any preformed higher arder aggregates
{Fig. 3D). At 6 h of incubation, we observed the dimers and tetramers in
the highest concentration of Bakaldn (Fig. 3D and E) and these ol
gomers appear in all the concentrations of Baicalein treated samples in
a time dependent manner. We obsarved a camplete dearance of dimer
and monamers in 500 pM Bakcalein treatment after 12 h of incubation
but the band for tetramers still remains. At 24 h, 200 M of Baikcalein
treated Tau show complete conversion from saoluble to higher arder
oligomers. It & to be noted that this is e exact time point when we see
stable & o Thsfl andani mANS fl
(Fig. 3A, C). This seems to be the point where Baialdn sequasters ghe
oligomers formed and inhibits further fibril ormation. These resuls
indicar $hat Baicalein enh the oligomerization of Tan and blodks
them a an oligomernic stage without farther Jeading 1o fibril formation.

338. Boicolan binds and smbdlives parstially folded Tau oligomers

Sinee Haicalan demonstrated the enhancement of Tau oli gomer.
Zation and fher sequestration, we procesded further to chwidate the
conformation of these oligomers by Circular dichroism spectroscopy.
The soluble Tan protein is natively unfolded and showed CD spectra of
typical random codl at 198 nm (Fig. 3F). Tau on aggregation shows the
stroctural ransition from typical random codl to the f.sheet structure
[54]. Tan pr d with Baical ein showed shift in the wavelength
towards a partial S-structare (Fig. 3F) suggesting that Balcalanisable
to bind and stabilize the partally folded Tan oligomers.

29. Bectron migescopy wsualization of Batoalein induced Tau aggregation
midbenon

The time dependent effect of Baicalein on Tan ol gomeriztion and
Wm inhibition was observed by dectron micrographs. The un.
e showed the p of Jong fibrillar structures, which
.edmm-hh dTnﬂhnmw(th 3G). On the
contrary, the 100 gM Baicalein d Tau showed pr of only
pleces of Tau filaments (Fig. 3G). The electron micrograph observation
spports ow previous obsorvations tat Micksn prevents Tau fie
brillization.

310 Baicalen doss mot canse Tau comformational change

As our results suggested that Baicalein could stabil ize Tau ol igomers
having partial §.sheet it was y ©© understand whe-

Ta proem. For this, we incubated repeat Tan with Hacalem m ab.
sence of heparin. We maintained a positive control (with heparin) and
negative contral (without heparin) for standard aggregation kinetics.
The kinetics for bath ThS and ANS did not show any increase in
fluorescence for negative l as well as Baical d samples
(Pigs. S6A and B). The positive d showed an in ThS and
ANS floorescence as expected. The SDSPAGE anaysis showed fhe
presence of higher arder structures in fhe positive contral from 24h
oowards (Fiz. S6C). The sample trented with higher concentration of
Baialan (100 pM) showed presence of very fiint higher order bands at
a later time point for both the proseins (Fig. S6D). The fluorescence
kinetics and the SDSPAGE analysis clearly suggest fhat Baicalein might
be able to induce Tau oligomerization but & 3 much slower pace. The
structural analysis of $hese aligomers revealed fhat they do not show
trmsition to f-sheet structure (Fig. S4F) and do not form Tau fibrils
(Fig. S6F). ‘These results clearly suggest that Bacalan might be able ©
induce saluble Tau olgomers at a sower rate without causing any
structural changes.

211, Disqggregation and wquestration of mpeat Tauoligomers by Baicoldn

Oligamers of repeat Tau were prepared by incubating Tan ,n ag-
gregation conditions for 4h and then subjected ©© vanous concentra.
tions of Baicalein to study the disaggregation of repeat Tau aligomers.
THS fluarescence assay suggested that Baicalein & able to disaggregate
preformed oligomers in a concentration dependent manner (Fig. 4A)
Baicaldn was found to enh and mod dy induce oli gomer zation
a5 well as sequester oligomers i an aggregation ncompetent form.
The underiying mechanism of disaggregation may mvolve the breaking
of aggregates into smaller fagments and then inhibiting the reforma.
tion of higher arder aggregates. It was observed thatboth ThS and ANS
fly was o d upon addition of Baicaldn m 4h (Fig. A
ms)mmwuwd-wmdw
hydrophobicity resp Jy. H , the ANS flo
after 12h in all te :ublads-n;iq. The SDS-PAGE analysis showed
that Baicalein could bind to #he p od alig and
t&mtmmmmedlmundlﬁem
centrations of Baicalein can be cbserved but fhe dimer as wdl as the

Jetely disapp {Fig. &C). We observed the ormation
ddigmmmthemmsnd“ in ANS fi but a
complete decrense in THS i for the Baical d oligo-
mers. This strongly suggesss the roke of Baicalan in sequestering the
Tau oligomers. The SDSPAGE q-ﬂﬂcdmfcrqﬂ‘l’md@ma
disaggregation (Fig. 4D) shows agradual in salubl at Tan
n a concentration dependent manner. Farther, Cbmndytbr
repeat Tau samples treated with a varying range of Baicalein con-
centrations shows a shift towards fhe f.shest stucture in all con-
centrations (Fig. 4E and F). Hectron micrographs for disaggregats
assay samples shows fragility of Tan aggregates and abeence of matre
Tau filan (Fig. 4G). K of Baicalein induced oli gomers was
akbo evident in size exdusion chromatography (SEC). Repeat Tau in-
cubated with Baialain leads to ormation of aligomers as seen in fhe
SEC profiles for samples at 0, 6, 12 24 48 nd &b (Fg. 5A) =

ther, Baicalein alone can cause the random codl © f.sheet sition of

d © soluble repeat Tan. Purther, the repeat Tan was incubated
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with Baicalein at 1:10 ratio showed by while it was
MhdﬁcﬂdWm.ﬂ#nboh (Fig. 5B), suggesting
enhmcement of oligomerimation in presence of Baialan There is an
n in the mensity of peak ding © repeat Tau oligomers
with respert © time (Fig. 5C). This inorease in fhe population of ol
gomers as confirmed by probing the obtained fractions with A11 anti.
aligomer anthody by filier trap assay (Fig. 5D} An increase in aligo-
meric population was observed with increase in incubation time, which
i in conjunction with the prior results reiterating the role of Baicalein
in indudng Tau oligomerization. To further ducidate the nature of
these oligomers, we treated the newro2a celks with the aligomer as well
as soluble fractions obtai ‘-ftsmﬂzpebnmddmci
treated with Baicalein at 0 h were ound © be more taxic &
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[65)

The sreening for Tau aggregation inhibitors has geneally yielded
compounds with ring structures, which might have differentia inter-
actions with the Tau monomer, Tau aggregates and thar inermediates
[1457]). Owr curent study clucdates that the habal compound Bai.
calen binds to specific hydrophobic patches of fhe repeat domain of
Tan and inhibits the Tau aggregation by tageting Tau o soluble
oligomers. Similar results have bem obsaved for the structurally =i
milar polyphenol altemusin wherein in vivo Tau pathology & mhibied
by the palypheno] but the invivo pathalogy in transgenic mice could not
be rescued [66]). The progress of Tau aggregation leads © formation of
f-sheet rich structure [54), which provides the stability to these ag-

to 60h treated oligomers. The oxidty was reduced In

s gregares. Tau aggregation inhibiors either act to weaken the cross beta
of by imserting their rings between fhe beta sheet stadks or
modify the protein or its in diate aggregates, thus decreasing it

Bakaldn fhough not 100% rescuing the vishility of the cells (Fig. SE)

312 Baicolan covalently modifies Tau protein as dbsarved by MALDL TOF

Baiead i n o

aggregation potency [67]. We propose Baicalein belongs © the latter
class of inhibitors as it binds and stabil zes the high molecular weight
Tau oligomers, which are not capable of fibrillization. The ANS fluor-

d aligomer inducing property for Tauinp of
h;-inndm ﬁaolbmeniomﬁn&rﬂhimmm
understand the mechanism by which this occurs, MALDI-TOF malysis
was curied out © study whether Baicalein can kead to covalent mod-
ffication of Tau. The repeat Tau having a theoretical molecular weight

clexrly suggest the inareased hydrophobidty of these seques.
tered malecules [59,68]. The MALDI malysis reveaks the modification
of Tan by Baicalein as it forms adduct with repeat Tau as evidenced by
an in molecular weight of Tau with Badcalein.

In arder o shed light on the binding sit and the malecu lar nature of

vy

of 137 KDa was incubated with a range of tions of Bas
for 1h and 12 hrespectively. The samples incubated for 1 hshowedan

Baialan i with the Tan monomer, we have performed the
d stmulats dies. As the fulllength Tau modd is im-

Anedin

“vauhad:em&“‘ dered nature of fhep we could

additional pesk of 139kDaat higher tion of Baicalein P
(Figs. 5F and S5D), which was not obsaved in d ples get
(Figs. 5Gand S5A) & wdlas in Jower dons of Baicaled (ng

S58 and C). But after 12h of mcubation, all Bak

Hable model for the structured regions of Tau only, which &
hexapeptide repeat region (244-373). Our results demonstrated that
the Baicalein binds o this region. The MD simulation demonstrated that

showed a peak adjacent ©o the peak given by soluble Tau (13 7m)d’
139 KDa suggesting the covalent modification of repeat Tau by Bai
calein (270 Da) (Figs. S5F, G, H) as opposed to untreated (Fig. S5E)
Thus, Bacalan could be ivolved in covalently modifying Tau protein,
thus, preventing it from aggregation.

313 Baicolan disaggregate matwre fivils of mpeat Tau

Disaggregation of repeat Tau fibriks was camried out using different
mmlduddnuﬂmmw‘mSndmﬂm
cence assay. Repeat Tau fibrils were pr bjecting the protein
to aggregation conditions for 60h. llilhlly,nfur addison of!m
there was decrease in the ThS fluorescence within 12h i al cone
centrations of Baicalein suggesting disaggregation of Tan fibrils
(Fig. 6A). H ANS fi d d initially for 12h and
increased afterwards hdm;dzhm dolbmen(hg GB) I
SDS-PAGE analysis, Baicalein showed decrease in the
population of oligomeric species  different time points (Fig. C). The
SDS-PAGE quantifiation for fibril disaggregation (Fig. 6D) shows a
gradual decrease in soluble repeat Tau in a concentration dependent

This & akso supparied by the el icrographs (Fig. 6G)
which shows fragility of Tau and ab of mature Tau filamens

the stucture was stable and the natwe of meraction i primarily.
mediated by hydrophobic interaction and later stabilized by the water-
mediated hydrogen bonds. Also, the trajectary of complex simmlation
suggests the observable conformational change of this aggregation
prone region of Tau after Baaldn binding. This conformational dy-
namicity may be due © the rdativdy flexible bond betwesn C7.C4 of
the Baicalein This observation & in agreement with the structure of
Baialain as it has two adjacent ~OH groups that might have the ability
to modify the Tau oligomers and form high malecular waight ag-
gregares, which are visible on SDS-PAGE. Similar mechanism has been
postulated for Tau aggregation inhibition with respect to other flavo.
noids having adjacent ~OH groups [69]). Hence, itcan be concetved that
Baialan belongs to the dass of v of aggregation. The
other potent inh ibitors of this class indude Oleocanthal, an aldehyde by
nature, which reacts with the epsilon amino group of lysine residues ©
form imines [70). The mechanism of other Jent inhibitors Hke
cimamaldéhyde and asperberzaldchyde [29], which are @, § un.
saturated aldéhydes, invalves nucleophilic attack by the cystane re.
sidues of Tan, In contrast, Baicalein a polyalchal flavonoid can un
dergo axidation to quinone hm. which is imvalved in electrophilic
attack [71]. The previ with aggregats of a-sy-

dein have also revealed the similar merhanism of inhi bition wherein

FECETEN

L Bt

Further, CD spectra analysis for repeat Tau samples treated with a
varying range of Baicalein concentrations shows a shift owards the -
sheet structure in all concentrations (Fig. 6E and F).

4. Discussion

Aggregation of Tau into insoluble aggregates inside the neuronal
cdk contributes to the pathogmesis of Abheme’'s di The

the aligomers of a-synuclein are prevented to undergo fibrll formation
in presence of Baicalein [34). Thus, any inhibitor, which can save the
function of targeting these nucleating spedes, can be of great ther.
apeutic importance. The effect of Baicalein must be prior to the nu
clestion & its mhibiory effet on Tau aggregation can be obsaved
early in the course of in vitro aggregation. ‘l‘bedn-u:hdmchon-
Wymhnh uppart his hypothesis, as e B

ding to tetram

ing of ds against Tau neuro fibrillary angles has ylelded
'-htydpaem molecules [60-62). Tan pathalogy undergoes a for-
mation of series of mermiteent species and the feasibility of thar for-
mation depends on both physiological cmm of free Tau and

abi lity to form aggregat ations [63). The soluble
oligomers of Tau are more ©xc $1mn the Tau fibrils [M]md hence the
Tauolig e gaining more attention as atic targess in AD

n

howed the di dnped:
haﬁtgly, theae & n appearance ddmck q)edud higher
order in the sample incubated with Baialan These findings strongly
suggest that Baicalein exhibit inhibition activity by sequestration of Tan
hbdbﬂalddﬁuﬁmmndﬁqtoﬁ&mdq
gregation. Although effective again g fibrill zation, Bak

Mw-nmmuhdwdm&m
fibrils as well as oligomers (Fig. 7). The ANS fluarescence studies
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after Haicalein addition, but are found © increase after 12.24h at
higher concentrations. This behavior of ANS finarescence can be at
tribued © e St that ;n ANS fi depends on
binding with hydrophobic residues as well as with cationic amino acids
lke arginine and lysine [72] Thus, the Baicalein stabilized oligomer
inenct through their cationic residues even though the 1l surfs

grant MLPO29526. Shweta Kishor Sonawane acknowiledges the fdlow-
ship from Department of Biotechnology (DET), india. Abhishek Ankar
Balmik admowledges the Shyama Prasad Mukherjee fdlowship (SPMF)
from Council of Scientific Industrial Research (CSIR), India. Tau con-
strucs were kindly gifted by Prof. Roland Brandt fom University of
Osnabruck, Germany and Prof. Jeff Kuret from Chio State University

hydrophobiaty & greatly reduced The diaggregation potential of
Baicalan upon treatment of Tau aggregates signifies that the interac
tion between these two invalves rearmangement of bonds and change in
binding energies. If the aligomers formed are smble enough that giey
do not farther int with other protedn species, (either soluble Tauor
other oligomers) it can lead to attenmtion of further fibrillimtion of
Tau

Alpgether, Baicalan plays a dual role of preventing Tau aggrega-
tion as wdl x dissolving the preformed aggregates and can be furfher
considered for fhe therapeutic screening.

5. Conclusions
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Tau aggregation by covalent modification. The simmlation and docking
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with Lencine 266 of the repeat Tan. These adjacent hydraxyl groups
might akao be imvolved in the covalent modification of Tan as ohsarved
by MALDLTOF analysis. Along with hydrogen bonding, the hydro.
phobic interactions were und © play a role in Tao-Baaldn binding.
In summary, Bxicalein mhibits the Tau aggregation by indudng the off.
pathway aligomer formation and preventing the filamentous aggregate
formation thus highlighting #s potential © be developed as a fature
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EGCG impedes human Tau
aggregation and interacts with Tau

Shweta Kishor Sonawane**, Hariharakrishnan Chidambaram®*, Debjyoti Boral**,
Nalini Vijay Gorantla***, Abhishek Ankur Balmik**%, Abha Dangi**,
Sureshkumar Ramasamy**, Udaya Kiran Marelli** & Subashchandrabose Chinnathambi***

.

Tau aggregation and accumulation is a key event in the pathog is of Alzheimer's
Inhibition of Tau aggregation is therefore a potential therapeutic strategy to ameliorate the disease.
Phytochemicals are being highlighted as potential aggregation inhibitors. Eplgallo:atechm 3 -gallate
(EGCG) is an active phytochemical of green tea that has sh its p Y ag:

including aggregation inhibition of repeat Tau. The potency of EGCG in altering the PHF assembly

of full-length human Tau has not been fully explored. By various biophysical and biochemical
analyses like ThS fluorescence assay, MALDI-TOF analysis and Isothermal Titration Calorimetry, we
demonstrate dual effect of EGCG on aggregation inhibition and di bly of full-length Tau and
their binding affinity. The IC50 for Tau aggregation by EGCG was found to be 64.2 uM.

Abbreviations

EGCG Epigallocatechin-3-gallate

AD Alzheimer’s discase

Ap Amyloid-p

IAPP  Islet amyloid polypeptide

ITC Isothermal titration calorimetry

TEM  Transmission electron microscopy

SEC Size exclusion chromatography

MTT  3-(4,5-Dimecthylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
ThS Thioflavin S

ANS 8-Anilino- 1-naphthalenesulfonic acid ammonium salt

The direct causal relationship between neurodegencrative disorders and protein misfolding has been debatable
over years' . The recent advances in studies of misfolded proteins to some extent have shed the light upon
the cause-cffect interdependence of proteins and di ‘. Neurodegencrative di are diverse in nature
at physiological as well as molecular level. For example, the misfolded proteins involved in Alzheimer’s dis-
casc (AD) arc amyloid-B (Ap) and Tau (Fig. 1A) whereas®; a-Synuclein is a key player in Parkinson’s discase.
AD is phenotypically characterized by gradual memory loss duc to neuronal deathf. The molecular pathology
involves abnormal acc lation of AP pl 7 in the extracellular milicu and cytoplasmic Tau tangles*”. Tau
aggregation increases load on clearance machincry of neurons, which finally collapses, and results in neuronal
death'™'". The ?hysiological function of Tau is to bind microtubules and stabilize them thus aiding in neuronal
functioning'>". Tau aggregates abnormally due to multiple factors-like mutations, aberrant post-translational
modifications, oxidative stress etc.'*'%. Abnormal phosphorylation of Tau is one of the key factors implicd in
its aggregation'”'®. The factors lcading to Tau aggregation have directed the rescarchers to design and develop
the therapeutics against Tau aggregation and AD. Several classes of compounds showing potency in inhibiting
Tau aggregation include phcnothlazmcs » ant.hraqulnoncs !, porphyrins, aminothicnopyridazines™, natu-
ral compounds (polyphenols , secondary metabolites™, curcumin®, Oleocanthal® ctc.). The phenothiazine
compounds inhibit Tau-Tau (repeat domain) binding thus preventing Tau aggregation. These compounds have

*Neurobiology Group, Division of Biochemical Sciences, CSIR-National Chemical Laboratory, Dr. Homi Bhabha
Road, Pune 411008, India. *Structural Biology Group, Division of Biochemical Sciences, CSIR-National Chemical
Laboratory, Dr. Homi Bhabha Road, Pune 411008, India. *Central NMR Fadility and Division of Organic Chemistry,
CSIR-National Chemical Laboratory, Dr. Homi Bhabha Road, Pune 411008, India. *Academy of Scientific and
Innovative Research (AcSIR), Pune 411008, India. “These authors contributed equally: Nalini Vijay Gorantla and
Abhishek Ankur Balmik *“email: s.chinnathambi@ncl.res.in
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