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1.1 Protein-misfolding and associated diseases 

Proteins acquire specific conformation in order to perform their biological functions. The process 

of protein translation from RNA is coupled with highly regulated protein folding mechanism 

assisted by molecular chaperones in order to derive the biologically active conformation [1]. The 

information for folding of protein is contained in its amino acid sequence and theoretically, a 

protein can acquire multiple possible conformations [2]. The process of protein folding occurs 

through a series of events comprising the formation of partially folded intermediate 

conformations. The energy state of a particular conformation of protein decides its lifetime in 

physiological condition. The phenomenon of protein folding and misfolding amidst its various 

intermediate states has been elucidated by funneled energy landscape theory of protein folding 

[3]. Proteins tend to attain the conformation with a lower energy state, which reached by 

formation of a large number of intermediates. Thus, there could be large number of pathways 

through which protein attain its final native conformation [4]. There is limited stability of 

proteins under physiological conditions without attaining proper conformation. Although, well 

regulated by molecular forces and chaperones assistance, protein folding mechanism is quite 

error prone [4]. The partially folded intermediates may undergo aberrant folding pathway such 

that proteins self-associates to form aggregates, which are thermodynamically stable [5]. The 

regulated rate of protein synthesis, folding and degradation tends to maintain proteostasis in 

physiological conditions. However, the decline in proteostasis system under certain conditions-

like aging and oxidative stress may lead to loss of native conformation resulting in aberrant 

protein folding and protein aggregation. 

      
 

Fig. 1.1. Protein misfolding diseases and afflicted proteins. Protein misfolding may lead to structural aberrations, 

which could result in pathological conditions. The diseases-associated with protein misfolding are distinguished into 

gain of function or loss of function diseases. The protein may be rendered dysfunctional due to mutations-like in 

cystic fibrosis. Most of the neurodegenerative diseases are associated with gain of function due to protein misfolding 

leading to the formation of ordered insoluble protein aggregates which are toxic to cells. For example, Alzheimer’s 

disease is marked by the defective gain of function of three proteins- amyloid precursor protein (APP), microtubule-

associated protein Tau and Presenilin. Amyloid–β peptides form extracellular aggregates in the form of amyloid–β 

plaques after γ-secretase-mediated cleavage of APP while Tau self-associates under pathological conditions to form 

intracellular aggregates comprising neurofibrillary tangles (NFTs). Presenilin undergoes point mutations and 

promotes the γ-secretase-mediated cleavage of APP. Other major diseases associated with protein misfolding 

include Parkinson’s, Huntington, Creuztfeldt Jakob disease (CJD) and amyotropic lateral sclerosis (ALS). 

The formation and accumulation of off-pathway protein aggregates is associated with a variety 

of protein misfolding diseases. There are a large number of protein misfolding diseases affecting 
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SOD
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different cell types and involving different causative proteins (Fig.1.1). Protein aggregation is 

apparent in neurodegenerative diseases like Alzheimer’s disease (AD), Progressive supranuclear 

palsy (PSP), Corticobasal degeneration (CBD), Amyotropic lateral sclerosis (ALS), Parkinson’s 

disease (PD) and Huntington disease (HD) [6]. The failure of proteostasis results in the 

deposition of protein aggregates in neuronal cells. The protein aggregates are toxic in nature and 

hinders the normal physiological functions causing neuronal loss. Neurodegenerative diseases 

involve the misfolding and aggregation of different proteins specific to the disease. However, the 

mode of protein aggregation in all neurodegenerative diseases follows similar mechanism in 

terms of their kinetics. For example, Alzheimer’s disease involves the aggregation and 

accumulation of microtubule-associated protein Tau and amyloid-β peptide obtained after the 

proteolytic cleavage of amyloid precursor protein (APP) originating in the hippocampal neurons 

[7]. Parkinson’s disease is associated with aggregation of a membrane bound protein α-synuclein 

as structures called Lewy’s bodies in dopaminergic neurons of substantia nigra [8]. It is notable 

that there are occurrences of cross-reaction in these diseases. For example, Tau is also found to 

be present in Lewy’s bodies along with α-synuclein in case of PD [9]. The process of 

aggregation takes place in a multi-step manner. The aberrant proteins self-associate to form β-

sheet rich species, which includes oligomers with 2-10 protein monomer units and large fibrillar 

aggregates made up from the ordered arrangement of large number of monomers (Fig.1.2). There 

are various intermediate species composed of few to several hundred monomeric protein units 

called protofibrils [10]. Earlier, the mature fibrillar aggregates were considered to be the most 

toxic species and major cause of neurodegeneration. But, later studies suggested evidences, 

which indicate that oligomers are more hazardous and responsible for neurotoxicity [11]. 

 

Fig. 1.2. Physiological and pathological aspects of MAPT. Tau associates with microtubules in neuronal cells and 

promotes their stabilization. The four repeat regions along with PP1 form the microtubule-binding region of Tau 

whereas the N-terminal directs outward and is known as projection domain. Under pathological conditions, Tau 

loses its ability to bind microtubules and instead associates with each other through same repeat region to form Tau 

Physiological function Pathological cascade
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aggregates. Two hexa-peptide motifs, namely PHF* (VQIVYK) and PHF (VQIINK) forms β-sheet structure and 

facilitates self-association. The pathological cascade of Tau aggregation involves formation of several intermediate 

species. Initially, soluble oligomers are formed which can be reverted back to its constituent free Tau species. Later 

stages of aggregation are marked with the formation of insoluble oligomeric species, which are considered highly 

toxic and ultimately lead to the formation of paired helical filaments (PHFs) and neurofibrillary tangles (NFTs). 

1.2 Tau and Amyloid cascades in AD 

Tau is a microtubule-associated protein in neuronal cells, which functions in binding and 

stabilizing microtubule structures [12, 13]. The role of Tau is crucial especially in the axonal 

region where microtubule stabilization is important for transport of cargo towards synapses i.e. 

retrograde transport [14]. Structurally, Tau is a natively unfolded protein and stays in highly 

soluble state in neurons. It does not possess a defined conformation but can acquire transient 

local conformations when associated with other interacting partners. In human, Tau is encoded 

by chromosome 17q21 and expressed as six isoforms generated by the alternative splicing of 

exons 2, 3 and 10 [12]. The most prominent isoform of Tau called hTau40 (441 aa) comprise of 

two N-terminal inserts and four imperfect repeats in the C-terminal. The four repeat regions are 

flanked by proline-rich region designated as PP1 and PP2 on the N-terminal and a region often 

addressed as pseudo-repeat region (R`) [15]. The alternative splicing gives rise to isoforms 

consisting of 0, 1 or 2 inserts in combination of 3 or 4 repeat domains. Apart from six major 

isoforms of Tau, there is one isoform present in peripheral nervous system (PNS) made up of 

two inserts and four repeats along with 242 amino acids derived from exon 4a [12]. Functionally, 

hTau40 is composed of two domains- the C-terminal region of Tau which interacts with 

microtubules named as assembly domain and the N-terminal region that projects away from the 

microtubules has been termed as projection domain [12]. The assembly domain of Tau mainly 

consists of four repeat regions and part of poly-proline domain. 

1.3 Alzheimer`s disease and related Tauopathies 

Alzheimer`s disease is a neurodegenerative ailment arising due to the accumulation of two kinds 

of toxic species- neurofibrillary tangles (NFTs) in the neuronal cells and amyloid-β plaques in 

the extracellular regions. Both Tau and amyloid-β aggregates are implicated in other 

neurodegenerative conditions [16]. Tau aggregates are known to be found in Pick’s disease, 

Fronto-temporal dementia with Parkinsonism-linked to chr17 (FTDP-17), Guam Parkinson 

dementia complex etc [17]. The disorders involving the neurotoxicity resulting from the 

aggregation of Tau are collectively termed as Tauopathies. Similarly, apart from AD, amyloid-β 

has also been associated with hereditary cerebral hemorrhage with amyloidosis [17, 18]. 

However, both these aggregates are most prevalent in case of Alzheimer’s disease. The events, 

which direct these proteins to take up pathological form ranges from genetic predisposition to 

environmental risk factors. The exact etiology of AD is not clearly understood till date but its 

risk factors have been assessed. Amyloid-β plaques are formed by the self-aggregation of 42 

amino acid residue peptide fragment denoted Aβ42. Aβ42 is derived from the cleavage of β-

amyloid precursor protein (βAPP or APP) by the enzymes β-secretase and γ-secretase. Cleavage 

of βAPP by α-secretase generates non-amyloidogenic peptides and is considered a pre-dominant 

mechanism involved in cell signaling. However, certain mutations within or near the cleavage 

site in βAPP increases the specificity of β-secretase and γ-secretase resulting in higher 

production of Aβ42 peptides. Aβ42 peptides released in extracellular region are highly 

amyloidogenic in nature and can self-associate to form Amyloid-β plaques [19, 20].  
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1.4 Tau structure and function 

Conversion of highly soluble Tau protein into insoluble aggregates structure is an intriguing 

process. It is noteworthy that there are regions in Tau protein, which have a high propensity to 

acquire β-structure which lead to the formation of cross β-sheets and ultimately Tau aggregates 

[21]. The repeat region of Tau is important in this aspect as it forms the basis of its physiological 

function as well as pathological tendency [21]. There are short hexapeptides motifs- VQIINK 

and VQIVYK at the beginning of second and third repeats respectively, which have a high 

tendency to form β-structure. In the process of aggregates formation, these hexapeptides are the 

regions involved in self-association and forms the core of the fibrillar aggregates [22]. Another 

factor responsible for driving Tau protein towards aggregation pathway is its charge 

compensation. The natively unfolded and soluble form of Tau protein is maintained by the 

unique charge distribution in Tau [23]. Anionic factors such as DNA and heparin have been 

studied in vitro to disturb this charge distribution and initiate the nucleation of Tau proteins to 

form dimers, oligomers and ultimately aggregates [24]. The determining factor for Tau 

aggregation in vivo is not clearly understood and is probably implicated by myriad of factors 

instead of a single specific event. Tau hyperphosphorylation is one of the pathological hallmarks 

in AD, but the underlying mechanism of triggering the events leading to this effect is not clearly 

understood. Tau is essentially a phospho-protein and requires minimal phosphorylation at 

specific sites for its function in microtubule stabilization [25]. Several kinases-like cyclin-

dependent kinase 5 (CDK5), Glycogen synthase kinase-3β (GSK-3β), Microtubule affinity 

regulating kinase (MARK) etc. are known to phosphorylate Tau at various sites [26]. Most of 

these are proline directed kinase having Src homology 3 (SH3) domain and employs poly-proline 

region to act on sites in repeat region [26]. In AD, there is an imbalance between the kinase and 

its counter-acting phosphatase levels and activity [27]. Thus, one of the therapeutic strategies 

involves the inhibition or suppression of kinase hyperactivity in order to control the 

phosphorylation state of Tau. 

1.5 Tau aggregation induced by poly-anionic agents and underlying mechanism 

Tau exists in a highly soluble form under physiological conditions [12]. The conversion of 

soluble Tau into pathogenic aggregating form is a multi-factorial event involving re-inclination 

of various molecular forces. Due to the flexible and highly dynamic nature of Tau molecule, the 

crystallographic study on Tau has not been able to provide any structural information. However, 

the crystal structure of aggregated form of Tau has been deduced, which revealed the presence of 

cross-β structure in the repeat region [28]. In vitro studies on the aggregation propensity of Tau 

has been carried out by using poly-anionic agents such as heparin, heparin sulphate, arachidonic 

acid and RNA as inducer of aggregation. The poly-anionic inducers affect the stability of 

intrinsically disordered form of Tau and promote secondary structure formation [24]. Previous 

studies have revealed that the inducer can bind to Tau in the regions both upstream and 

downstream of microtubule-binding region as well as in the 2
nd

 and 3
rd

 repeat domains. These 

inducers interacts with the positively charged amino acid residues, which reduces the overall net 

charge on Tau and neutralizes the repulsive forces responsible for keeping Tau in natively 

unfolded form.  Apart from this, there is some inherent propensity for β-sheet formation present 

in the small stretch of repeat regions R2, R3 and R4, notably which involves PHF6 and PHF6* 

regions [22]. Poly-anionic agents can bind to these regions promoting and stabilizing β-sheet 

conformation. 
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1.6 Post-translational modifications and interacting partners of Tau 

Another factor that decides the fate of Tau in neurons is the set of post-translational 

modifications (PTMs). Tau undergoes a large number of PTMs owing to its natively unfolded 

state which ensures availability of sites for modification (Fig.1.3). PTMs determine the structure  

 

Fig. 1.3. Post-translational modifications of Tau. Tau protein can be subjected to many post-translational 

modifications owing to its unfolded structure. Tau undergoes post-translational modifications-like phosphorylation, 

acetylation, methylation, etc. which determines its functional state in neurons. Tau is basically a phospho-protein 

and requires basal level of phosphorylation at specific sites to perform its function. However, in pathological state, 

phosphorylation signature of Tau differs from that in normal condition. Other post-translational modifications-like 

acetylation, methylation, ubiquitination and sumoylation also reflects the functional state of Tau as these 

modifications may compete for a specific lysine residue in Tau with each modification having different effect. For 

example, ubiquitination marks the protein to direct toward its degradation while other modifications at the same 

lysine residue may increase its stability. Most of the modifications of Tau are enzyme-mediated and specific in 

nature while Glycation of Tau occurs non-enzymatically depending on the physiological conditions in neurons. 

and function of Tau by regulating the local conformations as well as charge distribution in Tau 

protein [29]. It is notable that there is a diverse array of interacting proteins which interacts with 

various domains or regions of Tau to modulate its structure and function (Fig. 1.4). There can be 

as many as 85 possible phosphorylation sites in Tau constituting of 45 serine, 35 threonine and 5 

50

MAEPRQEFEV  MEDHAGTYGL  GDRKDQGGYT  MHQDQEGDTD  AGLKESPLQT 

100

PTEDGSEEPG  SETSDAKSTP  TAEDVTAPLV   DEGAPGKQAA   AQPHTEIPEG 

150

TTAEEAGIGD  TPSLEDEAAG  HVTQARMVSK  SKDGTGSDDK KAKGADGKTK 

200

IATPRGAAPP  GQKGQANATR  IPAKTPPAPK TPPSSGEPPK  SGDRSGYSSP 

250

GSPGTPGSRS  RTPSLPTPPT  REPKKVAVVR TPPKSPSSAK  SRLQTAPVPM 

300

PDLKNVKSKI  GSTENLKHQP  GGGKVQIINK  KLDLSNVQSK  CGSKDNIKHV 

350

PGGGSVQIVY  KPVDLSKVTS  KCGSLGNIHH  KPGGGQVEVK  SEKLDFKDRV 

400

QSKIGSLDNI THVPGGGNKK  IETHKLTFRE  NAKAKTDHGA EIVYKSPVVS 

441 

GDTSPRHLSN  VSSTGSIDMV  DSPQLATLAD  EVSASLAKQG  L 

Phosphorylation (in normal brain)

Acetylation Methylation Ubiquitination GlycationSumoylation

Phosphorylation (in AD brain) Phosphorylation (in normal and AD brain)



Introduction 

7 

 

tyrosine residues [30]. Tau phosphorylation serves as the mode of regulation for Tau function. 

However, increase in the level of Tau phosphorylation hampers its MT binding and  

 

Fig. 1.4. Tau and its interacting proteins. Full-length human Tau consists of two N-terminal inserts (N1 and N2) 

and four C-terminal domains comprising of imperfect repeat of ~30 amino acids each (R1, R2, R3 and R4). The four 

repeat regions are flanked on N-terminal by poly-proline domains- PP1 and PP2 while on the C-terminal by pseudo-

repeat region - R`. Tau is a natively unfolded protein, which can interact with a wide array of proteins that 

modulates its function through modifications such as phosphorylation, acetylation etc. or modifying its local 

conformation through transient interactions. The figure shows the major proteins that interact with different regions 

of Tau protein. 

result in its detachment from MT. Mapping of PTMs in Tau protein obtained from AD patient’s 

brain has revealed phosphorylation sites, which are not present in normal conditions. Some of the 

major pathological sites include AT8 (pS202/pT205), AT100 (pT212/pS214), AT 180 

(pT231/pS235) and PHF1 (pS396/pS404) [31]. Most of these sites lie within the repeat region of 

Tau and are likely to induce Tau aggregation by disturbing the charge distribution and altering 

intramolecular interactions. Different families of kinases carry out phosphorylation of Tau. 

These include proline-directed protein kinases-like GSK-3β, CDK5 and MAP kinases (mitogen-

activated protein kinases); non-proline directed protein kinases-like CK (casein kinase), MARKs 

(microtubule-affinity regulating kinases), PKA (protein kinase A) and tyrosine specific kinases-

like SFKs (Src family kinases) [25]. The level and activity of these kinases are elevated in case 

of AD and most of these are found to be co-localized with NFTs. Tau hyperphosphorylation 

occurs when there is a net increase in the phosphorylation i.e. there is an imbalance between 

phosphorylation and dephosphorylation. This condition arises generally due to increase in kinase 

activity along with inhibition of protein phosphatases. PP-2A (Protein phosphatase-2A) is the 

major phosphatase of the cell with nearly 70% of overall cellular phosphatase activity [32, 33]. 

PP-2A is regulated by two modes - methylation and action of endogenous cellular inhibitors 

called I1 and I2. PP-2A activity may get reduced up to 50% in AD due to hypomethylation or 

increase in the levels of its inhibitors [34]. 

The lysine residues in Tau are subjected to various modifications-like glycation, ubiquitination, 

SUMOylation, methylation and acetylation [35]. Some of the sites for these modifications may 
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coincide and it depends on the cellular conditions and functional requirements as which 

modification would be preferred. Glycation is a PTM of Tau associated with the pathological 

condition. Glycation is a non-enzymatic addition of sugar moieties like glucose or fructose to the 

lysine residues on a protein. Once a protein is glycated it becomes less assessable to be degraded 

by the proteasomal machinery and therefore, leads to its accumulation [36]. The accumulated 

glycated species are toxic in nature as they eventually form advanced glycation end products 

(AGEs) and triggers the formation of free radicals [36, 37]. There are twelve lysine residues 

known to get glycated in Tau out of which seven lies in the microtubule-binding region [38, 39]. 

Glycated Tau is found to be present in NFTs and hinders Tau degradation and clearance [37]. 

Ubiquitination is the enzymatic addition of a single or more molecules of ubiquitin to the lysine 

residue of another protein to be targeted for proteasomal degradation [35]. Addition of ubiquitin 

involves isopeptide bond formation between the ε-amino group of lysine in the target protein and 

C-terminal carboxyl group of ubiquitin [35]. Tau ubiquitination occurs mostly in the C-terminal 

region directing Tau for its degradation. Some of the sites present in the microtubule-binding 

region e.g. K254, K311 and K353 [40]. Ubiquitination requires a series of family of enzymes 

namely; E1 (for activation), E2 (for conjugation) and E3 (for ligation) [41]. CHIP (C-terminus of 

the Hsc70-interacting protein) is the major E3 ligase known to ubiquitinate Tau and mediating its 

degradation [42]. SUMOylation is another modification involving addition of a small protein 

called small ubiquitin-like modifier (SUMO) to the lysine in the target protein. SUMOylation 

also involves a cascade of reaction similar to ubiquitination. Out of three SUMO proteins – 

SUMO1, SUMO2 and SUMO3, Tau is mostly modified by SUMO1 [43]. The exact function of 

Tau SUMOylation is not clear but it has been associated with pathological condition as it has a 

direct relationship with hyperphosphorylation of Tau [44]. Tau SUMOylation is known to 

enhance phosphorylation at AD associated sites-like T231 and S262. Conversely, Tau 

hyperphosphorylation promotes SUMOylation at K340 inhibiting ubiquitination at this site and 

thus hindering Tau degradation [45]. 

Methylation occurs at either lysine or arginine residues of protein and is known to be associated 

with AD. Methylation is carried out by lysine methyl transferases with S-adenosyl methionine as 

methyl group donor while its removal is carried out by lysine demethylases [46]. Tau 

methylation is found in both physiological and pathological conditions. In aggregated Tau, 

methylation occurs in poly-proline region along with repeats R1 and R2 [47]. There are seven 

methylation sites in aggregated Tau, which includes K180, K254, K267 and to a lesser extent, 

K290. In contrast there are eleven methylation sites in normal Tau, which may be mono-

methylated or di-methylated. R126, R155 and R349 are the major methylated sites in normal Tau 

[48]. Tau methylation possibly affects the stability of Tau by enhancing intermolecular 

interaction while weakening Tau association with MT. Methylation has cross-talks with other 

modifications like phosphorylation, acetylation and ubiquitination. Methylation at K254 

competes with ubiquitination at the same site and hampers Tau degradation. Similarly, 

pathological phosphorylation at S262 gets enhanced when the site K267 is methylated [47]. 

There are common methylation and acetylation sites like K163, K174 and K180 but the effect of 

one preferential modification over other is not yet clear [47]. Acetylation is a PTM at lysine 

residue mediated by acetyltransferases and play an important regulatory role for many proteins. 

Tau can be acetylated by two acetyltransferases - p300 or CBP acetyltransferase [49]. Apart from 

enzymatic acetylation, Tau can also undergo auto-acetylation by a cysteine-catalyzed mechanism 

via C291 and C322 [50]. There are many acetylation sites in the poly-proline region and repeat 
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region of Tau, which primarily inhibit binding of Tau to MTs. K174, K274, K280 and K281 are 

important acetylation sites as they co-localizes with hyperphosphorylated Tau in PHFs [49]. 

Studies on pseudo-acetylated (K280Q) Tau shows that it enhances phosphorylation at S262 and 

T212/S214 which are considered as pathological phosphorylation sites of Tau [51]. However, 

acetylation at KXGS motifs in repeat region has a protective role as it diminishes Tau 

hyperphosphorylation and these sites are found to be hypo-acetylated in AD [52]. The levels of 

enzymes associated with removal of acetyl group i.e. deacetylases, are reduced in AD. SIRT1 is 

a cytoplasmic deacetylase of class IV whose level goes down as disease progresses. Histone 

deacetylase 6 (HDAC6) is another potential deacetylase present in cytoplasm, which is known to 

be associated with Tau, and has a protective role by mediating aggregates clearance [53, 54]. 

1.7 Proteolytic and non-proteolytic degradation of Tau 

Apart from the various PTMs, which determine the functional state of Tau protein, proteolytic 

and non-proteolytic cleavage of Tau is another factor determining its physiological role in 

neurons (Fig.1.5A and B).  There are cleavage sites in the repeat domain of Tau, which tend to 

generate Tau fragments of amyloidogenic nature. Cleavage at N-terminus after Lys257 generates 

fragment named as F1, at C-terminus after Val363 generates fragment named as F2 and at C-

terminus after Ile360 generates fragment named as F3 [55]. It is notable that the F2 and F3 

fragments are generated only after initial proteolytic cleavage at Lys257 by a thrombin-like 

protease to give F1 fragment. Both F2 and F3 fragments are more reactive compared to F1 in 

terms of amyloidogenicity [55]. Tau can be a substrate to many endogenous proteases-like 

caspases and calpain, which are believed to play an important role in Tauopathies. Caspases 1, 3, 

6, 7 and 8 can cleave Tau at Asp421 to generate a fragment 5 KDa smaller than Tau [56]. The 

removal of this C-terminal part of Tau makes it susceptible to aggregation indicating its 

protective role against Tau aggregation. Tau truncated at Asp25 (caspase 3-mediated), at Asp402 

(caspase 6-mediated) and at Asp421are found in the AD brain [57]. Apart from caspases, Ca
2+ 

dependent enzyme calpain is also known to be involved in Tau cleavage. There are nine putative 

calpain-mediated cleavage sites in Tau (M11, K44, R230, K254, K257, K267, Y310, K340 and 

Y394) and studies show that the level of calpain activity is inversely proportional to the 

phosphorylation state of Tau [58]. Calpain is regulated by an endogenous inhibitor calpastatin 

whose levels get reduced in AD [59]. Tau cleavage by calpain generates a 17 KDa fragment, 

which is toxic to neurons and induces apoptosis [55]. Previous studies have shown that Amyloid-

β treatment of neurons can cause Tau fragmentation mediated by caspases and calpain possibly 

by triggering the process of apoptosis [56]. Cathepsins are lysosomal enzymes, which may be 

released in the cytoplasm under pathological conditions. Cathepsin L is an important enzyme in 

terms of its role in generating the two amyloidogenic fragment F2 and F3 [55]. There are other 

enzymes viz. trypsin, chymotrypsin and thrombin which have been studied for Tau cleavage in 

vitro [60]. Non-enzymatic cleavage of Tau also occurs which shows that Tau possibly has auto-

proteolytic activity. Under prolonged incubation conditions, Tau can undergo degradation 

showing cleavage at the C-terminus of asparagine residues followed by bulky hydrophobic 

residues viz. Val, Leu and Ile. Tau also has an intrinsic auto-acetylation activity, which has 

shown to induce auto-proteolysis of Tau possibly through a cysteine-mediated mechanism [50, 

61]. 
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Fig. 1.5. A) Enzyme-mediated cleavage of Tau. Tau can be subjected to enzymatic cleavage under various 

conditions generating Tau fragments and smaller peptides having diverse role in Tauopathies. Proteolytic enzymes 

like calpain and caspases targets Tau cleavage at specific sites to generate peptides varying in length from 17-24 

KDa. Similarly, Tau cleavage at K257 by a thrombin-like protease generates Tau fragment F1, followed by cleavage 

by Cathepsin L at V363 or I360 to generate F2 and F3 fragments respectively. These fragments are found to be 

amyloidogenic in nature and known to be present in neurofibrillary tangles. B) Tau auto-proteolysis. Apart from 

proteolytic enzymes-mediated cleavage of Tau, there are evidences for auto-proteolytic degradation of Tau. The 

mechanism of Tau auto-proteolysis may involve cysteine-mediated catalysis at asparaginyl residues located in the 

repeat region of Tau or can be coupled to Tau modification such as acetylation. However, the conditions in which 

Tau auto-proteolysis is initiated and the underlying mechanism need to be further elucidated. 

Human high-temperature serine protease A1 (HTRA1) is an ATP-independent serine protease of 

HtrA family involved in protein quality control. HTRA1 is known to act on Tau fibrils in 

Tauopathy conditions [62]. HTRA1 acts on Tau within the repeat region between residues A239 

and V399 as they have multiple HTRA1 cleavage sites in between. Tau cleavage by HTRA1 

generates fragments having 8 to 22 amino acid residues. The mechanism of action for Tau 

cleavage by HTRA1 involves initial destabilization of Tau fibrillar structure to expose cleavage 

sites followed by Tau degradation [62]. The protective role of HTRA1 in Tauopathies can also 

be attributed to its action on apolipoprotein E, which is considered as a genetic risk factor in AD 

[63]. ApoE cleavage occurs in an allele-dependent manner, where ApoE4 is preferably cleaved 

than ApoE3 since it interferes with Tau degradation and clearance in Tauopathies [63]. 
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1.8 Major protein aggregates clearance pathways in cell 

In AD, the neurotoxicity arises due to the formation of insoluble aggregate species. Under 

normal conditions, the protein aggregates formed in the cell are reverted back to its native 

functional state or cleared from the cell by various mechanisms (Fig.1.6). The proteins upon 

misfolding are either refolded by chaperones or targeted for degradation via ubiquitin 

proteasomal system (UPS) and these poly-ubiquitinated protein aggregates are degraded and 

recycled in proteasome [64]. Aggregation and subsequent accumulation of Tau protein 

aggregates are primarily tackled by chaperones and ubiquitin proteasomal system [65]. 

 

Fig. 1.6. Protein aggregates clearance mechanism in cell. Protein misfolding leads to deregulation of protein 

homeostasis and accumulation of toxic protein aggregate species (oligomers and fibrillar aggregates) in cells. 

Presence of misfolded proteins in the cells triggers the molecular chaperones-like HSP90 and HSF1, which 

facilitates the refolding of protein into right conformation. The proteins, which are not effectively refolded by 

chaperones, are directed towards degradation via UPS by addition of poly-ubiquitination tags. Both chaperone 

system and UPS are regulated by HDAC6, which is considered as switch between the two pathways. As the 

aggregate burden increase in the cell, the rate of degradation by UPS falls short to effectively clear out toxic 

aggregates. In order to cope up with the increased aggregate burden upon failure of chaperone-mediated refolding 

and UPS, cells employs aggresome pathway. Aggresomes are aggregates rich structures located in the nuclear 

periphery which are degraded by cell-mediated autophagy. HDAC6 plays an important role in aggresome pathway 

as it associates with ubiquitin in poly-ubiquitinated aggregates through its ZnF UBP domain. HDAC6 interacts with 

dynein motor protein and recruits it to carry and sequester poly-ubiquitinated aggregates in the form of aggresomes. 

Upon failure of UPS, the aggregates are directed towards the formation of aggresomes, which 

serves as the cytoprotective response upon the failure of UPS [66]. HDAC6 is a class II histone 

deacetylase mainly present in the cytoplasm involved in the regulation of various cellular 

functions. It consists of two catalytic deacetylase domains and a unique ZnF UBP (Zinc finger 
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ubiquitin binding protein) domain, which sets it apart from other HDACs [67, 68]. Aggregation 

and subsequent accumulation of Tau protein is primarily tackled by chaperones and ubiquitin 

proteasomal system. In case of disruption of UPS, the aggregates are directed towards the 

formation of aggresomes, which serves as the cytoprotective response upon the failure of UPS. 

One of the major functions of HDAC6 is that it is primarily involved in recruiting the 

polyubiquitinated protein aggregates to Dynein/Dynactin complex to carry and sequester them to 

MTOC in the perinuclear region for aggresome formation [69, 70], The function of HDAC6 in 

both UPS and autophagy indicate its role as a possible link between the two mechanisms [71]. 

The impairment of UPS function acts as a cue for the activation of a compensatory mechanism 

for the clearance of protein aggregates [69].  

1.9 Altered neuronal functions in Alzheimer`s disease 

Alzheimer disease is associated with physiological changes, which interfere with the normal 

functions of neurons (Fig. 1.7 and 1.8). As the disease progresses, the protein aggregate 

inclusions accumulates which cause defects in the transport mechanisms and signalling cascades 

leading to aberrant cellular functions. One of the deleterious effects of aggregate toxicity is the 

 

Fig. 1.7. Neuronal dysfunctions and other pathological aspects of Alzheimer’s disease.  The accumulation of 

Tau and Amyloid-β aggregates modulates the neuronal environment and triggers processes deleterious to the cells. 

Neurotoxicity caused by aggregates results in oxidative stress due to production of reactive oxygen species (ROS) 

and reactive nitrogen species (RNS). ROS and RNS production may result in cell membrane damage and 

mitochondrial defects. Demyelination or myelin sheath disintegration is one of the outcomes of aggregates induced 

toxicity. The aggregates present in the extracellular matrices either formed extracellularly or released from neurons 

stimulate resting microglia to get activated and take amoeboid form in order to migrate and engulf the aggregates. 

The neuronal network in the brain start collapsing as there is subsequent loss of synapses between neurons leading 

to their degeneration. 

generation of oxidative stress which further damages the neurons [72]. There is a cross-talk 

between Tau and Amyloid-β aggregates with mitochondrial function where aggregates interfere 

with mitochondrial fission [73]. Conversely, the conditions which give rise to oxidative stress 

result in the generation of reactive oxygen species (ROS) and reactive nitrogen species (RNS) 

[74]. ROS and RNS further damage the cells and are known to mediate abnormal 

hyperphosphorylation of Tau [75]. Myelin disintegration is another factor, which develops as 

there is oxidative damage to cells.  Axonal damage associated with myelin sheath depletion and 

monocarboxylic acid transporter 1 (MCT1) has been observed in APP/PS1 mice models [76].  
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Fig. 1.8. Cytoskeletal organization in physiological and pathological conditions. One major pathological effect 

apparent in AD involves deregulation of cytoskeletal elements viz. actin fibers and microtubules (MTs). 

Microtubule network is required for the maintenance of cargo transport from cell body to the axonal region i.e. 

anterograde transport. Under pathological condition of AD, as Tau detaches from microtubules, there is rapid 

depolymerization and destabilization of MT network affecting axonal transport. Similarly, polymerization of 

globular actin (G-actin) monomers into fibrous actin (F-actin) is required to form filopodia and lamellipodia 

structures and synapse formation. Disintegration of F-actin into G-actin monomers takes place in AD due to energy 

deficient and increasingly oxidative environment in pre-synaptic neurons leading to synaptic loss and 

neurodegeneration. 

Microglia is the resident phagocytic cells of CNS, which functions in maintenance of 

neurological synapses by engulfment of cellular debris by phagocytosis. Formation of protein 

aggregates triggers the activation of microglia resulting in the production of pro-inflammatory 

cytokines causing an inflammatory response [77]. Another pathological impact that arises in AD 

is the loss of synapses leading ultimately to cognitive decline. Loss of Tau function associated 

with AD leads to defective axonal transport due to dysregulation of microtubule assembly. The 

loss of anterograde transport to synaptic terminals leads to their degeneration resulting in 

neuronal loss [78]. Further, the synaptic vesicles and release of neurotransmitters is affected in 

AD [79]. This function depends on the actin organization and dynamics for the intricate packing 

and release of signal molecules in the synaptic cleft [80]. Disintegration of F-actin has been 

observed in AD leading to hindrance in the synaptic functions [81]. 

1.10 Histone deacetylases – Origin and Classification 

Apart from the role of HDAC6 in aggregate clearance and protein homeostasis, there are several 

other histone deacetylases, which are implicated in neuronal functions [82]. Histone deacetylases 

(HDACs) are the enzymes responsible for removal of acetyl groups in lysine residues of a large 

number of proteins [67]. HDACs were first discovered with respect to their role of histone 

deacetylation in order to regulate the epigenetic mechanism in cells along with enzymes 

responsible for acetylation i.e. histone acetyl transferases (HATs). In humans, there are 18 

HDACs classified into four classes based on their sequence homology with yeast transcriptional 

repressors and named as per the chronological sequence of their discovery (Fig.1.9) [68].  
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Figure 1.9. Classification of Histone Deacetylases. Histones deacetylases (HDACs) are the class of enzymes well 

studied for its role in transcriptional modulation and epigenetic regulation by carrying out deacetylation on histone 

protein. However, there are many non-histone substrates of HDACs present in cells and their activity is regulated by 

deacetylation. HDACs consist of family of 18 proteins, which are grouped on the basis of their homology with yeast 

histone deacetylases. Functionally, they are classified on the basis of their enzymatic mechanism as Zn
2+

-dependent 

and NAD-dependent HDACs. Most HDACs are present in both nucleus and cytosol, some of which can shuttle 

between the two compartments while others are exclusively found in nucleus. In cytosol, HDACs perform a wide 

variety of functions-like cytoskeletal regulation, growth and development etc. by either functioning alone or as a 

part of multi-protein complexes. HDAC6 is majorly a cytosolic HDAC distinct from other HDACs by possessing 

two functional catalytic domains and a C-terminal ZnF UBP domain. HDAC6 is involved in the regulation of 

cytoskeletal dynamics by acting on α-tubulin and cortactin, transcriptional regulation, and chaperone function. The 

ZnF UBP domain of HDAC6 is involved in protein homeostasis by mediating the formation of aggresomes in order 

to degrade the protein aggregates by autophagy. 

The HDACs of class I are similar to yRPD3, class II are similar to yHDA1 and class III are 

similar to ySIR2. Only HDAC11 is included in class IV and shares its properties with class I and 

class II HDACs [67]. On the basis of mechanism of action, HDACs are classified as Zn
2+

-

dependent and NAD-dependent. Further on the basis of domain organization, class II HDACs are 

further subdivided into class IIa and IIb. The members of class IIa consist of a highly conserved 

C-terminal catalytic domain and an N-terminal domain dissimilar to other classes of histone 

deacetylases [83]. Under class IIb, there are two HDACs – HDAC6 and HDAC10. Class IIb 

HDACs have a duplicated catalytic domain. However, the second deacetylase domain is partial 

and inactive in case of HDAC10. HDAC6, on the other hand, stands apart from all other HDACs 

by having two functional catalytic domains and a C-terminal binder of ubiquitin zinc finger 

(BUZ) or zinc finger ubiquitin binding protein (ZnF UBP) domain [84]. 

1.11 Role of HDACs in neurodegenerative diseases 

Neurodegenerative diseases-like AD, PD and HD originates due to various closely related factors 

and usually involves interplay of a myriad of cellular processes involving many proteins 

performing various functions. Likewise, HDACs have been widely studied for their role in 

neuronal health and in various neurodegenerative diseases. There are various non-histones 
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substrates of HDACs, which are regulated by acetylation/deacetylation that includes receptors, 

enzymes, ion channels etc [85]. The function of HDACs has been mainly implicated through 

direct interaction-like in gene transcription or through its deacetylase activity. It is notable that 

most of the members of class IIa HDACs have minimal deacetylase activity and usually 

associates with other HDACs to perform their function. HDACs may show neurotoxic or 

neuroprotective effect depending upon their localization, interacting partners and cell specificity. 

For example, HDAC1 is a nuclear HDAC which get transported to cytoplasm under pathological 

condition and cause synaptic dysfunction, impaired axonal transport and mitochondrial 

dysfunction in neurons [86, 87]. However, when present in nucleus, it associates with histone 

deacetylase related proteins (HDRP) to impart neuroprotective effect [88]. It is also known to 

interact with a class III HDAC called Sirtuin1to protect genomic stability [89]. HDAC2 is 

closely related to HDAC1 and HDAC3 in terms of its function and has been studied for its role 

in Niemann-Pick type C disease which is a lipid storage disease associated with abnormal 

cholesterol deposition [90]. Overexpression of HDAC2 is also associated with impairment of 

synaptic plasticity and cognitive function by acting as a transcriptional repressor for genes 

involved in synaptic and cognitive function [91]. HDAC3 is the most expressed class I HDAC 

known for its role in the embryonic development [92]. It is present in all cell types including 

neurons, astrocytes and oligodendrocytes [93]. Over-expression of HDAC3 has shown to induce 

neurotoxicity by a mechanism-associated with GSK-3β-mediated phosphorylation [94]. HDAC4 

is a cytoplasmic HDAC but can shuttle to nucleus via Ca2+/Calmodulin-dependent kinase-

mediated signaling [95]. It is shown to have both neurotoxic as well as neuroprotective function 

depending on its cellular location. HDAC4 plays an important role in cell survival and protection 

against apoptosis. The protective mechanism of HDAC4 is independent of its catalytic activity as 

its inhibition does not affect the neuroprotection [96]. It is found to promote the survival of 

retinal neurons by interacting with hypoxia-inducible factor 1α (HIF1α) [97]. In HD, it is shown 

to exhibit protective function against poly-glutamine aggregates by positively modulating the 

function of a subclass of heat shock proteins called DNJB6 [98]. On the other hand, nuclear 

translocation of HDAC4 has deleterious effect in case of Ataxia Telangectasia which is mediated 

by the action of PP2A on HDAC4 [99]. Also, reduced expression of HDAC4 results in increased 

levels of brain-derived neurotropic factor in mouse model of HD [100]. HDAC5 is important in 

axonal regrowth following injury and its reduced levels are associated with impaired cognitive 

functions [101]. The functions of HDAC7, HDAC8, HDAC9, HDAC10 and HDAC11have not 

been explored extensively but some of the studies shows that HDAC7, HDAC9 and HDAC11 

plays a role in neuronal health [93, 102]. 

1.12 Structure and function of Histone deacetylase 6 

HDAC6 is one of the most important HDACs with respect to neuronal health as it is involved in 

the clearance of aggregated proteins through its ZnF UBP domain. It is also involved in protein 

homeostasis as it promotes chaperone activity and expression via heat shock factor 1 (HSF1) and 

heat shock protein 90 (HSP90) [103]. Apart from its role in protein homeostasis, it performs a 

myriad of several other functions in structural organization and regulation (Fig. 1.10). The 

function of HDAC6 depends on its two catalytic domains and C-terminal ZnF UBP domain, 

which imparts variability in its role. HDAC6 has a large number of substrates in the cell 

including α-tubulin, cortactin and Tau [54]. Hypoacetylation of tubulin by the action of HDAC6 

results in impaired transport along microtubules and its action on Tau affects clearance and 

aggregation propensity [104]. Neurodegenerative function and neuroprotective function of 
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HDAC6 depends differently based on the deacetylase function of catalytic domains and 

interaction through its ZnF UBP domain respectively. HDAC6 consists of a nuclear localization 

sequence (NLS), nuclear export signal (NES1), two deacetylase domains (DD1 and DD2), 

cytoplasmic anchoring domain (SE14) and a ZnF UBP domain. It performs a wide range of 

functions both dependent and independent of its deacetylase activity (Fig. 1.11). It has a large 

number of interacting partners, which contributes to its functions either by physical association 

or PTMs. In the N-terminal region, HDAC6 is involved in the regulation of cell migration, 

chemotaxis and F-actin regulation through its DD1 domain [105]. HDAC6 acts on the elements 

of cytoskeletal network like α-tubulin, in case of microtubules and cortactin, in case of actin 

cytoskeleton to regulate their dynamics [106]. It also deacetylase cell survival factors like Ku70 

and survivin to mediate anti-apoptotic function [107]. HDAC6 regulates HSP90 function in 

protein homeostasis under stress conditions. HSP90 is a substrate for deacetylation by DD1 and 

also associates with ZnF UBP domain [103]. The function of DD2 is regulated mainly by PTMs, 

as phosphorylation by kinases such as GSK-3β, Aurora kinase A and Casein kinase 2 (CK2) 

enhances its deacetylase activity [108]. However, acetylation by p300 and association with 

Dysferlin suppresses its catalytic function resulting in reduced microtubule deacetylation [109, 

110]. The ZnF UBP domain associates with TRIM50 and Ubiquitin to mediate aggresome 

formation for clearance of protein aggregates [69]. It also binds with protein phosphatase 1 (PP1) 

to indirectly regulate the Akt dependent phosphorylation in survival signalling and transport 

mechanisms [111]. The region between DD1 and DD2 constitutes dynein motor binding motif 

(DMB) which associates with dynein motor in order to transport ZnF UBP bound poly-

ubiquitinated aggregates into nuclear periphery for aggresome formation [112]. 

  

Fig. 1.10. Regulatory role of HDAC6 in diverse neuronal functions. HDAC6 plays a major role in various 

aspects of neurodegenerative diseases as it modulates many cellular functions. HDAC6 is known to regulate 

activation of chaperones either directly or indirectly. Heat shock protein 90 (HSP90) under basal conditions remains 

inactive in its acetylated form. Under stress conditions, HDAC6 binds to HSP90 and activates it via deacetylation. It 
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also releases heat shock factor 1 (HSF1), which functions in transcriptional regulation and protein folding along with 

HSP90. Upon failure of chaperone system in protein refolding as well as proteasomal degradation of protein 

aggregates, HDAC6 mediates the formation of aggresomes, which are cleared by autophagy. HDAC6 binds to poly-

ubiquitinated (Poly-Ub) aggregates and help to carry them towards perinuclear region via dynein motor in order to 

form aggresomes. Actin dynamics during the process of cell migration, cell attachment, neurite extensions and 

formation of other membrane projections-like filopodia, lamellipodia and podosomes require HDAC6 deacetylase 

activity. Cortactin is a nucleation factor for F-actin formation, which is deacetylated by HDAC6. Cortactin initiates 

F-actin formation by associating with other nucleating factors such as Keap1 and Arp2/3. Acetylated α-tubulin in 

microtubules result in stabilized microtubules. Microtubules are maintained in a dynamic stage by HDAC6 through 

deacetylation and regulation of growing MT ends through association with end-binding protein 1 (EB1). Stress 

granules are the structures formed during cellular stress, which contains mRNA, ribosomes and proteins associated 

with protein translation. Protein translation gets halted during stress conditions, which triggers stress granules 

formation where mRNA and ribosomes are salvaged that can be reused later. HDAC6 helps in the transport of poly-

ubiquitinated aggregates containing polysomes and other proteins in order to form stress granules. 

1.13 Role of HDAC6 in cytoskeletal organization 

There are various other functions carried out by HDAC6 that reflect the state of neuronal health. 

This mainly includes its role in the modulation of various cytoskeletal elements, cell migration 

and regulation of neuronal extensions [105]. α-tubulin is the first known substrate of HDAC6 

where deacetylation plays a role in modulation of microtubule dynamics. HDAC6 inhibition 

leads to enhanced tubulin deacetylation [104]. HDAC6 is also known to associate physically 

 

Fig. 1.11. Domain organization and functions of HDAC6. HDAC6 consists of two catalytic deacetylase domains 

(DD1 and DD2) and a C-terminal Zinc-finger ubiquitin binding protein domain (ZnF UBP). It also consists of 

nuclear export sequence (NES1), nuclear localization sequence (NLS) and a cytoplasmic anchoring domain (SE14) 

in the form of a tetradecapeptide marked by serine and glutamine. HDAC6 performs a large number of cellular 

functions-based on its deacetylase activity or direct interaction to regulate other proteins. There are proteins known 

to enhance HDAC6 activity through its phosphorylation e.g. GSK-3β or suppress its activity e.g. p300. HDAC6 

regulates functions such as cell migration, apoptosis, and protein homeostasis by deacetylation of its target proteins-
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tubulin, cortactin, HSP90 etc. HDAC6 ZnF UBP domain interacts with other proteins to mediate aggresome 

formation, protein homeostasis and regulation of phosphatase activity of protein phosphatase 1 (PP1). 

with β-tubulin as studied in yeast two-hybrid system suggesting its regulatory role independent 

of deacetylase activity [113]. The binding of HDAC6 is mediated through its catalytic domain 

but does not involve any catalytic activity. The growth and shrinkage rates of MTs are regulated 

by HDAC6 where it maintains the dynamic state of MTs facilitating chemotactic movement 

[114]. The inhibition of HDAC6 shows effect similar to the MT stabilizers like tubacin [104]. 

HDAC6 can interact with another α-tubulin deacetylase SIRT2 and work together to regulate MT 

dynamics [115]. HDAC6 associates with the end-binding protein 1 (EB1) and Arp1 present in 

the growing ends of MTs suggesting its role in MT dynamics [115]. Actin is also identified as an 

acetylated protein. Although, actin deacetylation by HDAC6 is not known, it plays a crucial role 

in actin dynamics by interacting or deacetylating proteins involved in nucleation and 

polymerization to form fibrous actin (F-actin) [105]. Nucleation of F-actin initiates via a series of 

proteins-like cortactin, profilin, N-WASP and Arp2/3 [116].  HDAC6 is found to be co-localized 

with the growing tips of F-actin and initiating the process through deacetylation of cortactin 

[105]. HDAC6 associates with cortactin and stimulates F-actin formation aiding in various 

processes like cell motility, protrusions, neuronal extensions etc [117]. Although, cortactin 

acetylation/ deacetylation has a regulatory role in actin dynamics but HDAC6 deacetylase 

activity is not required for initiating actin polymerization. Thus, there is a possible role of other 

deacetylases along with HDAC6 for deacetylation of cortactin. HDAC6 co-localizes with actin-

rich structure such as podosomes, filopodia and lamellipodia denoting its essential role in actin 

reorganization [118]. 

1.14 Inter-relationship between Tau and HDAC6 

In AD, Tau aggregates are formed and deposited in the cytoplasm as NFTs. As Tau aggregation 

proceeds, the mechanism for its clearance comes into play. HDAC6-mediated formation of 

aggresomes and its clearance by autophagy acts as the last resort to salvage neurodegeneration. 

Poly-ubiquitinated Tau aggregates are captured by HDAC6 through its ZnF UBP domain in 

order for their transport and formation of aggresomes. Tau and HDAC6 are known to interact 

directly through the MTB domain of Tau and SE14 domain of HDAC6 [54]. However, the 

functional attribute of their interaction is not yet clear. Deacetylase activity of HDAC6 is not 

required for their interaction indicating that HDAC6 may be involved in regulatory functions 

independent of its catalytic activity. Conversely, Tau acts as an inhibitor of HDAC6 deacetylase 

activity as well as hinders aggresome formation upon over-expression [119]. This inter-

relationship indicates that there may be other ways through which HDAC6 could show its 

regulatory effect in Tauopathies. It is notable that most of the deleterious effects of HDAC6 in 

neurodegenerative diseases are based on the catalytic function. On the other hand, HDAC6 

regulated processes through its interaction with other proteins are beneficial to neurons and can 

pave a way for therapeutic strategies against neurodegeneration. In our studies, we aim to 

explore the direct inter-relationship of Tau and HDAC6 ZnF UBP domain as well as other 

possible implications of this domain on neuronal functions [120]. 

1.15 Therapeutic approaches against Alzheimer`s disease 

Alzheimer’s disease constitutes the major neurodegenerative condition associated with 

progressive dementia [121]. It is marked by the decline in cognitive functions and memory 
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deficit due to substantial neuronal degeneration. The progression of AD depends on multiple 

factors and there are a large number of proteins, which are considered to be involved in the 

etiology of disease [122].The occurrence of these aggregate species, namely Amyloid-β plaques 

and neurofibrillary tangles, affects the normal functioning of neurons and leads to synaptic loss 

and neuronal dysfunctions. 

The multifactorial etiology of AD presents several therapeutic targets for the prevention and 

treatment of disease. Most of the therapeutic strategies focus on reducing the aggregate burden of 

Amyloid-β plaques and neurofibrillary tangles by targeting the mechanisms or factors that 

promotes their formation. Further, in AD conditions, there is an occurrence of imbalanced 

neuronal functions reflected by hyperactivity in inflammatory response and defective neuronal 

transmission [123]. The abnormal and imbalanced neuronal functions eventually lead to the 

progression of disease by inflicting neurodegeneration. Thus, various therapeutic approaches 

have been designed dealing with different aspects of neurodegenerative diseases (Fig. 1.12). 

Amyloid-β peptides are generated by the action of β and γ-secretase on APP leading to their 

accumulation and deposition as Amyloid-β plaques [124]. The generation of Amyloid-β peptides 

is associated with mutations in APP, Presenilin-1 and Presenilin-2 (PS-1 and PS-2) genes 

causing familial AD [125]. The therapies focused on Amyloid-β cascade targets both on the 

underlying mechanisms leading to the generation of Amyloid-β peptides as well as its inhibiting 

 

Fig. 1.12 Current therapeutic strategies against Alzheimer’s disease. Therapies designed against AD primarily 

focus on the pathological aggregates of Amyloid-β and Tau or various symptoms that arise due to pathological 

conditions. Small molecule modulators of Amyloid-β and Tau aggregation as well as specific antibodies against 

their aggregates aim to promote aggregate clearance and reducing aggregate burden. Symptomatic treatment deals 

with the pathological aspects by relieving against excito-toxicity and neuronal inflammation. 
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its aggregation and facilitating clearance. APP is an integral membrane protein which is usually 

cleaved by α-secretase and do not produce any amyloidogenic peptides [124]. However, 

sequential cleavage by β and γ-secretases generates Amyloid-β peptides leading to the formation 

of Amyloid plaque. Presenilin associates with β and γ-secretases and forms the core of 

proteolytic complex [126]. Thus, β and γ-secretases along with PS1 and PS2 are the suitable 

targets in order to reduce the generation of toxic Amyloid-β peptides. Many β and γ-secretase 

inhibitors and modulators of Presenilins and α-secretase have been designed aiming to reduce the 

Amyloid-β production [127]. Immunotherapy is another strategy employed in order to accelerate 

the clearance of Amyloid-β aggregates by designing antibodies against Amyloid-β fibrils [128]. 

On the other hand, there are a large variety of natural as well as synthetic small molecules that 

are currently in various phases of clinical trials to be used as aggregation inhibitors against 

Amyloid-β [129]. Similar to the therapies employed against Amyloid-β cascade, Tau aggregation 

is targeted either by inhibiting the formation of pathological form of Tau or by using therapeutic 

agents which are effective in dissolving Tau aggregates. Tau aggregates comprise of PHFs and 

straight filaments consisting hyperphosphorylated Tau [130, 131]. Several small molecules 

candidates have been studied for their potency against Tau aggregation [132-134]. Most of the 

therapeutic molecules lack efficacy due to their poor ability to cross blood brain barrier (BBB). 

Therapeutic approaches against Tau aggregation focus on molecules, which can interact with the 

toxic species of Tau and able to sequester them to reduce further neuronal damage. Several other 

therapeutic molecules target the underlying mechanism responsible for Tau aggregation. In this 

regard, various kinase inhibitors and phosphatase activators are considered to be promising 

candidates. However, these molecules pose limitation due to their non-specificity and side-

effects. Apart from targeting the Amyloid-β and Tau aggregates, preventive measures are widely 

employed for the symptomatic treatment of AD. AD is associated with neuro-inflammation, 

synaptic dysfunction and defective neurotransmission, which requires therapeutic intervention 

[127]. Anti-inflammatory drugs and modulators of neuro-transmitters such as Acetylcholine 

esterase inhibitors and NMDA (N-methyl –D-Aspartic acid) receptor antagonists provide a 

suitable therapeutics in order to slow-down the progression of neuronal loss [135]. The most 

suitable approach in designing therapeutics against AD requires a multi-targeting drug or 

combination of drugs for the effective treatment and prevention of neurodegeneration. 

1.16 Melatonin as a multi-faceted drug against AD 

Melatonin is a methoxyindole secreted by pineal gland in the absence of light. First identified in 

the bovine pineal gland tissue, it was initially believed to be involved only in hormonal functions 

like regulation of circadian rhythm, sleep homeostasis, vaso-activity and development of 

reproductive glands [136]. Apart from being the hormone that regulates the sleep wake cycle, 

Melatonin also functions as a free radical scavenger, an antioxidant and immuno-modulatory 

agent [137] as well as promotes differentiation and proliferation of neuronal cells [138].  

Antioxidant properties of Melatonin are connected with its neuroprotective activity in several 

degenerative disorders [139]. The origin and progression of neurodegeneration is a complex 

process and depends on a myriad of factors. One of the causes of neurodegeneration is oxidative 

stress, which results from an imbalance between free radical formation and anti-oxidative 

mechanisms [140]. Melatonin is found to be a potent anti-oxidant as well as it plays a key role in 

the regulation of other proteins involved in the protection against cellular stress and apoptosis 

[141]. It is notable that the Melatonin production decreases with age and is found to be lowered 

in age associated neurological disorders. The administration of Melatonin in age-associated 
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neurological disorders has been found to improve cognitive functions and sleep [142]. As 

Melatonin is produced in absence of light, the effect of prolonged light exposure in rats and its 

implications on neuronal function has been studied [143]. Tau undergoes various post-

translational modifications such as acetylation, methylation, sumoylation, ubiquitination and 

truncation, which modulate the properties of Tau in terms of its microtubule-binding and 

aggregation propensity. Also, the level of monoamine oxidase and superoxide dismutase 

increased indicating oxidative stress. Amyloid-β plaques, which are formed and deposited in 

extracellular regions of neurons, are also known to get ameliorated by administration of 

Melatonin. When Melatonin was supplemented simultaneously with light exposure, molecular 

and behavioral impairments are mildly arrested. However, Melatonin fails to ameliorate the 

amyloid-β pathology in Tg2576 mice when administered at the later stages of disease 

development. Melatonin treatment started at 14 months in amyloid- β plaques bearing Tg2576 

mice showed no effect in relieving oxidative damage as well as removal of existing Aβ plaques 

even at elevated levels of plasma Melatonin. Further deposition of Aβ plaques were continued to 

be observed in cortical and hippocampal region even after 4 months of Melatonin treatment 

[144]. In contrast, it is found to be effective in suppressing the Aβ aggregates when administered 

in Tg2576 mice after 4 months of disease development [145]. Effect of melatonin on α-synuclein 

aggregation has also been studied extensively. AMPH (amphetamine) induced α-synuclein 

 

Figure 1.13. Multi-faceted role of Melatonin against AD. The amelioration of Tau aggregates by Melatonin can 

be attributed to its pleiotropic effect. Activation of enzymes involved in anti-oxidant function like GPX, GPR and 

SOD provides reducing cytoplasmic environment, which is preventive for aggregate formation. Melatonin itself can 

function as a free radical scavenger, which exerts its effect on ROS and RNS. It can cross-neuronal cell membrane 

and can interact with tau aggregates (dotted line), possibly by hydrophobic interaction as reported for amyloid-β and 

helps in inhibition/disassembly of aggregates. The down-regulation and inhibition of kinases involved in tau 

hyperphosphorylation like GSK-3β, cdk5, MARK (microtubule affinity-regulating kinases) and SAPK/JNK (stress-

activated protein kinases/Jun amino-terminal kinases) may have a preventive role in tau aggregation resulting in 

reduced aggregate load inside neurons (Adopted from Balmik et al., JAD, 2018). 
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toxicity was found to be attenuated in dopaminergic SK-N-SH cells. It also prevented the 

decrease in mitochondrial complex I level and phosphorylated tyrosine hydroxylase levels after 

AMPH treatment [146]. The expression level of α-synuclein was found to be reduced after the 

administration of Melatonin in 4 day old post-natal rat [147]. In another study, Melatonin was 

found to inhibit α-synuclein fibrillization and destabilized α-synuclein aggregates [148]. 

The etiology of Alzheimer`s disease includes multiple factors and so are its pathological 

implications. So, in order to target against AD, we need a multi-faceted approach for effective 

treatment. Melatonin`s role in neuroprotection is well studied. It is naturally produced by pineal 

gland and has no side effects as a therapeutic agent. Its multifunctional behavior as an anti-

oxidant, anti-inflammatory agent, free radical scavenger, enzyme regulator, epigenetic regulator 

and aggregation inhibitor makes it a good candidate as a therapeutic agent (Fig. 1.13). The effect 

of Melatonin as an aggregation inhibitor of Amyloid-β has been studied but its role with respect 

to Tau aggregates is less explored. Its ability to cross BBB can be employed to design a more 

effective conjugate drug. Further research is required to explore the possibilities of using 

Melatonin effectively against AD. On the basis of previous studies, its multiple effects in 

neuroprotection can be understood, but requires a more potent therapeutic approach, which may 

involve its metabolites or combination with other neuroprotective drugs. 

1.17 Small molecule Baicalein functions as a potent drug against neurodegeneration  

Baicalein is one of the flavonoid molecules present naturally in Chinese herb Scutellaria 

baicalensis [149]. Flavonoids are known for their therapeutic properties against various ailments 

such as cancer, diabetes, inflammatory conditions and neurodegenerative diseases [150]. It has 

been widely studied with respect to neuroprotection due to its ability to permeate BBB and low 

side-effects [151, 152]. The neuroprotective effects of Baicalein has been explored in various in 

vitro as well as in vivo models of AD and PD. Baicalein has shown neuroprotection in 6-

hydroxydopamine (6-OHDA)-induced model of Parkinson in SH-SY5Y cells by alleviating 

oxidative stress, caspase activation and mitochondrial dysfunction [153]. It is also found to 

promote neurite outgrowth in PC12 cells [154]. In another study, Baicalein promoted cell 

survival, attenuated cell death and NMDA-mediated oxidative stress in SH-SY5Y cells [155]. 

Administration of Baicalein in rat primary cortical neurons showed neuroprotection by reducing 

MPTP (1-methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine) induced NF-κB translocation [156]. 

Baicalein showed neuroprotective activity in C17.2 neural progenitor cells by preventing 

necrotic cell death after irradiation induced impairment [157]. 

In various in vivo models of neurodegeneration, Baicalein exhibited its protective effect by 

modulating varied cellular functions. In a 6-OHDA-induced model for neurodegeneration in 

mice, Baicalein reduced the lipid peroxidation level at 3 and 7 days of 6-OHDA injection [158]. 

It is also shown to modulate the neurotransmitter levels as it restored glutamate and GABA (γ-

amino butyric acid) and improved motor functions in a PD model of rat [159]. In another study, 

Baicalein aided in suppressing inflammatory pathway in rotenone-induced PD mice model, by 

reducing TNF-α and IL6 levels and blocking NF-κB and MAPK signals [160]. It has also been 

found to improve behavioural functions in MPTP-induced mice model by regulation of various 

genes and their expression levels [161]. 

Baicalein has shown its potency against aggregation of disease specific amyloid proteins. It has 

been studied for its aggregation inhibition properties against α-synuclein, amyloid-β and Tau 
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aggregates. Aggregation of α-synuclein implicated in PD has been shown to be ameliorated by 

Baicalein in low micromolar concentrations. It shows effect on both oligomeric and fibrillar 

aggregates of α-synuclein in aggregation inhibition and disaggregation studies [162]. The effect 

on α-synuclein aggregates has been observed in both cellular systems and cell-free system in 

vitro [163]. Baicalein has been found to reduce α-synuclein aggregation in SH-SY5Y and Hela 

cells resulting in protection from aggregate-induced toxicity [164]. In various models of familial 

Parkinsonism caused by α-synuclein mutants such as A30P, A53T and E46K, Baicalein reduced 

aggregation and exerted neuroprotective effects [165]. In AD transgenic mice, Baicalein reduced 

amyloid-β production by enhancing α-secretase processing of APP [166]. Additionally; it 

showed inhibitory effect on amyloid-β aggregation as well as disaggregates amyloid-β fibrils 

 

Fig. 1.14. Role of Baicalein against neurodegeneration. Baicalein has shown its potential neuroprotective function 

in various aspects of neuropathology. It is an effective antioxidant agent, promotes neurite outgrowth, suppresses 

inflammation, exerts anti-apoptotic effect by inhibiting caspase activation and functions as a modulator of 

aggregation. 

alleviating the aggregate induced toxicity in PC12 cells [164]. The mechanism of Baicalein 

against α-synuclein aggregates involves formation of aggregation incompetent oligomers by 

associating with Lys or Tyr side-chains to form a Schiff’s base [162]. The Baicalein induced 

oligomers are non-toxic and does not affect the cellular integrity. Overall, Baicalein as a natural 

small molecule possess multiple neuroprotective properties and directly acts as the inhibitory 

agent against protein aggregates in neurodegenerative diseases (Fig. 1.14).
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Outline and Objectives of the study 

The progression of Alzheimer’s disease involves microtubule-associated protein Tau as one of 

the causative mediator of disease as it forms toxic intracellular aggregates in neurons. There are 

various pathological implications of Alzheimer’s disease in the form of cytoskeletal dysfunction, 

increase in the level of Tau phosphorylation at specific sites and upregulation kinases. In our 

studies, we focused on the amelioration of Tau aggregates by the Zinc-finger ubiquitin binding 

protein domain of HDAC6 and small molecules melatonin and baicalein. The role of HDAC6 

ZnF UBP domain has also been studied with respect to various neuronal functions. 

The primary objectives of our studies includes- 

1. To study the effect of HDAC6 ZnF UBP on the aggregation properties (aggregation inhibition 

and disaggregation) of Tau. 

2. To determine the interaction of Tau and HDAC6 ZnF UBP and its implications on Tau 

stability. 

3. To study the involvement of Tau and HDAC6 ZnF UBP in neuronal functions such as 

cytoskeletal organization, Tau phosphorylation and ApoE localization. 

4. To analyze the potency of small molecules Melatonin and Baicalein against Tau aggregates 

and their interaction with Tau. 
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Material and Methods 

1. Materials 

1.1 List of Chemicals 

Chemicals or Reagents Company Chemicals or Reagents Company 

3-(4, 5-dimethylthiazol-2-

yl)-2, 

5-diphenyltetrazolium 

bromide 

Sigma Calcium chloride dihydrate Sigma 

4′,6-diamidino-2-

phenylindole 

Thermo 

Fisher 

Clarity™ Western ECL 

Substrate 
Bio-Rad 

8-Anilinonaphthalene-1-

sulfonic acid 
Sigma 

Coomassie brilliant blue R-

250 

MP 

Biomedicals 

Acetic acid 
MP 

Biomedicals 
Copper sulfate (II) Sigma 

Acrylamide Invitrogen Dimethyl sulfoxide 
Thermo 

Fisher 

Agarose Invitrogen Dithiothretol Calbiochem 

Ammonium acetate 

anhydrous 

MP 

Biomedicals 
DMSO Life Tech 

Ammonium bicarbonate Sigma 
Dulbecco's Modified Eagle 

Medium 

Thermo 

Fisher 

Ammonium persulfate 
MP 

Biomedicals 

EnzChek™ Caspase-3 Assay 

Kit 

Thermo 

Scientific 

Ammonium sulfate 
MP 

Biomedicals 
Ethanol 

MP 

Biomedicals 

Ampicillin 
MP 

Biomedicals 
Ethylene glycol tetraacetate 

MP 

Biomedicals 

BES Sigma Fetal Bovine Serum 
Thermo 

Fisher 

Baicalein Sigma Gel Loading Dye (6X) 
New England 

Biolabs 

Bicinchoninic acid Sigma Glycerol 
MP 

Biomedicals 

Bis-acrylamide Invitrogen Glycine Invitrogen 

Bovine Serum Albumin Sigma H2SO4 
MP 

Biomedicals 

Bradford Reagent Bio-Rad HCl 
MP 

Biomedicals 

Bromophenol blue 
MP 

Biomedicals 
Heparin (MW~17500 Da) 

MP 

Biomedicals 
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Chemicals or Reagents Company Chemicals or Reagents Company 

Imidazole 
MP 

Biomedicals 

Potassium phosphate dibasic 

trihydrate 

MP 

Biomedicals 

IPTG 
MP 

Biomedicals 

Potassium phosphate 

monobasic anhydrous 

MP 

Biomedicals 

Isopropanol 
MP 

Biomedicals 
Protease inhibitor Cocktail Roche 

Kanamycin Gibco 
Precision Plus Protein

TM
 

Dual Color Standards 
Bio-Rad 

Lactate dehydrogenase 

release assay kit 

Thermo 

Scientific 
RIPA buffer 

Thermo 

Scientific 

LB Broth HiMedia Sodium acetate trihydrate 
MP 

Biomedicals 

LB Agar Invitrogen Sodium azide 
MP 

Biomedicals 

Magnesium acetate 

tetrahydrate 
Sigma Sodium bicarbonate 

MP 

Biomedicals 

Magnesium chloride 

hexahydrate 

MP 

Biomedicals 
Sodium carbonate anhydrous 

MP 

Biomedicals 

Magnesium sulfate 

heptahydrate 

MP 

Biomedicals 
Sodium chloride 

MP 

Biomedicals 

Melatonin Sigma Sodium dodecyl sulfate Sigma 

MES hydrate Sigma Sodium hydroxide 
MP 

Biomedicals 

Methanol 
MP 

Biomedicals 
Sodium MOPS 

MP 

Biomedicals 

Nickel sulfate hexahydrate Sigma 
Sodium phosphate dibasic 

anhydrous 

MP 

Biomedicals 

Nucleospin Plasmid DNA 

isolation kit 

Machery 

Nagel 

Sodium phosphate 

monobasic mono hydrate 
Sigma 

Okadaic acid Sigma 
Sodium thiosulfate 

pentahydrate 

MP 

Biomedicals 

Penicillin-Streptomycin 
Thermo 

Fisher 
SYBR Safe Invitrogen 

Polysorbate 20 
MP 

Biomedicals 
Tetramethylethylenediamine Invitrogen 

Polyvinylidene fluoride 

membrane 
Invitrogen Thioflavin S Sigma 

Potassium acetate 
MP 

Biomedicals 
Thioflavin T Sigma 

Potassium chloride 
MP 

Biomedicals 
Terrific broth Invitrogen 

Potassium phosphate dibasic 

trihydrate 

MP 

Biomedicals 
Thiamine HCl Sigma 
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Chemicals or Reagents Company 

Tris base Biorad 

Tris HCl Invitrogen 

Triton X 100 Sigma 

Trypan blue Invitrogen 

Trypsin Invitrogen 

 

1.2 List of Antibodies 

Antibody Company Antibody Company 

Anti-ApoE (C-terminal) 

(SAB2701946) 
Sigma GSK-3β Ab (MA5-15109) 

Thermo 

Fisher 

Anti-HDAC6 (C-terminal) 

(ab196351) 
Abcam Pan Tau (K9JA) (A0024) Dako 

Anti-His Ab (27471001) GE 
Phospho-GSK-3β Ab 

(Ser9) (MA5-14873) 

Thermo 

Fisher 

Beta actin loading control  

(BA3R) 

Thermo 

Fisher 

Phospho-Tau 

(Ser202/Thr205) 

(MN1020) 

Thermo 

Fisher 

Beta tubulin Loading 

Control (BT7R) 

Thermo 

Fisher 

Phospho-Tau (Thr181) 

(701530) 

Thermo 

Fisher 

Donkey anti goat IgG 

(ab6885) 
Abcam 

Rabbit anti-Goat IgG - 

Alexa Fluor 594 (A27016) 

Thermo 

Fisher 

Goat anti-mouse - alexa 

fluor 555 (A28180) 

Thermo 

Fisher 

  

Goat anti-mouse IgG HRP 

(32430) 
Thermo 

  

Goat anti-rabbit - alexa 

fluor 488 (A-11008) 

Thermo 

Fisher 

  

Goat anti-rabbit IgG HRP 

(31460) 

Thermo 

Fisher 

  

 

 



Materials and Methods 

28 

 

1.3 List of Constructs 

Construct Provider 

pT7C hTau40WT 
Kindly gifted by Prof. Roland Brandt, 

University of Osnabruck, Germany 

pT7C K18WT 
Kindly gifted by Prof. Roland Brandt, 

University of Osnabruck, Germany 

pET28a LIC HDAC6 ZnF UBP 
Kindly gifted by Prof. Cheryl Aerosmith, 

University of Toronto, Canada 

 

1.3 Cell line 

Construct Provider 

Neuro2a (CCL-131) ATCC 

 

2. Equipments, Instruments and Softwares 

2.1 Equipments 

Equipment Company Equipment Company 

AKTA Pure FPLC 

system 
GE Healthcare 

Optima XPN10 

Ultracentrifuge 
Beckman Coulter 

AKTA Start FPLC 

system 
GE Healthcare 

MicroCal PEAQ-

ITC 
Malvern 

Amersham Imager 600 GE Healthcare 
Shaker Incubator 

(H1010-MR) 

Benchmark 

Scientific 

Amersham Semi Dry 

blotting apparatus 
GE Healthcare 

Shaker Incubator 

Multitron Standard 
Infors HT 

Avanti JXN26 High 

speed Centrifuge 
Beckman Coulter 

UV-Visible 

spectrophotometer 

V-530 

Jasco 

High Speed Centrifuge 

5804R 
Eppendorf 

Zeiss Axio observer 

7 microscope with 

Apotome 2.0 

Zeiss 

Homogenizer 
Constant Systems 

Ltd. 
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Microcentrifuge 5418 R Eppendorf 
  

MicroCal PEAQ-ITC Malvern 
  

Microplate reader Infinite 

200 PRO 
Tecan  

  

Molecular Imager Gel 

Docᵀᴹ XR+ 
BioRad 

  

 

2.2 Miscellaneous Equipments 

Equipment Company Equipment Company 

Analytical balance 

ME204 
Mettler Toledo 

MiniVE Vertical 

electrophoresis 

System 

Amersham 

Analytical balance 

ME4001E 
Mettler Toledo 

MiniSpin Plus 

Table top 

centrifuge 

Eppendorf 

Autoclave Spire Nanodrop Simplinano 

Dry bath Genei 
pH meter Five 

Easyplus 
Mettler Toledo 

Forma 900 series -80°C Thermo Scientific Vacuum Pump Millipore 

Gel rocker Benchmark Vortexer mixer Genei 

Heratherm Hot Air Oven Thermo Scientific Water bath Genei 

Heraeus Incubator Thermo Scientific   

Magnetic Stirrer Genei 
  

MiliQ Unit Direct 16 Millipore 
  

Miniprotean Tetra 

vertical electrophoresis 

system 

Biorad 
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2.3 Instruments from Central Facilities 

Equipment Company 

Far-UV CD spectrometer J-815 Jasco 

T20 Transmission Electron Microscope Tecnai 

Avance III HD 700 MHz NMR spectrometer 

equipped with TXI probe 
Bruker 

 

2.3 Softwares 

Software Company/Organization 

ImageJ NIH 

Image Lab BioRad 

ImageQuant TL GE 

Magellan
TM

 Data analysis software Tecan 

MicroCal PEAQ-ITC analysis software Malvern 

MS Excel Microsoft 

Sigma Plot 10.0 Systat softwares 

Spectra Manager
TM

 Jasco 

Topspin 3.2  Bruker 

Zen 2.3 Zeiss 
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3. Methods 

3.1 Competent cells Preparation 

Bacterial cells have a natural competency to take up extracellular DNA from their environment, 

but with low efficiency. In molecular biology, bacterial competency is enhanced by chemical and 

physical methods.  Competent cells can be prepared by using a divalent ion such as calcium to 

transiently distort the membrane organization making bacterial cell to easily take up DNA. 

Procedure 

1. Single isolated colony of bacterial strain to be made competent (BL21*, DH5α or BL21 

Codon Plus RIL) were obtained by streak plate method. 

2. Primary culture was made from the single colony by inoculating into 5 ml of LB and 

keeping for incubation at 37
°
C overnight in a shaker incubator (Benchmark Scientific). 

3. 250 ml of secondary culture was made in LB media by inoculating from primary culture 

in 1:100 ratio of inoculum and media. 

4. Secondary culture is kept for incubation at 37
°
C in a shaker incubator. 

5. When the optical density at 600 nm (OD600) reached 0.4, the culture was cooled in ice 

bath for 15 minutes, transferred to pre-cooled tubes and centrifuged for 10 minutes at 

4500 rpm and 4 
°
C. 

6. The cells obtained in the pellet were resuspended in 30 ml of ice cold transformation 

buffer 1 (TB1). 

7. Bacterial cells in TB1 were kept in ice bath for 60 minutes and centrifuged again for 5 

minutes at 4500 rpm and 4 
°
C. 

8. The cells were resuspended in ice cold transformation buffer 2 (TB2). 

9. Aliquots of 100 µl were made by keeping the tubes in ice. 

10. The aliquots were snap-freezed in liquid nitrogen and immediately transferred to -80 
°
C 

(Forma 900 series -80°C) for storage. 

Buffers 

Transformation Buffer 1 (TB1) Transformation Buffer 2 (TB2) 

100 mM KCl 10 mM KCl 

300 mM K
+
CH3COO

-
 10 mM Na-MOPS 

10 mM CaCl2 75 mM CaCl2 

10 mM NaCl 15% Glycerol 

15% Glycerol  
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3.2 Transformation into E.coli Competent cells 

Bacterial cells have a tendency to take up free DNA from the environment with a limited 

efficiency. This property of bacterial cells has been employed in molecular biology to insert 

foreign DNA in the form of plasmid into bacteria. The bacterial cells must be made competent 

by chemical or physical methods to take up the DNA. Upon transformation of foreign DNA into 

bacteria, it can be utilized for maintenance of genetic material or can be induced to express a 

recombinant protein of interest. 

Procedure 

1. Competent cells (DH5α, BL21* or BL21 Codon plus RIL) were removed from -80 ºC and 

kept on ice bath for 20 minutes. 

2. Keeping the cells on ice bath, 1-2 µl of plasmid DNA is added. 

3. Cells were incubated in ice bath for 30 minutes for binding of plasmid DNA. 

4. Heat shock is given to the cells by keeping in water bath at 42 ºC for 90 seconds to 

transiently disrupt the cell membrane and plasmid DNA intake. 

5. The cells are immediately kept on ice bath for 5 minutes. 

6. 750 µl of SOC media is added to the cells, mixed and kept in incubation for 1 hour in a 

shaker incubator. 

7. 50-100 µl of media containing transformed cells were taken and spread on an antibiotic 

containing LB agar culture plate. 

8. The plates were kept in an inverted position at 37 ºC for 8-10 hours. 

The bacterial cells transformed with plasmid DNA gives pin-point colonies at the end of 8-10 

hours which are picked for further scale up. 

 

3.3 Miniprep for plasmid isolation and purification 

After the transformation of desired plasmid vector containing the gene of interest (Tau or 

HDAC6), isolated colonies of DH5α strain were used for maintenance of plasmid. DH5α has 

high transformation efficiency and contains recA mutation which eliminates homologous 

recombination, endA1 mutation to inactivate intracellular endonuclease which degrades plasmid 

DNA. Thus, it is considered a suitable strain of E.coli for maintenance of plasmid DNA due to 

high insert stability. Δ (lacZ) M15 allele, which enables blue-white screening for lacZ based 

vectors. 

Purification of plasmid DNA was carried out according to the manufacturer’s protocol (Machery 

Nagel). The technique for plasmid DNA isolation is based on the alkaline lysis method. The 

bacterial cells are lysed using a lysis buffer containing SDS and sodium hydroxide (NaOH). SDS 

dissolves the bacterial cell membrane while NaOH helps in disruption of cell wall as well as 
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denaturation of cellular proteins and DNA. Neutralization buffer is added to the lysates, which 

allows renaturation of genomic and plasmid DNA. Plasmid DNA, being smaller in size reanneals 

completely resulting in its solubilization while genomic DNA does not get renatured properly 

due to large size and stay precipitated. The cellular debris, precipitated proteins and DNA can 

now be easily separated from plasmid DNA by centrifugation. Plasmid DNA is captured on a 

silica membrane by ethanolic precipitation and can be eluted by using buffer of low ionic 

strength in slightly alkaline conditions. 

Procedure 

1. Single isolated pin-point colonies obtained after transformation are selected for 

inoculation into 5 ml of LB media and kept for incubation at 37 ºC overnight in a shaker 

incubator. At least four isolated colonies were inoculated in four tubes. 

2. Bacterial cells obtained after overnight culture were harvested by centrifugation at 

11000X g for 30 seconds at room temperature. 

3. 250 µl of Buffer A1 was added in each tube and mixed thoroughly by vortexing until the 

cells were completely lysed. 

4. 250 µl of Buffer A2 was added and mixed by inverting the tubes. Tubes were incubated 

for 5 minutes at room temperature. 

5. 300 µl of Buffer A3 was added and mixed again by inverting the tubes. 

6. Cell lysates were clarified by centrifugation at 11000X g for 30 seconds at room 

temperature. 

7. Clarified lysates were passed through columns with silica membrane, placed over 

collection tubes, by centrifugation at 11000X g for 30 seconds at room temperature. 

Flow-through was discarded. 

8. Silica membranes were washed with 600 µl Buffer A4 supplemented with ethanol by 

centrifugation at 11000X g for 1 minute at room temperature. Flow-through was 

discarded and columns were placed in an empty collection tube. 

9. Silica membranes were dried by centrifugation at 11000X g for 2 minutes at room 

temperature. Collection tubes were discarded. 

10. 50 µl of Buffer AE was added to each tube and incubated for 1 minute at room 

temperature. 

11. Plasmid DNA was eluted by centrifugation at 11000X g for 1 minute at room 

temperature. 

12. The respective concentration of plasmid DNA obtained from each tube was measured in 

Nanodrop (Simplinano). 

3.4 Protein expression and culture scale-up for protein preparation 

To check the expression level of protein of interest, BL21* or BL21 Codon plus RIL strains of 

E.coli were used. BL21* strain contains DE3 lysogen carrying the gene for T7 RNA polymerase 

under the control of lacUV5 promoter. It is widely used for over-expression of recombinant 
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protein cloned in T7 expression vectors by using IPTG as an inducer. BL21 Codon plus RIL has 

same elements for protein expression as BL21* but also contains extra copies of argU, ileY and 

leuW tRNA genes to resolve the condition of codon bias in AT rich genes. 

The expression of recombinant protein was checked by culturing the single isolated colonies 

after transformation of BL21* or BL21 Codon plus RIL strains containing plasmids for Tau 

(pT7C) and HDAC6 ZnF UBP (pET28-LIC) respectively. The plasmids confer antibiotic 

resistance to the transformed cells inhibiting the growth of non-transformed cells or 

contaminants. The gene for protein of interest is under the regulation of lac operator and the T7 

RNA polymerase can bind to the operator and start transcription under inducible conditions i.e.  

when an inducer is present in the cell. Isopropyl β-D-1-thiogalactopyranoside (IPTG) is a 

molecular mimic of allolactose, which is the metabolite of lactose responsible for triggering lac 

operon system. Expression of protein of interest was carried out in the presence of IPTG as an 

inducer and the levels of protein expression were visualized by comparing with uninduced 

bacterial culture by using SDS-PAGE. Further, the selected colony with optimum protein 

expression was scaled-up using large volumes of culture. 

Tau preparation 

1. Single isolated pin-point colonies obtained after transformation were selected for 

inoculation into 10 ml of LB (for Tau) or TB (for HDAC6 ZnF UBP) media 

supplemented with antibiotic (100 µg/ml Ampicillin for Tau and 50 µg/ml Kanamycin 

for HDAC6 ZnF UBP). At least eight isolated colonies were selected for inoculation. 

2. The culture tubes were kept for incubation at 37 ºC for 4-6 hours until OD600 reaches 0.6. 

3. Expression of Tau protein was induced by adding 0.5 mM IPTG to four culture tubes and 

labelled as induced (I1, I2, I3 and I4). The remaining tubes were labelled as uninduced 

(UI1, UI2, UI3 and UI4). For HDAC6 ZnF UBP, the tubes were kept in 16 ºC for I hour 

prior to induction by 0.2 mM IPTG. 

4. For Tau, the tubes were kept in incubation at 37 ºC for 4 hours. Incubation was carried 

out overnight at 16 ºC in case of HDAC6 ZnF UBP. 

5. The culture tubes were removed and bacterial cells were harvested by centrifugation. The 

supernatant was discarded and Eppendorf tubes containing cells were labelled 

accordingly. 

6. The cells were lysed by using cell lysis buffer (50 mM Tris-Cl, 500 mM NaCl pH 8.0 for 

HDAC6 and 50 mM MES pH 6.8 for Tau). 6X gel loading dye was added to 10 µl of 

lysed cells, heated for 10 minutes in dry bath (Genei) and loaded on to 10% (Tau) or 12% 

(HDAC6 ZnF UBP) SDS-PAGE. 

7. The protein expression for individual colonies was confirmed by visual observation of 

protein bands (corresponding to Tau at 55 KDa and HDAC6 ZnF UBP at 14 KDa). 

8. Glycerol stock for the selected colony was prepared by adding 200 µl of culture from 

induced cells to 800 ml of 80% sterile Glycerol and stored in -80 ºC.  

9. The selected colony with highest protein expression was up-scaled to 6-8 Litres culture. 
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10. For scale-up culture, primary inoculum was prepared by overnight incubation of 100 ml 

LB (for Tau) or TB (for HDAC6 ZnF UBP) media supplemented with antibiotic (100 

µg/ml Ampicillin for Tau and 50 µg/ml Kanamycin for HDAC6 ZnF UBP) inoculated by 

the selected colony. 

11.  Secondary culture was prepared in respective media and antibiotic using primary 

inoculum in 1:100 ratios with the media and kept for incubation at 37 ºC in a shaker 

incubator (Multitron Standard). 

12. Likewise, for Tau Induction with 0.5 mM IPTG was carried out when OD600 reaches 0.6 

while for HDAC6 ZnF UBP, culture flasks were acclimatized at 16 ºC for one hour prior 

to induction by 0.2 mM IPTG. 

13. In case of Tau, Culture flasks were kept for incubation at 37 ºC for 4-5 hours in a shaker 

incubator while incubation at 16 ºC was carried out for HDAC6 ZnF UBP. 

14. The cells were pelleted down by centrifugation at 4500rpm at 4 ºC (Avanti JXN26 High 

speed Centrifuge). 

15. The cells were further processed for protein preparation or collected in a tube, snap-

freezed and stored at -80 ºC. 

 

3.5 Biochemical and Biophysical Methods 

3.5.1 Protein expression and Purification 

3.5.1.1 Recombinant Tau protein preparation 

1. Full-length Tau (hTau40) and repeat Tau (K18) cloned in pT7C and transformed into 

BL21* cells, were induced for expression by 0.5 mM IPTG in the presence of 100 µg/ml 

Ampicillin. The purification was done by cation exchange chromatography followed by 

Size-exclusion chromatography. 

2. The primary inoculum was prepared from glycerol stock in Luria broth (LB) 

supplemented with 100 µg/ml Ampicillin at 37 °C. 

3. The secondary culture was carried out in LB supplemented with 100 µg/ml Ampicillin at 

37 °C. 

4. Cells were induced for expressing Tau using 0.5 mM IPTG when OD600 reaches 0.6 and 

incubated further for 4 hours. The cells were harvested and weighed before further 

processing. 

5. The cells were resuspended in cell lysis buffer and lysed by homogenization at 15 KPSI 

(using Constant cell disruption system). 

6. The lysate was supplied with 0.5 M NaCl and 5 mM DTT and kept at 90 °C for 20 

minutes to denature all the structured protein. 

7. The resulting sample was centrifuged at 40000 rpm for 45 minutes. The supernatant was 

kept for overnight dialysis in 20 mM MES pH 6.8. 
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8. The supernatant was kept for overnight dialysis in 20 mM MES pH 6.8. 

9. The dialyzed sample was centrifuged again at 40000 rpm for 45 minutes and the 

supernatant was filtered and loaded onto Sepharose fast flow (SPFF) column (GE17-

0729-01) pre-equilibrated with 20 mM MES pH 6.8, 50 mM NaCl. 

10. Elution was carried out with a linear gradient using 20 mM MES pH 6.8, 1 M NaCl. 

11. Tau protein were pooled, concentrated and subjected to Size-exclusion chromatography. 

12. Size-exclusion chromatography was carried out Superdex 75 Hi-load 16/600 column 

(GE28-9893-33) in 1X PBS buffer with 2 mM DTT. 

13. The fractions under the chromatogram peaks were collected and run on SDS-PAGE. The 

fractions corresponding to Tau protein were pooled and concentrated using 5-10 KDa 

cut-off centricons. 

14. The concentration of Tau protein was determined using Bicinchoninic Acid assay. 

 

 

Buffers used for Tau preparation 

Extraction/Lysis Buffer 

50 mM MES pH 6.8 

1 mM EGTA 

2 mM MgCl2 

5 mM DTT 

1 mM PMSF 

Protease Inhibitor Cocktail 

 

Dialysis buffer 

50mM MES pH 6.8 

50 mM NaCl 

1 mM EGTA 

1 mM MgCl2 

2 mM DTT 

0.1 mM PMSF 
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Cation Exchange Chromatography 

Wash buffer (Buffer A) Elution buffer (Buffer B) 

50mM MES pH 6.8 50mM MES pH 6.8 

50 mM NaCl 1 M NaCl 

1 mM EGTA 1 mM EGTA 

1 mM MgCl2 1 mM MgCl2 

2 mM DTT 2 mM DTT 

0.1 mM PMSF 0.1 mM PMSF 

 

Size-Exclusion Chromatography 

Size-Exclusion Chromatography buffer 

1X PBS 

2 mM DTT 

Protease Inhibitor Cocktail 

 

 

3.5.1.2 Recombinant HDAC6 ZnF UBP preparation 

1. HDAC6 ZnF UBP cloned in pET28a-LIC was transformed and expressed in BL21 Codon 

plus RIL cells and purified in two steps by Ni-NTA affinity chromatography and size-

exclusion chromatography. 

2. Primary inoculum in Terrific broth (TB), supplemented with 50 μg/ml Kanamycin was 

prepared from the glycerol stock containing transformed BL21 Codon plus RIL cells by 

incubating overnight at 37 °C. 

3. Secondary culture in TB containing 50 μg/ml Kanamycin inoculated from primary in 

1:100 ratio of inoculum and kept in incubation at 37 °C till OD600 reaches 0.6. 

4. Culture kept at 16 °C for one hour prior to induction by 0.2 mM IPTG. 

5. Kept for incubation at 16 °C for 16 hours followed by harvesting of cells. Re-suspend the 

cell pellets in 20-100 ml of lysis buffer depending on the pellet size. 

6. Cell pellets were homogenously re-suspended by vortexing and lyzed by subjecting to 

high pressure (15000 KPSI) (using Constant cell disruption system). 

7. The cell lysate is collected and subjected to centrifugation at 20000 rpm for 30 minutes. 

8. The supernatant is collected and mixed with Roche Ni-NTA beads in the ratio 1:30 and 

kept for protein binding for 1 hour at 4 °C. 
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9. Affinity chromatography was performed using 50 mM Tris-Cl pH 8.0 with 20 mM 

Imidazole for wash and 1000 mM imidazole for elution. 

10. The eluted fractions were dialyzed in 50mM Tris-Cl pH 8.0, 100 mM NaCl, 2 mM 

TCEP/DTT, 5 % glycerol to remove imidazole. 

11. Size-exclusion Chromatography was performed using Superdex 75 Hi-load 16/600 

column in 50 mM Tris-Cl pH 8.0, 100 mM NaCl, 2 mM TCEP/DTT which yielded 

HDAC6 ZnF UBP at retention volume ~110 ml. 

12. The fractions containing HDAC6 ZnF UBP were pooled concentrated and stored at -

80°C. The protein concentration was determined by using Bradford assay. 

 

Buffers used for HDAC6 ZnF UBP preparation 

Extraction/Lysis Buffer 

50 mM Tris-Cl pH 8.0 

500 mM NaCl 

1 mM PMSF 

20 mM Imidazole 

Protease Inhibitor Cocktail 

 

 

Ni-NTA Affinity Chromatography 

Wash buffer Elution buffer 

50 mM Tris-Cl pH 8.0 50 mM Tris-Cl pH 8.0 

500 mM NaCl 500 mM NaCl 

20 mM Imidazole 1 M Imidazole 

 5% Glycerol 

 

Dialysis buffer 
Size-Exclusion 

Chromatography buffer 

 50 mM Tris-Cl pH 8.0 50 mM Tris-Cl pH 8.0 

100 mM NaCl 100mM NaCl 

2 mM TCEP/DTT 1mM TCEP/DTT 

5% Glycerol  
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3.5.1.3 
15

N labelled Repeat Tau preparation 

Repeat Tau labelling with 
15

N was carried out by using 
15

N containing minimal media. The 

labelled repeat Tau was prepared to be used in NMR studies [167-169]. 

Procedure 

1. The pT7C repeat Tau transformed BL21*cells were initially grown  in LB (6L) with 

100μg/ml Ampicillin at 37 °C till the OD reaches 6 at 600 nm. 

2. The cells were pelleted down and washed with 1X M9 salts. 

3. The 1X M9 salts washed cells were re-suspended in minimal media containing 15N 

labelled ammonium chloride. 

4. In order to clear unlabelled metabolites, the cells were grown at 37 °C for 1 hour prior to 

induction with 0.5 mM IPTG and harvesting after 4-5 hours. 

5. The labelled protein was prepared similarly as previously described method for 

unlabelled Tau protein. 

 

Stock Solutions 

5X M9 salts (autoclaved) 

Salt Weight (gm/100ml) 

KH2PO4 1.5 

Na2HPO4 3 

NaCl 0.25 

NH4Cl (
15

N labelled) 0.5 

 

The pH of the 5X M9 salts is adjusted to 7.2 before autoclaving. 

1X M9 salts unlabelled (autoclaved) 

Salt Weight (gm/1000ml) 

KH2PO4 3 

Na2HPO4 5 

NaCl 0.5 

 

The pH of the 1X M9 salts is adjusted to 7.2 before autoclaving. 
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Minimal Growth Media (1500 ml) 

5X M9 Salts 300 ml 

20% D-Glucose (filter sterilized) 30 ml 

Thiamine hydrochoride (5 mg/mL) 

(filter sterilized) 
9 ml 

1M MgSO4 (autoclaved) 3 ml 

1M CaCl2 (autoclaved) 150 μl 

 

The final volume is made up to 1500 ml using autoclaved MiliQ water. 

3.5.2 Protein estimation methods 

3.5.2.1 Bicinchoninic acid Assay (BCA assay) 

The Bicinchoninic acid Assay is used for the determination of total protein concentration in a 

sample [170]. It is a sensitive protein detection method based on the reduction of Cu
2+

 into Cu
+ 

by protein under alkaline conditions and formation of a purple colored complex with 

Bicinchoninic acid. The intensity of colored complex is directly proportional to the concentration 

of the protein. The Cu2+ is reduced to Cu+ by Cysteine, Cystine, Tyrosine and Tryptophan 

content of the protein. However, the peptide backbone of the protein also contributes in the 

reaction, making it a sensitive method and suitable for proteins lacking the mentioned amino 

acids. 

Standards, Protein dilutions and Reagent preparation 

1. The working reagent is prepared by mixing BCA and Copper sulfate (II) in 50:1 ratio. 

2. The protein standards are made in a range of 0- 250 µg/ml (Stock - 1mg/ml) 

concentrations in MiliQ water. 

3. The protein dilutions are made in MiliQ water in at least three ratios ranging from 1:25 – 

1:400. 

4. All the standards and protein dilutions are made in duplicates. 

Procedure 

1. 25 µl of BSA standards and protein dilutions are mixed with 200 µl of working reagent 

and pipetted into a 96 wells clear bottom plates. 

2. The plate is kept for incubation at 37 °C for 1 hour. 

3. The absorption by colored complex is measured at 562 nm in Tecan Infinite 200 PRO 

spectrophotometer. 
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4. The protein concentration of the sample is determined by plotting a standard graph using 

MS Excel. 

3.5.2.2 Bradford Assay 

Bradford assay is a protein estimation method based on the binding of protein with Coomassie 

dye under acidic conditions [171]. The Coomassie G-250 dye is doubly protonated in acidic 

conditions and has red color. Upon binding with protein it gets unprotonated and acquires blue 

color. The principle of the method is based on transfer of electron from dye to the basic amino 

acids Arginine, Lysine and Histidine in protein. This leads to the disruption in protein structure 

and expose hydrophobic patches; to which the dye can bind. The dye bound to protein forms a 

stable blue colored complex which is proportional to the protein concentration. The intensity of 

the colored complex can be spectroscopically measured and used to quantify the protein 

concentration. 

Standards, Protein dilutions and Reagent preparation 

1. Working reagent is prepared by mixing 4parts MiliQ Water and 1 Part Bradford Reagent 

(Bio-Rad). 

2. The protein standards are made in a range of 0- 250 µg/ml (Stock - 1mg/ml) 

concentrations in MiliQ water. 

3. The protein dilutions are made in MiliQ water in at least three ratios ranging from 1:25 – 

1:400. 

4. All the standards and protein dilutions are made in duplicates. 

Procedure 

1. 10 µl of BSA standards and protein dilutions are mixed with 200 µl of working reagent 

and pipetted into a 96 wells clear bottom plates. 

2. Incubate at room temperature for at least 5 minutes. 

3. Absorbance will increase over time; samples should incubate at room temperature for no 

more than 1 hour. 

4. The absorption by colored complex is measured at 595 nm in Tecan Infinite 200 PRO 

spectrophotometer. 

5. The protein concentration of the sample is determined by plotting a standard graph using 

MS Excel. 

3.5.3 Agarose Gel electrophoresis 

Agarose gel electrophoresis is a technique used to separate DNA fragments or RNA on the basis 

of their molecular size. The migration is initiated by applying an electric field and the rate of 

nucleic acid migration is proportional to their size as well as pore size of Agarose gel. DNA 

ladder of known molecular weight is run along with the samples to determine the molecular 
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weight of unknown DNA. In order to visualize the separated DNA an intercalating dye is used 

like SYBR green or EtBr. The DNA bands are visualized by illuminating under UV light. 

Procedure 

1. 1-2% Agarose gel is prepared in 1X TAE buffer by boiling to completely dissolve the 

Agarose. 

2. SYBR safe
TM 

is added to the gel and mixed just before adding it to casting tray and 

sample comb. 

3. Samples are made in 6X gel loading dye. 

4. TE buffer is added to the buffer tank of electrophoresis unit and the combs are removed. 

5. Samples are loaded on to the wells along with DNA ladder of suitable size range. 

6. Electrophoresis is carried out samples have run until 70-80% of gel length. 

7. Gel is removed and visualized under UV in Molecular Imager Gel Docᵀᴹ XR+ (Bio-

Rad). 

Buffers and Reagents 

50 X TAE Buffer (for 100ml) 

24.2 gm Tris  

5.7 ml Acetic acid 

10 ml of 0.5 M EDTA 

Final volume is made up to 100ml with MiliQ water. 

Gel running buffer is prepared by diluting 50X TAE buffer in MiliQ water to make 1X TAE 

buffer. 

3.5.4 SDS-PAGE Analysis and Quantification 

SDS-PAGE is an analytical method to separate proteins on the basis of their molecular weight. 

The proteins migrate under the influence of electric field, through the matrix of poly-acrylamide 

gel after denaturation by anionic detergent Sodium dodecyl sulfate and reducing agent DTT or β-

mercaptoethanol. Upon denaturation, SDS binds to the protein with respect to its relative 

molecular weight and impart overall negative charge over a wide pH range. Thus, protein 

migration takes place toward positive electrode (anode) in an electrophoresis system. The 

smaller proteins migrate fast due to less resistance by gel matrix and vice versa. 

Discontinuous gel system is used for the separation of proteins which consists of a stacking gel 

with wells for sample application and a resolving gel. SDS-PAGE running buffer consists of 

Tris-Cl and Glycine which gets ionized as the electric field is applied. Bromophenol Blue (BPB) 

is used as the tracking dye.  The stacking gel has a lower pH of 6.8 which imparts differential 

mobility to protein, glycine, chloride and BPB. The ionization potential of glycine is less in 
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stacking gel as its pH is closer to isoelectric pH of glycine. This imparts lesser conductivity to 

glycine. However, chloride ions, proteins and BPB retains higher conductivity forming a stack of 

protein between slow migrating glycine ions and faster chloride ions due to local potential 

difference between them. Upon entering resolving gel at pH 8.8, glycine retains its electrical 

conductivity but the overall migration rate declines. Each component ion is subjected to constant 

electric force and protein separation begins as per their molecular weight. A molecular weight 

marker is loaded along with the protein samples to locate the protein of interest. The electric 

field is stopped when tracking dye reaches 80-90% of gel length. The gel is removed from the 

assembly and proceeded further for staining or western blotting. 

 

Buffers and Reagents 

SDS-PAGE Running Buffer 

25 mM Tris-Cl 

250 mM Glycine 

10% SDS 

 

 

 

 

 

 

3.5.5 Western Blot Analysis 

Western blot is an analytical technique used for the detection of specific protein in a sample 

containing a mixture of proteins. The protein mixture is first separated by using SDS-PAGE or 

Native-PAGE and then transferred or blotted on to a PVDF or nitrocellulose membrane. The 

protein detection is carried out by immunostaining the membrane with the antibody specific to 

the protein of interest. The protein can be visualized and quantified either by using a secondary 

antibody conjugated with enzymatic or fluorescent tag or using a tagged primary antibody [172, 

173]. 

Procedure 

1. Perform SDS-PAGE for the protein samples. 

2. Place the PVDF membrane in 100% methanol for activation. 

Tracking Dye/Sample Buffer 

300 mM Tris-Cl pH 6.8 

600 mM DTT 

6% BPB 

12% SDS 

60% Glycerol 



Materials and Methods 

44 

 

3. Equilibrate the filter paper stacks and PVDF membrane in transfer buffer. 

4. After the completion of SDS-PAGE, transfer the gel on blotting assembly and arrange the 

stack consisting of filter papers and PVDF membrane. 

5. Remove the air bubbles by using rolling pin. 

6. Fill the reservoir with transfer buffer and start the transfer by applying electric field in 

blotting apparatus. 

7. Transfer is carried out at 200mA for 2 hours. 

8. Remove the membrane and place in blocking buffer for 1 hour at room temperature. 

9. Remove the blocking buffer and incubate the membrane for 1 hour with primary antibody 

with suitable dilution made in blocking buffer. 

10. Wash the membrane thrice with 1X PBST for 15 minutes to remove unbound antibodies. 

11. Incubate the membrane for 1 hour with HRP tagged secondary antibody with suitable 

dilution made in blocking buffer. 

12. Wash the membrane thrice with 1X PBST for 15 minutes to remove unbound antibodies. 

13. Proceed for developing the blot using ECL reagent (Bio-Rad). 

Buffers used 

SDS-PAGE Running Buffer 

25 mM Tris-Cl 

250 mM Glycine 

10% SDS 

 

Wash Buffer (1X PBST) 

1X PBS 

0.1% Tween 20 

 

3.5.6 Tau degradation analysis by SDS-PAGE and Western blotting 

In order to observe the effect of HDAC6 ZnF UBP on Tau stability, degradation analysis was 

carried out by incubating the two proteins and observing the degradation pattern at regular time-

interval by using SDS-PAGE and Western blotting. 

Procedure 

1. Tau and HDAC6 ZnF UBP were mixed in varying ratios in 20 mM BES pH 7.4 with 1 

µM DTT, 25 µM NaCl, 0.01 % Sodium Azide and protease inhibitor cocktail as 

additives. 

2. Tau and HDAC6 ZnF UBP were incubated at 37 °C and analyzed by 12% SDS-PAGE 

and western blot at 0, 24 and 72 hours. 

Transfer Buffer 

25 mM Tris-Cl 

250 mM Glycine 

20% Methanol 

Blocking Buffer 

5% Skimmed Milk in 1X PBST 
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3. For full-length Tau degradation analysis, the ratio between Tau and HDAC6 were varied 

as 1:2, 1:1 and 2:1. For hTau40 Cysteine double mutant (C291A C322A), the ratio was 

kept as 1:2 and 2:1. 

4. 20 µM hTau40wt alone was loaded as control. For western blot, samples were loaded in 

1:10 dilution and the blots were probed with K9JA antibody (1:8000 dilutions) against 

total Tau. 

5. The degradation pattern was visualized by probing the blot with Goat anti-rabbit IgG-

HRP conjugate (1:10000). 

3.5.7 Aggregation studies 

3.5.7.1 Aggregation and Disaggregation assay set-up 

Aggregation propensity of full length and repeat Tau was studied in vitro using poly-anionic co-

factor heparin (MW-17500) as an inducer in 1:4 ratio of heparin to Tau. The aggregation reaction 

mixture consists of 20 mM BES pH 7.4, 1 µM DTT, 25 µM NaCl, 0.01 % Sodium Azide and 

Protease inhibitor cocktail. Tau aggregates were set-up in 20 µM concentration and 2 µM Tau 

was taken as measuring concentration. 

Tau aggregates were prepared by the above mentioned procedure in 100 µM concentration. The 

final concentration of Tau was made as 20 µM for setting-up disaggregation assay unless stated 

otherwise [167, 168]. 

All the readings for aggregation and disaggregation assays were taken in triplicates unless stated 

otherwise. 

3.5.7.2 Thioflavin S (ThS) fluorescence Assay 

The kinetics of Tau aggregation over time was monitored using fluorescent dye ThS in 1:4 ratio 

of Tau to ThS (2 µM Tau and 8 µM ThS). ThS binds to the β-sheet structures abundant in protein 

aggregates gives enhanced fluorescence upon binding. The working solution of dye is made in 

50 mM Ammonium acetate pH 7.0 and mixed with the Tau aggregation assay samples in above 

mentioned ratio at different time-points of the assay. The mixture is pipetted into a 384 black 

well plate and incubated for 10 minutes. ThS fluorescence is monitored by excitation at 440 nm 

and recording the emission at 521 nm in Tecan Infinite 200 PRO spectrophotometer. 

3.5.7.3 8-anilino 1-naphthasulfonic acid (ANS) fluorescence Assay 

ANS is a fluorescent dye which gives fluorescence upon binding to the hydrophobic region of a 

protein. Upon protein aggregation, conformational changes occur exposing the hydrophobic 

surfaces. ANS is used in monitoring the protein aggregation by binding to these hydrophobic 

surfaces and exhibiting fluorescence. ANS fluorescence is taken by excitation at 375 nm and 

observing emission at 490 nm in Tecan Infinite 200 PRO spectrophotometer. For monitoring 



Materials and Methods 

46 

 

ANS fluorescence, the ratio between the protein and ANS was taken as 1:20 and fluorescence is 

recorded at different time-points during the course of aggregation. 

3.5.7.4 Thioflavin T (ThT) fluorescence Assay 

ThT is a fluorescent dye which binds to the β-sheet structures to produce fluorescence. The 

protein aggregates rich in β-sheets can be probed and their aggregation propensity can be 

monitored using ThT. We used ThT fluorescence to monitor aggregation studies with Melatonin 

as interference was observed with ThS dye [167]. 

3.5.7.4.1 Aggregation inhibition assay 

The reactions were set up as 20 μM Tau in microcentrifuge amber tubes and incubated at 37˚C. 

Melatonin was prepared in 10% DMSO was added in reaction tubes for repeat Tau in varying 

concentrations. Aliquots of repeat Tau aggregates were taken at different time intervals to 

measure ThT fluorescence. All the measurements were taken in triplicates. ThT fluorescence was 

measured by excitation at 450 nm and emission at 475 nm. The ratio of protein and ThT was 

taken as 1:1. ThT fluorescence for BES buffer was measured for blank subtraction. 

3.5.7.4.2 Disaggregation assay 

Classical Method  

Repeat Tau aggregates were prepared as mentioned above for inhibition assay in a concentration 

of 100 μM incubated with 25 μM of heparin. After 6 days of incubation at 37˚C, the protein was 

diluted to 20 μM in a series of reaction tubes with 20 mM BES pH 7.4 in which various  

concentrations of Melatonin prepared in 10% DMSO (100, 200, 1000 and 5000 μM) were added 

and again kept at 37˚C. The reaction tubes also contained 25 mM NaCl, 1 mM DTT and 0.01% 

Sodium azide. ThT fluorescence was measured at 450 nm excitation and 475 nm emission in 30 

minutes interval for 4 hours. 

Continuous Method  

For continuous measurement mode, the reaction was set-up in 20 mM BES, pH 7.4 in 96 well 

black flat bottom plates in a total volume of 200 μl without any additives. The measuring 

concentration of Tau was taken as 5 μM while melatonin was added in 500, 1000, 2000 and 5000 

μM concentrations. ThT fluorescence of BES buffer was measured as blank while 5 μM Tau 

with BES was measured as aggregate control. A control measurement for 10% DMSO was taken 

to rule out the effect of DMSO. ThT fluorescence was measured continuously at 450 nm 

excitation and 475 nm emission wavelength at an interval of 1 minute with a shaking time of 30 

seconds in a Tecan M200pro spectrophotometer. A total of 20 such measurements were taken 

over the time of ~30 minutes. Two sets of disaggregation assay in continuous mode were 

performed. 
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3.5.8 Transmission Electron Microscopy 

Transmission electron microscopy is a microscopy technique in which high energy electron 

beam is transmitted through an ultrathin section of specimen to obtain a high resolution image. 

The image is formed by the detection of electrons transmitted through the specimen. In order to 

obtain contrasting images in biological samples, negative staining is carried out using heavy 

metal salts such as Uranyl acetate. The staining with heavy metals salts scatters the electrons 

producing a darker background against the specimen. 

Procedure 

1. 2 μM of Tau samples were applied on 400 mesh carbon coated copper grids for 45-60 

seconds. 

2. The grids are washed twice with filtered MiliQ water for 45 seconds each. 

3. Negative staining is performed with 2% aqueous Uranyl acetate for 1-2 minute. 

4. The grids were allowed to dry for 24 hours before analysis by TEM. 

5. The samples were visualized by using TECNAI T20 Transmission Electron Microscope 

at 120 KV. 

3.5.9 Far-UV Circular Dichroism Spectroscopy 

Circular Dichroism spectroscopy is based on the differential absorption of right and left 

component of a circularly polarized light by a chiral or asymmetrical molecule. This technique is 

widely used for the determination of protein secondary structure. The peptide backbone in a 

protein absorbs in far-UV region of spectra and the tertiary folding of polypeptide chain 

acquiring a secondary structure give rise to a signature spectra characteristic of that 

conformation. The differential absorption of circularly polarized light components are 

represented in millidegree as- 

ΔA = AL - AR 

Where, ΔA is the difference between absorbance of left (AL) and right (AR) component of 

circularly polarized light [174]. 

Procedure 

1. Far-UV CD spectrum was acquired for soluble Tau, Tau aggregates and Tau along with 

its modifier (HDAC6 ZnF UBP, Melatonin or Baicalein) in varying concentrations. 

2. The CD spectra were recorded using Jasco J-815 CD spectrometer in a cuvette with a 

path length of 1 mm under nitrogen atmosphere. 

3. The scans were carried out at a scan speed of 100 nm/min and bandwidth 1 nm with a 

scan range from 190 to 250 nm. 
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4. The final spectra were taken as an average of 5 acquisitions. In each experiment, 

measurements were done at 25°C. The buffer baseline was set with 50 mM sodium 

phosphate buffer, pH 6.8 and subtracted from the measured spectra for each sample. 

5. The concentration was maintained as 2 µM for full-length Tau 5 µM for repeat Tau for 

all CD measurements. 

6. The final subtracted values were plotted using Sigma plot 10.0 (Systat software). 

3.5.10 Size-exclusion Chromatography 

Size-exclusion chromatography is a technique used for the separation of biomolecules on the 

basis of their molecular size. The mixture of biomolecules is passed through a column having 

molecular sieves made up of inert matrix with pore size corresponding to the molecules to be 

separated. Isocratic elution is carried out using suitable buffer and the separated components are 

detected by using UV absorption to obtain a chromatogram with peaks corresponding to each 

separated component. As the mixture runs through the column by applying pressure or under the 

effect of gravity, the molecules with the large molecular size travel through the void of the 

matrix while the smaller molecules pass through the pores of the molecular sieve. Thus, the 

higher weight molecules are eluted earlier. The technique is used widely used for purification of 

proteins as well as for studying the interaction of two or more proteins. The complex formed by 

the interacting protein gets eluted earlier giving a separate peak in the chromatogram. The 

constituents eluted under the corresponding peaks can be collected for further analysis. 

Procedure 

Size-exclusion chromatography for Tau Oligomers  

Size Exclusion chromatography was carried out for repeat Tau in presence of Baicalein at 

different time points in order to characterize the effect of Baicalein on the tendency of 

oligomerization. 

1. Repeat Tau samples were prepared by incubating the protein in 20 µM concentration in 

20 mM BES buffer, pH 7.4 with or without Baicalein in 200 µM final concentration. 

2. Heparin was added in 1:4 ratios as an inducer of aggregation. Baicalein was added to the 

reaction mixture after 4 hours of incubation at 37˚C. 

3. The initial incubation was provided for the preparation of lower order oligomers. The 

time point at which Baicalein is added is considered as 0 hour. 

4. The protein sample was filtered prior to loading on to Superdex 75 10/300 GL column 

(GE). The final sample load was set as 100 µl. 

5. BSA and Lysozyme were loaded as standards in 3 mg/ml concentration and soluble 

repeat Tau was loaded as a control. 

6. The separation was carried out in PBS buffer. Samples at 0, 6, 12, 24 and 60 hours of 

incubation were subjected to size exclusion chromatography. 
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Size-exclusion chromatography for Tau/HDAC6 interaction 

In order to determine the interaction of HDAC6 ZnF UBP on Tau, size Exclusion 

chromatography was carried out. 

1. Full-length Tau and HDAC6 ZnF UBP were incubated in 1:1 ratio in 50 mM Tris-Cl pH 

8.0 at 40 µM concentration at 37 ºC for 2 hours. 

2. Size-exclusion chromatography was carried out at 0, 1 and 2 hours of incubation using 

Superdex Increase 10/300 GL column. 

3. 100 µl of sample was injected for each run and the elution was carried out by using 50 

mM Tris-Cl pH 8.0 

3.6 Methods for Interaction Analysis 

3.6.1 
1
H-

15
N HSQC Nuclear Magnetic Resonance Spectroscopy 

Heteronuclear Single Quantum Coherence (HSQC) Nuclear Magnetic Resonance is a technique 

used mainly for protein interaction study using the proton (
1
H) NMR spectra and a heteronucleus 

(atomic nucleus other than proton). Each proton gives a unique spectrum corresponding to the 

heteronucleus attached to it. The proteins under study are isotopically labelled with 
15

N, which 

gets incorporated to the amide linkage and side chains of amino acids residues in protein. Each 

residue gives a spectrum which is characteristic for the protein, such that each amide peak 

corresponding to a residue can be assigned. The side chain 
15

N does not give any observable 

spectra due to solvent exchange. 
1
H-

15
N HSQC NMR can be utilized for studying the interaction 

of protein with a ligand or another protein by comparing the spectra for free protein and protein 

in complex with its interacting partner. Chemical shift perturbations in the spectra are observed 

for the residues, which are involved in the binding. 

Procedure 

1. A 200 M solution of 
15

N labelled repeat Tau protein in 50 mM phosphate buffer (10:90 

D2O:H2O) containing 1 mM DTT was used for NMR spectroscopic experiments. 

2. Titration of labelled repeat Tau was carried out with Melatonin in 1:0, 1:5, 1:10, 1:25 and 

1:50 of Tau to Melatonin ratios. 

3. Residue specific chemical shift perturbations obtained due to Tau and Melatonin 

interaction were monitored by 
1
H-

15
N HSQC experiments. 

4. All NMR studies were carried out at 278 K on Bruker Avance III HD 700 MHz 

spectrometer equipped with a TXI probe. 

5. 1
H-

15
N HSQC experiments were acquired with 512 increments (16 scans per increment) 

in the indirect dimension and 2k complex points were collected in the direct dimension. 

All the data was analyzed using Sparky program [175] after processing by Bruker topspin 3.2 

software.3.6.2 Isothermal Titration Calorimetry 

Isothermal Titration Calorimetry (ITC) is a biophysical technique to determine the binding 

parameters of two molecules. It is a sensitive method for the determining the interaction of two 
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proteins or the interaction of a protein with a ligand. Binding reactions and enzyme catalyzed 

reactions are associated with heat changes. ITC can measure the heat change (endothermic or 

exothermic) up to a degree of 0.1 μcal/sec. The titration of one component against the other is 

carried out in an adiabatic system until saturation attained. The associated heat changes 

associated with each titration point can be used to determine the affinity (Kd), stoichiometry (n), 

enthalpy change (ΔH), entropy change (ΔS) or Km/Kcat of a reaction [176].  

Procedure 

1. Isothermal titration Calorimetry experiments were carried out by using Malvern PEAQ-

ITC instrument (MicroCal). 

2. Final concentration of repeat Tau and Melatonin used for titration was adjusted by 20 

mM BES buffer pH 7.4. 

3. Stock solution of Melatonin (3000 μM) was made in the same buffer to minimize buffer 

mismatch during titration. 

4. Both repeat Tau and Melatonin were filtered prior to titration. Reverse titration was 

performed at 25˚C by using Melatonin in the sample cell while repeat Tau in the syringe. 

5. Different ratio of repeat Tau and Melatonin was used so as to reach the equimolar ratio of 

repeat Tau and Melatonin. 

6. Each titration comprises of 19 injections of 2 μl for 5 seconds at an interval of 180 

seconds between each injection. An initial injection of 0.4 μl was given for stabilization. 

7. The data obtained was analysed by PEAQ-ITC software and fitted using one set of sites 

model. 

8. The values of ΔG, ΔH and TΔS were used to calculate the binding constant or the 

association constant as- 

                                                       -RTlnK = ΔG = ΔH – TΔS 

3.6.3 UV-Visible Spectroscopy 

UV-Visible spectroscopy is a quantification and detection technique for inorganic or organic 

molecules containing π electrons or non-bonding (n) electrons. The electrons absorb the energy 

in UV-Visible wavelength range (200-800 nm) resulting in their excitation form ground state to 

higher energy states. The molecules absorbing in this range give a characteristic absorption 

spectrum, which can be used to obtain the concentration of unknown compound, binding 

parameters of two molecules and rate constant of a reaction. 

Procedure 

1. 50 µM Baicalein in 20 mM BES buffer was placed in a cuvette and an absorption 

spectrum was recorded in 230-450 nm range using Jasco V-530 spectrophotometer. 

2. Tau protein is added to the cuvette for recording first titration. The titrations are carried 

out until saturation is obtained in absorption changes. 
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3. Aliquots of repeat Tau were subsequently added to the cuvette in 3.5, 7, 14, 28, 42, 56, 

70, 84, 98 µM concentration and respective spectra were recorded for each addition.  

4. The stock concentration of Tau is kept high so that the total volume of repeat Tau added 

was less than 100 µl so that there is no dilution effect. 

Determination of dissociation constant (Kd) 

The dissociation constant of protein-ligand binding can be determined by the following formula: 

[PL] =    [Pₒ] ˟ [L] 

                Kd   +   [L] 

where, [Pₒ] is the initial protein concentration, [L] is the free ligand concentration, [PL] is the 

concentration of protein-ligand complex and Kd is the dissociation constant. 

L and PL are determined as - 

[PL] = α [Pₒ] 

L = [Lₒ] – [PL] 

Lₒ is the total ligand concentration taken in the cuvette and α is the fraction of bound ligand for a 

given concentration of protein determined from the change in absorption [168]. 

3.6.4 Ni-NTA Pull down assay 

Ni-NTA Pull down assay employs binding of His-tagged protein to the Ni
2+ 

immobilized on 

nitrile triacetic acid (NTA) through coordinate bond to determine the interaction of two proteins 

by their co-elution. To perform pull down using Ni-NTA resin beads, one of the proteins should 

be His-tagged and considered as bait protein while the other protein, with which the interaction is 

called in question, is regarded as prey protein. The proteins and the beads are incubated together 

and given suitable number of washes with buffer containing low imidazole concentration, to 

remove unbound and non-specifically bound proteins. The protein complex bound to beads can 

be either eluted or taken as such in resin bound state. 

Procedure 

1. The pull-down assay was carried out using Ni-NTA resin to bind HDAC6 as the bait 

protein and full-length human Tau as prey protein. 

2. HDAC6 (20 μM) and full length Tau (10 μM) in a total volume of 200 μl was first 

incubated together in 1X PBS pH 7.4 as assembly buffer along with 20 μl of Ni-NTA 

resin at 4 ˚C for 1 hour with constant mixing. 
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3. After washing five times with 1X PBS, pH 7.4, 30 mM imidazole, the beads were 

collected by centrifugation. The samples from all the steps were loaded on to SDS-

PAGE. 

3.7 In Silico Methods 

3.7.1 Molecular modelling and docking 

 

The model for HDAC6 Zinc finger ubiquitin-binding domain was built using the SWISS-

MODEL server (https://swissmodel.expasy.org/). The crystal structure of human HDAC6 Zn 

finger domain (PDB ID. 3C5K) downloaded from the RCSB-PDB database 

(https://www.rcsb.org/) was used to build the model for the interaction studies [177, 178]. The 

model with a global model quality estimate (GQME) of 0.99 was used for further studies. Tau 

protein (Repeat-Tau) model built by our group for the previous studies has been adopted here for 

the interaction study [168]. The models were docked using the online server, PatchDock 

(https://bioinfo3d.cs.tau.ac.il/PatchDock/php.php) [179, 180]. The clustering RMSD was set to 

4Å since it is a protein-protein interaction. The top 10 models generated from PatchDock was 

refined using another server, FireDock (http://bioinfo3d.cs.tau.ac.il/FireDock/php.php). The 

model with the lowest binding energy of was used for further simulation studies. The protein 

complexes are visualized and analyzed using VMD (version 1.9.4a38 (October 20, 2019)) and 

PyMOL (TM) Molecular Graphics System (Version 1.8.4.0). 

 

3.7.2 Molecular dynamics simulations 

The molecular dynamic simulations for the docked complex were performed using GROMACS 

2019.3 software with the AMBER03 force field[181-183]. Tip3p water model was used in the 

simulation. The docked protein-protein complex was placed in the center of a cubic box and the 

distance between the protein and the box was set as 10Å. The dimensions of the simulation box 

were initially set to 88X88X88 Å. The box was then solvated with water and the charges are 

neutralized by adding Cl
-
 ions. The energy minimization for the system was performed using 

steep descent minimization algorithm until the maximum force, Fmax reaches less than 10 

KJ/mol/nm. The system converged to Fmax < 1000 in 418 steps. The temperature and pressure 

of the system was equilibrated using leap-frog integrator for 100 ns each (50,000 steps). Verlet 

cut-off scheme (Buffered neighbour searching) was used for non-bonded interactions and PME 

algorithm (Particle Mesh Ewald) was applied for electrostatics. The temperature of the system 

was equilibrated to 310 K using V-rescale thermostat (modified Berendsen thermostat). Velocity 

was generated from Maxwell distribution across the periodic boundaries on all x, y and z axes. 

The pressure was equilibrated to 1.0 bar using Berendsen pressure coupling across the periodic 

boundaries x, y and z axes. The final MD-run was performed for 50 ns (25000000 steps) and the 

trajectories were visualized using VMD. The RMSD, RMSF and Rg graphs were plotted to 

check the stability of interaction. The Coulombic and LJ energies between the complex were 

plotted and analysed. Hydrogen bond analyses were performed for different residues and were 

https://swissmodel.expasy.org/
https://www.rcsb.org/
https://bioinfo3d.cs.tau.ac.il/PatchDock/php.php
http://bioinfo3d.cs.tau.ac.il/FireDock/php.php
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plotted. The interacting residual structures from the last 10 ns were plotted using LigPlot+ 

(version 2.2) [184]. 

3.8 Cell Biology Methods 

3.8.1 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) Assay 

MTT assay is a colorimetric method to measure metabolic functions of cell as an indicator of 

their viability. 3-(4, 5-dimethylthiazol-2-yl)- 2, 5-diphenyltetrazolium bromide (MTT) is a 

tetrazolium salt which get reduced to a purple colored MTT-formazan crystals by NADP 

dependent oxidoreductase enzymes. The crystals formed during the reaction are solubilized and 

the color intensity is measured at 500-600 nm. The intensity of the colored product is directly 

proportional to the viability of cells. 

Procedure 

1. 10
4
 neuro2a cells (ATCC CCL-131) were seeded in a 96 well culture plate in DMEM 

supplemented with 10% FBS and antibiotic penicillin-streptomycin for 24 hours at 37 °C 

CO2 incubator. 

2. The cells were treated with HDAC6 ZnF UBP (0- 500 nM) in serum-starved media for 24 

hours. 

3. MTT was added to the cells at a concentration of 0.5 mg/mL and incubated for 3 hours. 

4. The reduction of MTT by cellular enzymes forms purple formazan crystals, which were 

dissolved by adding DMSO. 

5. The developed color was quantified by reading at 570 nm in a Tecan Infinite 200 PRO 

spectrophotometer. 

3.8.2 Lactate Dehydrogenase (LDH) Assay 

Lactate Dehydrogenase (LDH) is a cytoplasmic enzyme involved in cellular respiration and 

present in all cells. LDH is released from the cells if damage to cell membrane occurs. Thus, 

LDH release form the cell can be used as an indicator of cyto-toxicity. LDH assay is a 

colorimetric assay which quantifies the LDH released by cell by using a tetrazolium salt 2-(4-

iodophenyl)-3-(4-nitrophenyl)-5-phenyl tetrazolium chloride (INT). INT gets converted into a 

red formazan product upon reduction by NADH produced as LDH converts lactate to pyruvate. 

The intensity of red color is proportional to the released LDH and thus the number of damaged 

cells. 

We studied the effect of HDAC6 ZnF UBP treatment on cell membrane integrity by LDH assay. 
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Procedure 

1. 10
4
 neuro2a cells (ATCC CCL-131) were seeded in a 96 well culture plate in DMEM 

supplemented with 10% FBS and antibiotic penicillin-streptomycin for 24 hours at 37 °C 

CO2 incubator. 

2. The cells were treated with HDAC6 ZnF UBP (0- 500 nM) in serum-starved media for 24 

hours. 

3. After the treatment with HDAC6 ZnF UBP, supernatant media was separated and used 

for the assay as per the manufacturer’s protocol. 

4. In brief, 50 µL of cell supernatant was incubated with 50 µL of the provided reaction 

mixture for 30 minutes at room temperature. 

5. 50 µL of stop solution was added to each well and the color developed was measured at 

490 nm and background subtraction was done at 680 nm in a Tecan Infinite 200 PRO 

spectrophotometer.. 

3.8.3 Caspase 3/7 activity Assay 

Apoptotic cell death is mediated by the activation of caspase family of proteases which cleaves 

and degrades a large number of cellular proteins. Caspase 3 and 7 are the proteases with 

substrate specificity towards amino acid sequence – Asp-Glu-Val-Asp (DEVD). The assay for 

Caspase 3/7 is based on the conversion of non-fluorescent bisamide derivative of Rhodamine 

R110 into a fluorescent monoamide and then into more fluorescent R110. DEVD peptides are 

covalently linked to each amino group in Rhodamine R110 such that its visible absorption and 

fluorescence is suppressed. Caspase 3/7 in the apoptotic cell carry out enzymatic cleavage of 

DEVD peptides to obtain fluorescent products which corresponds to the enzymatic activity in the 

sample. 

In order to study the effect of HDAC6 ZnF on inducing apoptotic cell death, the activity of 

executioner caspase 3 was determined by EnzChek™ Caspase-3 Assay Kit. 

Procedure 

1. 10000 cells/well cells were seeded in a 12 well culture plate for 24 hours and further 

treated with HDAC6 (0-500 nM) for 24 hours in serum-starved media. 

2. Caspase activity was performed as per manufacturer’s protocol. 

3. The cells were lysed with provided lysis buffer in freeze-thaw cycles. 

4. The cell debris was centrifuged out and the supernatant was incubated with the substrate 

(DEVD-Rhodamine)  

5. The fluorescence was quantified at (Ex/Em) 496 /520 nm at different time intervals in 

TECAN Infinite 200 PRO plate reader. 
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3.8.4 Immunofluorescence Analysis and Quantification 

Immunofluorescence refers to the technique used for visualizing the proteins in cells or tissues 

by using fluorescent tagged primary or secondary antibodies. This technique provides the 

cellular or subcellular localization, distribution and levels of protein in question. The 

immunostained proteins can be visualized by a microscope based on the principle of 

fluorescence i.e. simple fluorescence microscope, confocal microscope etc. 

Procedure 

1. Neuro2a cells from passage number 10-20 were cultured in advanced DMEM 

supplemented with penstrep-glutamine, anti-mycotic and 10% FBS at 37 ºC, 5% CO2, 

until the cells were 70-80 % confluent. 

2. For immunofluorescence studies, 5*10
4
 cells were seeded on a glass coverslip (Bluestar) 

in a 12 well cell culture plate and allowed to attach for 24 hours. 

3. Cells were given the respective treatment in serum starved media (0.5% FBS) for 24 

hours. 

4. After incubation period, cells were washed with 1X PBS and fixed with 4% 

paraformaldehyde or molecular biology grade absolute methanol for 10 minutes. 

5. Further cells were washed thrice with 1X PBS and permiabilized using 0.2% Triton X-

100. 

6. Blocking is carried out using 2% horse serum and incubated with primary antibodies in a 

moist chamber at 4 ºC overnight. 

7. Next day, cells were washed thrice with 1X PBS and incubated with alexa fluor labelled 

secondary antibodies for 1 hour at 37 ºC.  

8. The unbound secondary antibody was washed off with three washes of 1X PBS and 

counterstained with DAPI. 

9. The coverslips were mounted in 80% glycerol and observed under 63X oil immersion 

lens in Axio Observer 7.0 Apotome 2.0 (Zeiss) microscope. 

10. The quantification of immunofluorescence intensity was carried out by Zen 2.3 software 

and mean fluorescence intensity per unit area were determined for various treatment 

groups in respective number of fields (n = 5-12). 

3.9 Statistical Analysis Methods 

Two-tailed unpaired student t-test was used to determine the significance for experiments 

involving comparison of two groups (n.s. – non-significant, * indicates P ≤0.05, ** indicates P ≤ 

0.01, *** indicates P ≤ 0.001). One way ANOVA was conducted for the experiments involving 

comparison of multiple treatment groups. Tukey’s HSD (Honest significant difference) test was 

performed to compare the significance within groups ((Significant at mean difference between 

groups > Tukey’s criterion; T). All the experiments were performed in triplicates and analyzed 

by Sigmaplot 10.0 (Systat software). 
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2.1 Background 

In AD, protein aggregation is an intriguing process involving multiple factors influencing the 

eventual direction of proteostasis. The process of aggregation varies depending upon the type of 

protein and cellular environment. Microtubule associated protein Tau (MAP-Tau) associates 

with microtubules and promotes their structural integrity [12, 185]. The structure and function of 

Tau protein is modified by various cellular and molecular factors such as oxidative stress, post-

translational modifications and interaction with its binding partners [31]. Tau protein aggregates 

are deposited as intracellular inclusion bodies called neurofibrillary tangles. Tau aggregation is a 

process involving conversion of highly soluble Tau protein into insoluble Tau fibrils. This 

process mainly depends on the charge compensation of Tau brought about by cellular 

environment, mutations, PTMs or protein interactions. Tau undergoes a wide range of PTMs, 

which regulates its structure and function [186]. Tau protein has regions with inherent tendency 

to form β-sheet structure which is usually opposed by interactions within the proteins and charge 

restrictions [12]. However, in case of mutations or other modifications in the form of proteolytic 

cleavage or PTMs like phosphorylation at specific residues, Tau is driven to form β-sheet 

structure. The changes within the Tau molecule result in its detachment from microtubule and 

self-association leading to initiation of aggregates formation. 

Tau aggregation has drawn attention in past two decades as a therapeutic target [187]. The 

therapeutic approach against Tau aggregation includes either search for inhibitors to tackle the 

processes that drive Tau towards aggregation or inhibitors directly working on Tau aggregates 

[188]. The first approach involves designing inhibitors against kinases involved in Tau 

hyperphosphorylation [189]. Such an approach is often non-specific and difficult to target 

against a particular cell type [190]. On the other hand, targeting Tau protein specifically so as to 

inhibit its aggregation or to dissolve pre-formed aggregates is a suitable approach to curb down 

neuronal damage. However, there are constraints to such an approach as most of the molecules 

that are found to be effective against Tau aggregation have to cross the blood brain barrier to be 

of use [191]. Further, merely targeting the aggregation of Tau may not be sufficient enough to 

curb the ill effects associated with AD since it is a multi-factorial disease. Thus, in order to 

understand the molecular mechanisms associated with Tau aggregation and the factors that affect 

the fate of Tau in neurons is desirable to design a holistic therapeutic strategy. Tau has a large 

number of interacting partners that includes various enzymes like kinases or non-enzyme 

proteins such as molecular chaperones, which determines its function under various specific 

conditions [192]. Understanding the association of Tau with its interacting partners can give 

useful information in order to designing potential inhibitors. The interaction with other proteins 

can either be beneficial or detrimental in terms of their physiological function. For instance, 

refolding through associating with chaperones is a beneficial aspect while Tau 

hyperphosphorylation may occur due to enhanced association with kinases under pathological 

conditions. 

HDAC6 is a known interacting partner of Tau and regulates its association with microtubules via 
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deacetylation [54]. Apart from its enzymatic function, HDAC6 is involved in reducing aggregate 

burden in cells by mediating the formation of aggresomes via its ZnF UBP domain [103]. Protein 

aggregates are poly-ubiquitinated in order to target them to UPS. The failure or inefficiency of 

UPS triggers aggresome formation where HDAC6 binds to poly-ubiquitinated aggregates via 

ZnF UBP membrane and targets them to degradation by means of autophagy. We have studied 

HDAC6 ZnF UBP for its ability to modulate the aggregation propensity of Tau as well as for its 

potency to dissolve pre-formed aggregates. We propose a mechanism by which HDAC6 ZnF 

UBP modulates its aggregation properties and elaborates the function of HDAC6 as the direct 

modulator of Tau aggregation. 

2.2 Aggregation propensity of Tau 

Tau hypothesis suggests that microtubule-associated protein Tau undergoes loss of function 

under pathological conditions and forms toxic intracellular aggregates [193]. The exact 

mechanism through which Tau aggregates impart toxicity to neurons is not well defined. 

However, presence of various species of Tau aggregates in neurons has been linked to cognitive 

decline and neurodegeneration. Tau aggregates adopt β-sheet conformation and the fibrillar 

aggregates are characterized by parallel, in register β-sheets perpendicular to the axis of fibril 

[22]. The aggregates of Tau acquire different morphological forms depending on the 

arrangement of oligomeric units. The most predominant form called paired helical filament 

consist of two protofibrils wound together to demonstrate a characteristic helical twist [194]. The 

formation of Tau aggregates in vivo is a complex process involving multiple causative factors 

such as post-translational modifications, molecular crowding, presence of nucleating factors and 

interaction with other proteins modulating Tau structure and function [195]. In order to study the 

mechanism of Tau aggregation, in vitro aggregation studies have been carried out with different 

Tau isoforms as well as different constructs of Tau. The aggregation conditions are designed in 

such a way to mimic the physiological conditions. However, in order to induce Tau aggregation 

in vitro, aggregation inducers are employed which includes poly-anionic factors like heparin and 

arachidonic acid. Conversely, pro-aggregant forms and constructs of Tau are used for promoting 

aggregation [196]. Such pro-aggregant forms of Tau consist of mutations such as lysine deletion 

in the second repeat of Tau (ΔK280) or truncated form of Tau (cleavage at D421). There are 

constructs which consists of only repeat region of Tau such as K18 (4R) and K19 (3R). Such 

constructs have higher propensity for aggregation compared to wild type form of Tau. In our 

aggregation studies, we have used recombinant full-length form of Tau (hTau40wt) and 4 repeat 

Tau (K18wt) (Fig 2.1A and B). The course of Tau aggregation was monitored by using the 

fluorescent dye Thioflavin S (ThS), which binds specifically to β-sheet structures formed upon 

aggregation. As the aggregation proceeds, the amount of β-sheet increases indicating higher 

content of aggregates. The time course of aggregation gives an indication of the rate of 

aggregation. The aggregation kinetics of both the forms of Tau differs with respect to their 

ability to form fully developed mature aggregates. hTau40wt requires a higher time-course to 

produce mature fibrils as the initial nucleation steps is a limiting factor (Fig. 2.1C,D and E). 
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However, K18wt has a faster rate of aggregation is able to bear well defined aggregates in 

shorter time while attaining saturation earlier (Fig 2.3F, G and H). 

 

Fig. 2.1. Aggregation propensity of Tau. Bar diagram representation of A) full-length Tau (hTau40wt) and B) 

repeat Tau (K18wt) and their domain organization. Repeat Tau represents the physiological as well as pathological 

unit of Tau involved in microtubule interaction and aggregate formation respectively. C) Aggregation assay for 

hTau40wt monitored by using ThS fluorescence for a time-course of 48 hours. The aggregation reaction was 

incubated at 37ºC and aliquoted for ThS fluorescence measurement at respective time-points. D) Bar graph 

representation of ThS absolute fluorescence at 0, 6 and 48 hours to indicate the point of saturation in aggregation 

assay. E) Morphology of hTau40wt aggregates obtained at the end-point of aggregation assay showing fibrillar form 

of aggregates as seen in scales of 0.5 µm and 200 nm as observed in transmission electron microscopy (TEM). F) 

Aggregation of repeat Tau domain (K18wt) carried out for 48 hours and aggregation propensity assayed by ThS 

fluorescence. G) The aggregation of K18wt approaches saturation in 3 hours of incubation at 37ºC as represented by 

bar graph. H) TEM images taken for K18wt aggregates at the end-point of aggregation assay shows fibrillar form of 

aggregates. 

2.3 Inhibition of Tau aggregation and conformational changes by HDAC6 ZnF UBP  

Cytosolic deacetylase HDAC6 interacts and modulate the function of wide range of proteins 

involved in various cellular processes [197, 198]. In this regard, we studied the interaction of 
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full-length human Tau and HDAC6 ZnF UBP domain with respect to HDAC6’s ability to 

modulate Tau function. Aggregation assay was carried out for hTau40wt in presence of varying 

concentrations of HDAC6 ZnF UBP. The aggregation assay shows that HDAC6 ZnF UBP is 

able to inhibit the full-length Tau fibrillar assembly at a concentration of 20 µM as monitored by 

ThS fluorescence intensity (Fig. 2.2A). Tau in its soluble form exists as a random coil and gives 

a characteristic signature for random coil conformation with a negative band at ~200 nm [174]. 

In order to analyze the conformational changes in hTau40wt, far-UV CD spectroscopy was 

performed for the end point samples from aggregation inhibition assay. While soluble Tau gives 

a signature for random coil conformation with a negative band at 202 nm, upon aggregation the 

spectra shifts towards β-sheet conformation. hTau40wt aggregate has predominantly β-sheet 

conformation and gives a signature band at 208 nm. The CD spectra for the Tau samples 

incubated with HDAC6 ZnF UBP showed spectral shift back towards random coil conformation 

i.e. 204 nm (Fig. 2.2B). The wavelength maxima obtained for hTau40wt in its monomeric form, 

aggregates and with varying HDAC6 concentration is summed up in Table 2.1.  

In order to visualize the aggregate formation and aggregation inhibition in the presence of 

HDAC6 ZnF UBP, SDS-PAGE was carried out for aggregation assay samples taken at various 

time-points of aggregation assay. The same effect of aggregation inhibition was observed in 

SDS-PAGE for aggregation assay samples at different time points. However, the reduction in 

aggregate population as observed in SDS-PAGE was quite similar in all concentrations of 

HDAC6 ZnF UBP (Fig. 2.2C). The inhibition effect of HDAC6 ZnF UBP was also evident in 

transmission electron microscopy (TEM) for HDAC6 ZnF UBP treated Tau aggregates as 

compared to the control Tau aggregates (Fig 2.2D). Tau aggregates as observed in TEM, appear 

as complete long fibrillar structure while the Tau aggregates with HDAC6 ZnF UBP gives 

morphology of broken and thinner fibrils. Interestingly, there was a significant difference in the 

degradation pattern of hTau40wt in HDAC6 ZnF UBP treated samples as compared to the Tau 

control aggregates. The aggregation assay for Tau with HDAC6 ZnF UBP suggested a possible 

mechanism through which HDAC6 ZnF UBP brings about aggregation inhibition of Tau as well 

as mediating its degradation. Aggregation assay for repeat Tau was also carried out in presence 

of HDAC6 ZnF UBP in 2.5, 5, 10 and 20 µM concentrations (Fig. 2.3A). The aggregation 

kinetics for repeat Tau shows inhibition effect with 20 µM of HDAC6 ZnF UBP (Fig. 2.3B). 

TEM analysis of repeat Tau aggregation assay samples in the presence of HDAC6 ZnF UBP 

showed amorphous Tau aggregates indicative of hindered fibril formation (Fig. 2.3C).  
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Fig. 2.2. Effect of HDAC6 ZnF UBP on full-length Tau aggregation and conformation. A) hTau40wt was 

subjected to aggregation with different concentrations of HDAC6 and the aggregation kinetics was monitored using 

ThS fluorescence. B) Circular dichroism spectroscopy for hTau40wt aggregation assay samples incubated with 

different HDAC6 concentration showed the shift towards random coil structure in Tau samples incubated with 

HDAC6 ZnF UBP. C) SDS-PAGE analysis for aggregation of hTau40wt in presence of different HDAC6 

concentrations at 0, 24, 48 and 96 Hrs. SDS-PAGE analysis showed absence of higher order aggregates in Tau 

incubated with HDAC6 ZnF UBP (indicated by black arrows) compared to control Tau aggregates (indicated by red 

arrow). The control Tau aggregates is marked as C, protein marker lane as M, HDAC6 ZnF UBP lane as H and 

soluble Tau as S. D) Electron micrographs for aggregation assay samples showed morphologically irregular and 

broken fibrils as compared to well-defined fibrils in control Tau aggregates sample. 

 

 

 

Time (in hours)

0 4 8 12 24 48 72 96

T
h

S
 F

lu
o

re
s

c
e

n
c
e

 (
a
.u

.)

0

100

200

300

400

500

hTau40wt Agg.

+20 M HDAC6

+10 M HDAC6

+5 M HDAC6

+2.5 M HDAC6

Wavelength (nm)

190 200 210 220 230 240 250

C
D

 [
m

d
e
g

]

-30

-20

-10

0

10
hTau40wt Monomer

hTau40wt Aggregates

+ HDAC6 (20 M)

+ HDAC6 (10 M)

+ HDAC6 (5M)

+ HDAC6 (2.5 M)

Wavelength (nm)

190 200 210 220 230 240 250

C
D

 [
m

d
e
g

]

-30

-20

-10

0

10
hTau40wt Monomer

hTau40wt Aggregates

+ HDAC6 (20 M)

+ HDAC6 (10 M)

+ HDAC6 (5M)

+ HDAC6 (2.5 M)

C

A B

D hTau40wt aggregates +20 µM HDAC6



Chapter 2 

62 

 

Table 2.1. Wavelength maxima for hTau40wt-HDAC6 ZnF UBP aggregation assay samples. 

 

 

Fig. 2.3. Repeat Tau (K18wt) aggregation inhibition by HDAC6 ZnF UBP. A) ThS fluorescence assay was 

carried out for K18wt with different concentrations of HDAC6 ZnF UBP. Aggregation inhibition was observed with 

20 µM of HDAC6 ZnF UBP.  B) Inhibition of K18wt aggregation as represented by the absolute fluorescence 

values at the assay end point. (n.s. indicates P≥0.05 (non-significant), * indicates P ≤ 0.05, ** indicates P ≤ 0.01, 

*** indicates P ≤ 0.001). C) Electron micrographs for K18wt aggregates shows fibrillar structures while K18wt 

incubated with 20 µM HDAC6 ZnF UBP shows amorphous structures. 

2.4 Disaggregation of preformed Tau fibrils by HDAC6 ZnF UBP 

Apart from aggregation inhibition, another approach to curb down the detrimental effect of 

protein aggregates involves dissolution of already formed aggregates. HDAC6 ZnF UBP domain 

is known to interact with aggregated proteins in cells through ubiquitin C-termini of 

polyubiquitinated aggregates, but there are limited evidence for its direct effect on protein 

aggregates [199]. We carried out disaggregation assay for hTau40wt where pre-formed Tau 

aggregates were incubated with HDAC6 ZnF UBP. The disaggregation effect was monitored 

employing ThS fluorescence such that lowered value of ThS fluorescence over time is indicative 

of disaggregation. Disaggregation assay carried out for a time course of 96 hours showed 
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decrease in fluorescence in Tau aggregates incubated with 20 µM HDAC6 ZnF UBP (Fig. 2.4A). 

The absolute fluorescence values for Tau aggregates incubated with 20 µM HDAC6 ZnF UBP 

showed a decrease by ~70 a.u. as compared to control Tau aggregates (Fig. 2.4B).  However, in 

SDS-PAGE analysis, the effect was observed for both the concentrations of HDAC6 (2 and 20 

µM) with almost complete degradation of Tau. At the end of 96 hours, the Tau aggregates were 

observed to dissolve completely for samples with both 2 and 20 µM of HDAC6 while they were 

intact in control Tau aggregates as seen in SDS-PAGE analysis (Fig. 2.4C). TEM images also 

suggested the disaggregation of Tau aggregates with HDAC6 ZnF UBP evident by the presence 

of broken fibrillar structures (Fig. 2.4D). Overall, the results indicated that HDAC6 ZnF UBP 

can effectively dissolve the pre-formed aggregates of Tau owing to their interaction and 

degradation effect. 

 

Fig. 2.4. Disaggregation assay for full-length Tau fibrils in presence of HDAC6 ZnF UBP. A) Disaggregation 

assay kinetics for hTau40wt with 2 and 20 µM of HDAC6 ZnF UBP shows the effect at higher concentration of 

HDAC6 as monitored by ThS fluorescence. B) Bar graph showing marked reduction in ThS fluorescence after 96 

hours with 20 µM of HDAC6 ZnF UBP as compared to Tau control aggregates. (n.s. indicates P≥0.05 (non-

significant), * indicates P ≤ 0.05, ** indicates P ≤ 0.01, *** indicates P ≤ 0.001). C) SDS-PAGE for hTau40wt 

disaggregation at various time points (0, 72 and 96 hours) shows remarkable reduction in aggregate load over time. 

D) Electron micrographs for hTau40wt disaggregation by HDAC6 shows marked changes in the morphology of Tau 

fibrils. Broken shorter aggregates were observed for the Tau aggregates incubated with HDAC6. 

2.5 Summary 

The aim of our study is to elucidate the role of HDAC6 ZnF UBP domain with respect to Tau in 

physiological and pathological conditions i.e. in its soluble and aggregated form respectively. 

We have addressed the direct effect of this HDAC6 on Tau through its ZnF UBP domain. 

HDAC6 ZnF UBP domain is able to inhibit the aggregation of Tau as well as cause 

disaggregation of pre-formed aggregates in vitro suggesting the possibility of its protective role 
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in Tauopathies. Also, the aggregation inhibition as well as disaggregation of pre-formed 

aggregates was associated with rapid degradation of Tau in both aggregated and non-aggregated 

state. Degradation of Tau in presence of HDAC6 ZnF UBP suggests the possible role of this 

domain in Tau stability and function. However, the nature of interaction and the site specific to 

which it binds in Tau need to be further explored. 
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3.1 Background 

HDAC6 associates with other proteins and regulates their function through deacetylation [200, 

201]. Although, the ZnF UBP domain of HDAC6 is not known to possess any known catalytic 

activity, it is essential in strengthening the association of target protein with HDAC6 facilitating 

the enzymatic efficiency of catalytic domains [202, 203]. The ZnF UBP domain is mostly 

involved in physical association with proteins and regulating their transport or providing tether to 

enable their association with other proteins by making a ternary or multi-protein complex [204]. 

The UBP or BUZ domain is known to recognize specific C-terminal sequence of proteins [199]. 

Interaction studies with HDAC6 ZnF UBP and other ZnF UBP containing proteins revealed that 

it requires a C-terminal diglycine motif for binding. This includes proteins like ubiquitin, which 

interacts with HDAC6 ZnF UBP after ataxin-3-mediated C-terminal cleavage exposing diglycine 

motif RLRGG-COOH [69]. Histone H3-H4 tetramer is another binding partner of ZnF UBP 

domain having regulatory function [199]. Isopeptidases are ubiquitin interacting enzymes 

involved in the cleavage of isopeptide bond (a peptide bond involving the side chain of at least 

one amino acid). Structural analysis has shown that their binding involves interaction of Arg, 

Leu, Ile and Phe residues from ubiquitin forming hydrophobic bonds which strengthens the 

interaction through diglycine motif [199, 205]. HDAC6 ZnF UBP domain interaction with 

ubiquitin is well characterized by crystallographic analysis which explains its function in 

aggresome formation [69]. We aimed to study its interaction with Tau protein owing to its effect 

in aggregation studies. Also, the natively unfolded structure of Tau may allow its modification 

by constituting multiple interacting residues.  

Microtubule-associated protein Tau can undergo a large number of modifications which directs 

its stability and function. While some of the modifications are essential for the physiological 

function of Tau, an imbalance in these modifications often lead to pathological state of Tau 

[206]. For example, phosphorylation is important for Tau function and it is always associated 

with a minimal amount of phosphorylation at specific sites to perform its physiological function 

[207]. However, under pathological conditions, Tau becomes hyperphosphorylated either due to 

over-activity of kinases or suppressed phosphatase activity [208]. This leads to detachment of 

Tau from microtubules and self-association to form Tau aggregates. Similar to phosphorylation, 

another important event that decides the fate of Tau is its truncation or cleavage. However, the 

mechanism of toxicity and pathology mediated by Tau truncation is less understood. 

Tau truncation or cleavage is considered as an important modification leading to pathological 

condition [209]. Tau may undergo cleavage either enzymatically through the action of proteases, 

which includes caspases, calpain and cathepsins or non-enzymatically through a less understood 

mechanism. The Tau fragments generated during the course of cleavage have been widely 

studied with respect to their pro-aggregation properties and toxicity to neuronal cells [210, 211]. 

The major fragments characterized for Tau cleavage includes – F1 (at N-terminal after Lys
257

), 

F2 (at C-terminal after Val
363

) and F3 (at C-terminal after Ile
360

) [55, 212]. The F2 and F3 

fragments are more amyloidogenic than F1. Thus, N-terminal plays a protective role in Tau 
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function and stability [213]. There are other peptide fragments generated by the proteolytic 

cleavage of Tau, which are well studied and characterized. Calpain 1-mediated cleavage yields a 

24 KDa fragment consisting of four repeats along with a C-terminal tail and lacking N-terminal 

region [214]. This fragment is found to be neurotoxic and pro-aggregant with prominent seeding 

effect. Similarly, a 17 KDa fragment is obtained by the action of calpain 2, which was found to 

be non-toxic to cells [215]. The events that trigger the cleavage of Tau mark other cellular events 

like Tau phosphorylation and apoptosis, leading to the pathological cascade in Tauopathies. Tau 

cleavage is associated with lysosomal pathway of protein degradation where Tau gets attached to 

lysosomal membrane and undergoes incomplete translocation into lysosomal lumen in order to 

get degraded. The membrane bound Tau is then cleaved by Cathepsin L residing in lysosomal 

lumen to generate F2 and F3 fragments [216]. Tau cleavage may also occur independent of 

proteolytic enzymes. Tau undergoes auto-acetylation associated with its cleavage to generate a 

12 and 17 KDa fragment derived from C-terminal [50]. The autoproteolysis of Tau is a cysteine 

dependent mechanism in which C291 and C322 mediates Tau cleavage [61]. In the current study, 

we have worked to explore the properties of ZnF UBP domain of HDAC6 with respect to its 

potency to interact with Tau and to regulate Tau stability. 

3.2 Interaction analysis of Tau (Full-length and Repeat) with HDAC6 ZnF UBP 

To study the interaction of HDAC6 ZnF UBP with full-length Tau in vitro, pull-down assay and 

size-exclusion chromatography were performed. Pull-down assay was carried out for analyzing 

the interaction of HDAC6 ZnF UBP with both full-length Tau and repeat Tau. The assay was 

based on employing 6X his-tag HDAC6 ZnF UBP to bind Ni-NTA resin beads. The experiments 

were performed with purified recombinant proteins at concentration of 20 µM and 1:1 ratio. 

SDS-PAGE was used to visualize the interaction of hTau40wt and HDAC6 ZnF UBP. Pull-down 

assay was performed by incubating first HDAC6 ZnF UBP with Ni-NTA beads and then with 

hTau40wt for 1 hour at 4 ºC. The Ni-NTA beads were given wash by buffer containing 20 mM 

imidazole to remove unbound and non-specific interacting proteins after each incubation step. 

This was followed by two elution steps to elute out the protein complex. SDS-PAGE revealed 

the interaction between Tau and HDAC6 ZnF UBP as both proteins were found to be present in 

the lane for eluted samples as well as lane for beads (Fig. 3.1A). 

For repeat Tau and HDAC6 ZnF UBP interaction, both the proteins were incubated at 4 ºC for 1 

hour with constant mixing. The protein mixture is then incubated with Ni-NTA beads at 4 ºC for 

one more hour followed by washing of Ni-NTA beads with 1X PBS containing 20 mM 

imidazole. A separate experiment with K18wt incubated with Ni-NTA beads was also carried out 

to determine whether Tau interacts non-specifically to the beads. The samples from different 

stages were loaded and run on 12% SDS-PAGE. The proteins from SDS-PAGE were transferred 

to PVDF membrane and probed with antibody against total Tau (K9JA). The lane corresponding 

to Ni-NTA beads showed a prominent band for K18wt when incubated with HDAC6 ZnF UBP 

domain indicating their interaction but the beads incubated only with K18wt showed a very faint  
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Fig. 3.1. Interaction analysis of Tau and HDAC6 ZnF UBP. A) Pull-down assay for hTau40wt and HDAC6 ZnF 

UBP interaction was performed with 6X his-tag HDAC6 ZnF UBP as bait and Tau as prey protein. The samples 

from various steps of pull-down were loaded on to SDS-PAGE. The flow through obtained after incubation of beads 

with HDAC6 and Tau are represented by FT1 and FT2 respectively. Total numbers of three washes were given after 

incubation with HDAC6 and Tau. The last wash in each case is represented as W1 and W2 respectively. The eluents 

(E1 and E2) obtained showed the co-elution of Tau along with HDAC6 ZnF UBP. Significant amount of HDAC6 

ZnF UBP and Tau were retained in the Ni-NTA beads (B). B) Interaction between K18wt and HDAC6 ZnF UBP 

was studied by pull-down assay followed by Western blot analysis using antibody against total Tau (K9JA) in 

1:8000 dilution. Both proteins were co-incubated prior to binding with beads. A control experiment with K18wt 

incubated with beads was carried out to overrule non-specific interaction. The flow through, last wash and beads 

(represented by FT1, W1 and B1 for Tau with HDAC6 ZnF UBP and FT2, W2 and B2 for control experiment) were 

loaded on SDS-PAGE and transferred to PVDF. Upon exposure for 0.5 seconds, the lane for beads incubated with 

both proteins showed presence of K18wt indicating its interaction with HDAC6 ZnF UBP while the beads for 

control experiment showed a minimal amount of K18wt due to non-specific interaction. C)  The Tau-HDAC6 ZnF 

complex either co-eluted or loaded as such on SDS-PAGE in complex with the Ni-NTA beads. In a control 

experiment, a small fraction of Tau was found to bind non-specifically with the Ni-NTA beads. D) Size-exclusion 

chromatography for Tau and HDAC6 ZnF UBP after co-incubation showed peak broadening and enhanced 

degradation of Tau indicating Tau degradation accompanied with the association of HDAC6 ZnF UBP with 

products of Tau degradation. 

band due to some non-specific binding (Fig. 3.1B). In both the experiments for full-length Tau 

and repeat Tau, there was some non-specific interaction of Tau with the Ni-NTA resin but 

comparatively major amount of Tau was either co-eluted with HDAC6 ZnF UBP or existed in 

complex with HDAC6 ZnF UBP bound to Ni-NTA beads (Fig. 3.1C). 

Size-exclusion chromatography was carried out for Tau-HDAC6 ZNF UBP at 0, 1 and 2 hours of 

incubation at 37 ºC. SEC did not showed any peak corresponding to the formation of protein 

complex but showed peak broadening with time. Also, there was an increase in the peak 

corresponding to HDAC6 ZnF UBP (Fig. 3.2). The data for SEC suggests possible transient 

interaction between Tau and HDAC6 ZnF UBP. The occurrence of peak broadening instead of a 

complex formation indicates Tau degradation and the increased peak intensity denotes its 

possible interaction with the degradation products of Tau. 
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Fig. 3.2. Size-exclusion chromatography for detecting Tau-HDAC6 ZnF UBP association. hTau40wt and 

HDAC6 ZnF UBP were incubated at 4 ºC in equimolar concentration (20 µM). Size-exclusion chromatography was 

carried out at 0, 1 and 2 hours to detect the presence of any protein complex formation. However, after co-

incubation Tau and HDAC6 ZnF UBP showed peak broadening and enhanced degradation.  This indicates Tau 

degradation accompanied by the association of HDAC6 ZnF UBP with products of Tau degradation as evident from 

the increased peak intensity corresponding to HDAC6 ZnF UBP. 

3.3 
1
H-

15
N HSQC NMR Spectroscopy for Tau-HDAC6 ZnF UBP interaction 

NMR spectroscopic studies were carried out to study the influence of HDAC6 ZnF UBP on 

repeat Tau for which a 200 µM of 
15
N labelled repeat Tau dissolved in phosphate buffer (see 

experimental section) was employed. The protein solution was titrated with HDAC6 ZnF UBP at 

0, 10, 25 and 50 µM concentrations. The effect of the increasing concentration of HDAC6 ZnF 

UBP on repeat Tau was characterized by 
1
H-

15
N HSQC experiments and the changes in the 

cross-peak positions was thoroughly monitored [217]. Our experiments showed a change in the 

position of the cross-peaks corresponding to the residues H268, H299, H329, H330, H362, 

V300, K331 and V363 (Fig. 3.3).  
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Fig. 3.3. 

1
H-

15
N HSQC NMR for Tau and HDAC6 ZnF UBP. Overlay of 

1
H-

15
N HSQC spectra obtained for the 

titration of 200 M solution of 
15

N labelled repeat Tau with HDAC6 ZnF UBP at 0 M (gray), 10 M (turquoise), 

25 M (orange) and 50 M (blue) concentrations. Annotations on the cross peaks in the parent 
1
H-

15
N HSQC 

spectrum corresponds to the respective residues from repeat Tau[217]. While the residues which are unaffected by 

the addition of HDAC6 ZnF UBP give rise to unchanging cross-peak position, the amino acids which are affected by 

HDAC6 result in a change in the position of the corresponding cross-peaks. 

3.4 Molecular modelling and docking of HDAC6 ZnF UBP and repeat-Tau 

The SWISS-model generated for the HDAC6 ZnF UBP domain had a global model quality 

estimate (GQME) of 0.99. The quality assessment was performed for this model and the 

Ramachandran plot showed 97.14% favoured residues. Repeat-Tau model used by Sonawane et 

al., has been adopted for protein-protein docking [168]. The refined complex from Patchdock 

with the lowest global energy of -16.26 (binding score) was taken for md-simulation (Fig. 3.4A). 

From the model it was observed that the active region of HDAC6 ZnF UBP (R1155, Y1184 and 

other aromatic residues) interacts with residues from the hexapeptide region (
275
VQIINK

280
) and 

other specific residues of repeat-Tau [218] which was further analysed by molecular dynamics 

simulation. 
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3.5 Interaction study of HDAC6 ZnF UBP and repeat-Tau complex by md-simulations 

The docked complex of HDAC6 ZnF UBP domain and repeat-Tau was examined by molecular 

dynamics simulation for a time scale of 50 ns. The stability of the complex, interacting residues 

and the type of interactions formed between the residues are analysed. The RMSD graph was 

plotted from the protein backbone (nm) of HDAC6 ZnF UBP, repeat-Tau and the complex with 

the corresponding time (ps) along the Y- and X-axis respectively and the stability of the complex 

was analyzed (Fig. 3.4B). From the graph, it is inferred the docked complex stabilized over the 

initial 15 ns and the stability was maintained with a deviation of ~ 0.4 nm between the initial and 

final structure over the 50 ns simulation. The fluctuation among the individual residues of Tau 

was calculated from the RMSF graph plotted with residues of Tau and the residual fluctuation 

(nm) on X and Y- axis respectively (Fig. 3.4C). The RMSF values of initial 10 ns (red) was quite 

stable when compared with the final 10 ns (green), which indicated that the residues were 

attaining instability over the simulation. The overall RMSF over the 50 ns timescale (black) also 

denoted that residues were destabilized with a maximum fluctuation 0.8-1.0 nm around Tau 

residues, 320-332. The radius of gyrate (Rg) of HDAC6 ZnF UBP, repeat-Tau and the complex 

were also plotted with Rg values and the corresponding time scale on the Y- and X-axis 

respectively (Fig. 3.4D). The Rg value of HDAC6 ZnF UBP was stable at ~ 1.3 nm throughout 

the simulation, which indicated the closed and compact nature of this protein. The Rg values of  

 

Fig. 3.4.  Molecular docking and molecular dynamics simulation of HDAC6 ZnF UBP and repeat-Tau (244-

373). A) Docked and refined complex of repeat-Tau 244-373 and HDAC6 ZnF UBP domain. [Green-HDAC6 ZnF 

UBP domain, Cyan blue-repeat Tau model (244-373), the active region of HDAC ZnF UBP highlighted in yellow]  

B) RMSD graph for HDAC6 ZnF UBP (red), repeat-Tau (green) and the complex (black) plotted with RMSD values 

(nm) and the corresponding time scale (ps) in the Y- and X-axis respectively. C) RMSF graph for Tau residues were 

plotted with residues on X- axis and the corresponding fluctuation (nm) on Y- axis. The residual fluctuation over the 

initial 10 ns (red), final 10 ns (green) and for the overall simulation, 50 ns (black) were plotted. D) Radius of gyrate 

(Rg) graph for HDAC6 ZnF UBP (red), repeat-Tau (green) and the complex (black) plotted with Rg values (nm) and 
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the corresponding time scale (ps) in the Y- and X-axis respectively. E) Energy graph plotted for Lennard-Jonnes 

(red) and Coulombic (black) interaction energy showing the hydrophobic and electrostatic energies of the interacting 

complex. The energy values and the corresponding time scale are plotted against Y- and X-axis respectively. F) 

Hydrogen bond analysis showing the number of hydrogen bonds formed between HDAC6 ZnF UBP and repeat-Tau 

(black) on Y-axis with the corresponding timescale on X-axis respectively. Hydrogen bonds formed by specific 

residues of HDAC6 ZnF UBP (Q1131, R1155, R1155/Y1184, N1158, Q1163 and Q1187) with repeat-Tau residues 

(N327/I328, D283, N286, E264/N265, I277/N279 and L282 respectively) are also plotted in the same graph (red). 

Tau and the complex were quite high with more fluctuations at the initial time points and got 

minimized and stabilized during the second-half of the 50 ns simulation which indicated that Tau 

is attaining to form a closed and compact structure with HDAC ZnF UBP during the latter part of 

the simulation. The electrostatic and hydrophobic energies between the protein complexes were 

plotted to analyze the type of interaction. In order to determine the type of interactions occurring 

between the protein complexes, the electrostatic (Coulombic) and hydrophobic (LJ) energies 

between the proteins were plotted with energy values (KJ/mol) and the corresponding time (ns) 

on Y- and X-axis respectively (Fig. 3.4E). During the initial periods of simulation, both 

electrostatic and hydrophobic energies were dynamic and equally contributing with a steady and 

constant decrease in the energy after 30 ns towards the end of the simulation which indicated the 

possibilities for both bonded and non-bonded interactions. However, the hydrophobic energy 

was dominating over the electrostatics in the latter part of the simulation which denoted that non-

bonded interactions are playing a major role in HDAC6 ZNF UBP – repeat-Tau interaction. 

Then the hydrogen bond analysis was performed to determine hydrogen bonding and the number 

of hydrogen bonds formed between the protein-protein complex (Fig. 3.4F - black). The number 

of hydrogen bonds and the corresponding time scale (ps) is plotted in the Y- and X-axis 

respectively. 

For the residual interaction analysis, structures from the last 10 ns were examined and the 

residues involved in hydrogen bonding and hydrophobic interactions are plotted (Fig. 3.5A). 

From the data it has been inferred that the aromatic residues of HDAC6 ZnF UBP such as 

Y1156, Y1184, Y1185, W1182 and other residues such as T1138, Q1140, H1160 are involved in 

hydrophobic interactions with repeat-Tau residues such as V250, V275, Q276, V287, etc., The 

HDAC6 ZnF UBP residues Q1131, R1155, R1155/Y1184, N1158, Q1163 and Q1187 formed 

hydrogen bonds with residues N327/I328, D283, N286, E267/N268, I277/N279 and L282 of 

repeat-Tau respectively (Fig. 3.5B). The number of hydrogen bonds formed by these residues of 

HDAC6 ZnF UBP with repeat-Tau residues were individually analysed and plotted throughout  
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Fig. 3.5. Intermolecular interaction studies of HDAC6 ZnF UBP with repeat-Tau (244-373). A) Residues 

involved in the hydrogen bond and hydrophobic interactions were plotted using LigPlot+ (last 10ns of the md-

simulation taken for analysis). B) Hydrogen bond analysis for specific residues of HDAC6 ZnF UBP (Q1131, 

R1155, R1155/Y1184, N1158, Q1163 and Q1187) with the repeat-Tau residues (N327/I328, D283, N286, 

E264/N265, I277/N279 and L282 respectively) were plotted as individual graphs. 

the 50 ns simulation (Fig. 3.5B). The majority of hydrogen bond interactions from the complex 

were formed by these residues of HDAC6 ZnF UBP (Fig. 3.4E - red). The hydrogen bond 

analysis was also performed for specific residues of HDAC6 ZnF UBP that forms the binding 

site for C-terminal of ubiquitin and for specific residues of repeat-Tau such as hexapeptide 

(
275

VQIINK
280

) and other nearby residues of Tau [69, 218] (Fig. 3.6A, B). 
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Fig. 3.6. Hydrogen bond analysis for Tau and HDAC6 ZnF UBP residues. A) Hydrogen bond analysis for 

specific residues of Tau (I278, N279, L282, D283, N286 and N327) with HDAC6 ZnF UBP (1109-1215). B) 

Hydrogen bond analysis for specific residues of HDAC6 ZnF UBP (E1141, C1153, R1155, Y1156, L1162, Y1184, 

Y1185 and Y1189) with repeat-Tau (244-373). 

These data clearly suggest that the aspartic acid (D2883) - arginine (R1155) interaction occurs 

throughout the simulation supported by other interacting residues of Tau such as V275, Q276, 

I277 and N279 from the hexapeptide region and N286, which could possibly alter the 

aggregation propensity of Tau. 

3.6 Degradation of monomeric Tau in the presence of HDAC6 ZnF UBP 

Tau showed enhanced degradation in the presence of HDAC6 ZnF UBP in aggregation studies. 

To explore the possible implication of HDAC6 ZnF UBP on Tau degradation, we incubated 

soluble hTau40wt and HDAC6 ZnF UBP at 37 ºC and analysed the degradation profile over a 

time course of 72 hours by SDS-PAGE and Western blot for total Tau. Tau and HDAC6 ZnF 

UBP were taken in equimolar concentrations for analysis by SDS-PAGE while HDAC6 

concentration was varied for Western blot analysis. There was a marked difference in the 

degradation profile of Tau alone and Tau incubated with HDAC6 ZnF UBP at 72 hours as 

observed in SDS-PAGE (Fig 3.7A, indicated by red star). 
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Fig. 3.7. HDAC6 ZnF UBP induced Tau degradation. A) SDS-PAGE analysis was carried out for monitoring Tau 

degradation upon incubation with HDAC6 ZnF UBP at 0, 24 and 72 hours at 37 ºC. SDS-PAGE analysis showed the 

effect HDAC6 ZnF UBP on Tau degradation as compared to Tau incubated alone. Distinct degradation pattern of 

Tau can be observed for the HDAC6 incubated sample suggesting the role of HDAC6 ZnF UBP domain in Tau 

degradation.  B) Western blot analysis for Tau degradation assay showed enhanced degradation after 72 hours of 

incubation. The degradation pattern of Tau did not show any significant difference up to 24 hours but was greatly 

increased at 72 hours. 

The band corresponding to HDAC6 ZnF UBP begins to degrade over time but was found to be 

prominently stable in the presence of Tau. Thus, HDAC6 ZnF UBP was found to enhance Tau 

degradation while its own degradation was salvaged in presence of Tau. This suggests the 

possible interaction between HDAC6 ZnF UBP and Tau modulating the stability of both. In 

order to visualize the degradation pattern of Tau with HDAC6 ZnF UBP, both proteins were 

incubated in varying ratio and western blot analysis was carried out to examine primarily the 

degradation products of Tau. Tau degradation fragments were enhanced in Tau incubated with 

10 µM HDAC6 ZnF UBP (2:1 ratio of Tau and HDAC6) (Fig. 3.7B). CD spectroscopy analysis 

of Tau incubated with HDAC6 ZnF UBP did not show significant spectral shift in Tau while 

HDAC6 ZnF UBP showed signature for α-helical structure (Fig. 3.8A, B). 

 

Fig. 3.8. Tau and HDAC6 interaction is not associated with any conformational changes. A) CD spectroscopy 

for samples obtained from degradation analysis at 72 hours did not showed any significant change in natively 
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disordered conformation of Tau as indicated by the insignificant changes in wavelength maxima for respective 

samples. B) HDAC6 ZnF UBP gives a signature for α-helical conformation in CD spectroscopy. C) Electron 

micrographs taken at the end-point of Tau degradation assay showed absence of any morphological structure that 

would indicate formation of any higher order species mediated by HDAC6 ZnF UBP.  

Table 3.1. Wavelength maxima for hTau40wt-HDAC6 ZnF UBP samples for degradation 

analysis. 

 

The wavelength maxima for each sample taken for degradation analysis showed minimal shift in 

spectra and corresponded the random coil signature (Table 3.1). TEM analysis of samples from 

degradation assay showed no characteristic morphology in Tau samples incubated with HDAC6 

ZnF UBP suggesting there was no formation of higher order species of Tau in its presence (Fig. 

3.8C).  However, the degradation of Tau did not depend on previously reported Cysteine-

mediated catalytic mechanism [219] as hTau40 C291A C322A mutant showed increased 

degradation with HDAC6 ZnF UBP similar to hTau40wt (Fig. 3.9A, B). Cysteine residue may 

comprise a part of a catalytic diad or triad and mediates proteolytic cleavage via formation of 

thiol ester. 

 

Fig. 3.9. Degradation analysis of hTau40 Cysteine double mutant by HDAC6 ZnF UBP. A) HDAC6 ZnF UBP 

was incubated with hTau40 Cysteine double mutant (C291A C322A) at 37 ºC in order to assess its effect on Tau 

degradation. Degradation analysis for the time course of 72 hours showed enhanced degradation of Tau in HDAC6 

ZnF UBP incubated samples (10 and 20 µM HDAC6 ZnF UBP) compared to soluble Tau (Sol Tau) and Tau 

incubated alone (Tau only). Thus, cysteine residues do not mediate the degradation effect in presence of HDAC6 

ZnF UBP. B) Quantitative analysis lanes at 72 hours showed remarkably higher degradation in HDAC6 ZnF UBP 

incubated Tau. 
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3.7 Summary 

Tau stability is an important factor which determines its functional state. Tau has multiple 

interacting partners which modulate its structure and function either through interaction or 

PTMs. HDAC6 is known to interact with Tau through its catalytic domain and SE14 domain but 

the role of its ZnF UBP domain is limited regulation of aggresome pathway. Our studies suggest 

that HDAC6 ZnF UBP can interact directly with Tau protein and modulates its stability by 

triggering Tau degradation without affecting its conformation. 
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4.1 Background 

Tau pathology is implicated in several neurodegenerative diseases including Alzheimer`s 

disease, Parkinson’s disease, Progressive supranuclear palsy, Pick's disease, Corticobasal 

degeneration and Post-encephalitic parkinsonism [185, 220]. In Alzheimer`s disease, the 

structure and function of Tau protein is modified by various cellular and molecular factors such 

as oxidative stress, post-translational modifications and interaction with its binding partners [12]. 

This result in the accumulation of Tau protein aggregates as intracellular inclusion bodies called 

NFTs. The abnormal accumulation of Tau as NFTs affects various cellular processes including 

microtubule dynamics and intracellular transport mechanism-dependent on the cytoskeletal 

networks. Tau is a member of Microtubule-associated protein family which functions in 

maintaining the microtubule framework and dynamic instability of microtubule cytoskeleton. 

The proteins upon misfolding are either refolded by chaperones or targeted for degradation via 

ubiquitin proteasomal system [221, 222]. Upon failure of UPS, the aggregates are directed 

towards the formation of aggresomes [222, 223]. HDAC6 is a class II histone deacetylase mainly 

present in the cytoplasm involved in the regulation of various cellular functions. It consists of 

two catalytic deacetylase domains and a unique ZnF UBP domain, which sets it apart from other 

HDACs [224]. In case of disruption of UPS, aggregates are directed towards the formation of 

aggresomes, which serves as the cytoprotective response upon the failure of UPS [223].  One of 

the major functions of HDAC6 is primarily involved in recruiting the polyubiquitinated protein 

aggregates to Dynein/Dynactin complex and sequestering them to MTOC in the perinuclear 

region for aggresome formation. The function of HDAC6 in both UPS and autophagy indicate its 

role as a possible link between the two mechanisms [225, 226]. The impairment of UPS function 

acts as a cue for the activation of a compensatory mechanism for the clearance of protein 

aggregates. It has been studied in the Drosophilla model of spinobulbar muscular atrophy, where 

expression of HDAC6 has been found to effectively cause rescue from UPS impairment induced 

neurodegeneration by triggering the autophagic clearance of protein aggregates [71]. In another 

study, HeLa cells transfected with PolyQ Huntingtin forms intracellular protein aggregates, 

which require HDAC6 for autophagic clearance after inhibition of proteasomal system [227]. 

Overall, the function of HDAC6 with respect to protein aggregate clearance and autophagy 

induction serves as a protective mechanism. The HDAC6 expression level increases sharply in 

protein misfolding diseases [111].  

Phosphorylation is a well-studied PTM of Tau responsible for its conversion to pathological 

form in AD condition [228].  Alzheimer`s disease is associated with the upregulation of cellular 

kinases-like GSK-3β and CDK5 [131]. GSK-3β is one of the major kinase involved in 

Tauopathies [229]. Tau is phosphorylated by GSK-3β on both primed (after pre-phosphorylation)  

and unprimed sites and affects its ability to bind and stabilize microtubules [230].  Many serine 

and threonine residues in repeat region of Tau have been mapped and assigned to be 

phosphorylated by proline-directed kinases [231]. On the other hand, protein phosphatases-like 

PP1 and PP2A are known to be downregulated in AD failing to reverse the effect of 
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hyperphosphorylation [232-234]. Thus, there is an imbalance between the kinase and 

phosphatase function in neurons. We have studied the role of HDAC6 ZnF UBP domain (Fig 

4.1A) on phospho-Tau epitopes-pT181 and AT8 as well as level of total and downregulated form 

of GSK-3β. HDAC6 ZnF UBP was found to lower both phospho-epitopes and promoted GSK-

3β downregulation. We hypothesize the effect of HDAC6 ZnF UBP through a mechanism 

involving PP1 and Akt. Neurodegenerative diseases also involve the mis-functioning of its 

cytoskeletal elements leading to various functional and structural aberrations. Microtubule 

network and actin organization were found to be distorted leading to impaired cellular trafficking 

and other associated functions [235, 236]. Actin organization is crucial for synaptic signalling in 

neurons where they are involved in the formation of dendritic spines for neurotransmission. 

 

Fig. 4.1. HDAC6 ZnF UBP treatment to neuro2a cells is non-toxic. A) Amino acid sequence of human HDAC6 

Zinc finger ubiquitin-binding domain located on the C-terminal of HDAC6, which associates with polyubiquitinated 

protein, aggregates to mediate the formation of aggresomes. B) MTT assay was carried out to determine the viability 

of neuro2a upon HDAC6 ZnF UBP treatment. Neuroblastoma cells treated with HDAC6 at different concentrations 

show minimum toxicity and maintain viability at 80% at highest concentration of 500 nM. C) LDH release assay 

determines the damage to the cell membrane upon exposure to test molecule. The membrane leakage assay (LDH 

assay) shows that HDAC6 does not disrupt the cell membrane and affect cell viability. D) Apoptosis rate of neuro2a 

cells upon HDAC6 ZnF UBP treatment was assayed using Caspase-3 assay. Caspase-3 assay shows increased levels 

of caspase-3 with successive time interval but do not differ from control samples. Statistical significance determined 

by two-tailed unpaired t-test. (n.s. – non-significant, * indicates P ≤0.05, ** indicates P ≤ 0.01, *** indicates P ≤ 

0.001). 

Impaired actin assembly and depolymerization leads to loss of dendritic spines ultimately 

causing neuronal death [237, 238]. Actin dynamics is important in the formation of actin rich 

structures employed in various functions such as cell migration, invasion and attachment. These 

include podosomes, filopodia and lamellipodia which are distinguished by their characteristic 

morphology. HDAC6 is a key protein in the regulation of both actin and microtubule 

organization through its deacetylase activity [239]. HDAC6 acts on cortactin and mediates its 
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association with F-actin to facilitate cell motility [198]. In the present study, we studied the role 

of HDAC6 ZnF UBP domain in modulating cytoskeletal assembly independent of its catalytic 

domain. The localization of ApoE either in cytoplasm or nucleus serves as an indicator of 

neuronal health. Nuclear localization of ApoE is associated with increased neuronal survival. 

Enhanced ApoE nuclear localization was observed in neurons in the presence of HDAC6 ZnF 

UBP. HDAC6 ZnF UBP can promote ApoE nuclear localization in HSP90 and nucleolin 

mediated manner. 

Overall, HDAC6 ZnF UBP domain was found to affect actin and tubulin organization, Tau 

phosphorylation and localization of ApoE in neuronal cells. Enhancement in podosome and 

lamellipodia-like structures were found when neuronal cells were exposed to HDAC6 ZnF UBP 

domain suggesting its direct role in actin organization. HDAC6 ZnF UBP treatment also resulted 

in enhanced tubulin localization in MTOC indicating its possible role in tubulin polymerization 

events. Our findings suggest the role of HDAC6 ZnF UBP as the direct modulator of Tau 

phosphorylation and cytoskeletal dynamics. 

4.2 HDAC6 ZnF UBP is non-toxic and non-apoptotic 

Neuronal cells were exposed to HDAC6 ZnF UBP exogenously to observe the effect on different 

cellular functions. In order to study the effects of HDAC6 ZnF UBP, a minimum toxic dose was 

determined by viability assay as well as membrane leakage assays. Neuronal cells were treated 

with a range of concentrations of HDAC6 ZnF UBP (20-500 nM). The cell viability carried out 

by MTT assay showed no decrease in viability. The cell viability was maintained at 80% even in 

highest HDAC6 ZnF UBP concentration of 500 nM (Fig.4.1B). Similarly, LDH assay was 

carried out to check the effect of HDAC6 on membrane integrity in terms of LDH release. 

Neuronal cells showed intact membrane integrity when treated with HDAC6 ZnF UBP in 20-500 

nM concentration range (Fig.4.1C). Thus, HDAC6 ZnF UBP did not show toxicity in 

neuroblastoma cells. Further to confirm the non-toxic nature of HDAC6 ZnF UBP in neuronal 

cells we studied the apoptosis on treatment with HDAC6 ZnF UBP by caspase-3 assay. Cells 

undergo apoptosis under stressful conditions-mediated by endoproteases called caspases [240]. 

Caspase-3 is an executioner caspase responsible for DNA fragmentation and degradation of 

cytoplasmic proteins [241]. The caspase-3 assay showed basal level of activity in all the treated 

and control samples. No difference was observed in the HDAC6 ZnF UBP treated and untreated 

control samples in terms of cell viability, suggesting that HDAC6 ZnF UBP treatment do not 

induce apoptosis in the neuro2a cells (Fig.4.1D). The preliminary studies on cell viability and 

morphology inferred that HDAC6 ZnF UBP treatment do not show cytotoxic effect on neuro2a 

cells. The HDAC6 internalization was monitored for 20-500 nM concentrations by 

immunostaining for HDAC6 and anti-His-tag (Fig. 4.2). In further experiments, the cells were 

treated with a moderate concentration of 50 nM HDAC6 ZnF UBP for subsequent experiments 

unless stated otherwise. 
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Fig. 4.2. Internalization of HDAC6 ZnF UBP in neuro2a. Neuro2a cells treated with HDAC6 ZnF UBP (20-500 

nM) were mapped by antibody against HDAC6 and anti His-tag antibody to determine the internalization of 14 KDa 

HDAC6 ZnF UBP domain in cells. HDAC6 ZnF UBP was found to be internalized in neuro2a cells at all 

concentrations and 50 nM concentration was chosen for further studies. 

4.3 HDAC6 ZnF UBP enhances levels of pGSK-3β 

The level of GSK-3β in its phosphorylated and non-phosphorylated form determines its activity 

as a kinase. GSK-3β is known to associate with HDAC6 to counteract its function to induce 

LPS-tolerance in astrocytes [242]. We mapped GSK-3β and pGSK-3β (pSer9) levels by 

immunofluorescence in neuronal cells in basal conditions and upon HDAC6 ZnF UBP treatment 

(No. of fields selected for quantification of pT181 and AT8, n = 5). There was no marked 

difference in level of GSK-3β in HDAC6 treated and untreated cells (Fig.4.3A). However, 

immunofluorescence analysis of HDAC6 ZnF UBP treated cells showed significant increase in 

the pGSK-3β levels (Fig.4.3B). GSK-3β function in cells is regulated mainly by inhibitory 

phosphorylation at ser9 or ser21. The kinase activity of GSK-3β is reduced with phosphorylation 

at ser9 as it affects the binding of primed substrates with GSK-3β. The increase in pGSK-3β in 

neuronal cells signifies the reduced GSK-3β activity on primed Tau substrate [243]. HDAC6 

ZnF UBP exposed to the cells resulted in increased levels of pGSK-3β (Ser9), which suggests 

reduced Tau phosphorylation. 
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Fig. 4.3. Downregulation of GSK-3β activity by HDAC6. The levels of GSK-3β and pGSK-3β reflect its activity 

in the cell. Enhanced levels of pGSK-3β were observed while total GSK-3β remained unaltered upon the treatment 

of HDAC6 ZnF UBP domain. A) Neuro2a mapped for total GSK-3β shows their unaltered levels upon HDAC6 ZnF 

UBP. B) The activity of GSK-3β is governed by phosphorylation at specific residues which either upregulates or 

downregulates its activity. Inhibitory phosphorylation of GSK-3β at Ser9 increases upon HDAC6 ZnF UBP 

treatment. The enlarged image shows the elevated level of pGSK-3β compared to neuro2a cell control. 

4.4 HDAC6 ZnF UBP reduces Tau phosphorylation in neuronal cells 

Tau phosphorylation is the key event in the pathogenesis of Alzheimer’s disease. Tau 

phosphorylation is required for its function in microtubule interaction and stabilization. Under 

pathological conditions Tau becomes hyperphosphorylated due to imbalance in kinase and 

phosphatase level or activity [244] Okadaic acid (OA) was used as an inducer of 

hyperphosphorylation as it inhibits protein phosphatase 2A (PP2A), thus increasing the overall 

phosphorylation level [245]. Untreated control cells and HDAC6 ZnF UBP treated cells alone 

showed basal levels of phospho-Tau at epitopes pT181 and pS202/T205 (AT8). The levels of 

pT181 were increased in OA treated cells. Cells supplemented with HDAC6 ZnF UBP with OA 

showed lower levels of phospho Tau at T181 as compared to positive control (Fig. 4.4A). Tau 

phosphorylated at pT181 was dominantly seen in the nucleus especially in the positive control 

(enlarged images). Similar results were observed for phospho Tau epitope AT8. The enlarged 

images clearly show the increased levels of phospho-AT8 in positive control as compared to 

OA+HDAC6 ZnF UBP treatment (Fig. 4.5A). pT181 and AT8 are two of the crucial epitopes of 

pathological Tau in AD. HDAC6 ZnF UBP treatment lowered down the level of these two 

phospho-epitopes suggesting its possible role in modulating Tau phosphorylation. 
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Fig. 4.4. Inhibition of Tau phosphorylation (pT181) by HDAC6. A) Neuro2a cells treated with okadaic acid 

(OA) enhanced overall phosphorylation by inhibition of PP2A. Tau phosphorylations at pT181 epitope of Tau was 

mapped after 25 nM OA treatment alone as well as in simultaneous treatment with 50 nM HDAC6 ZnF UBP to 

observe the effect on Tau phosphorylation. HDAC6 treatment for 24 hours along with OA shows inhibition of Tau 

phosphorylation at pT181 epitope whereas OA treatment shows increased phosphorylation at pT181. HDAC6 ZnF 

UBP treatment resulted in reduced AT8 level, which is evenly distributed throughout the cell as opposed to more 

localized presence in OA cells. B) Mean fluorescence intensity for pT181 in different treatment groups showed 

decreased levels of pT181 in HDAC6 ZnF UBP treatment (HDAC6) and HDAC6 ZnF UBP treatment along with 

okadaic acid. Significant at mean difference > T (Tukey’s criterion) and α = 0.05. Groups with the same letters are 

not significantly different. The value of T is calculated as 0.365 for pT181 quantification. 

The level of both phospho-tau epitopes (pT181 and AT8) was quantified by their 

immunofluorescence levels in different experimental groups (No. of fields selected for 

quantification of pT181 and AT8, n = 5). Untreated cells (CC) showed no significant difference 

from HDAC6 treated or OA+HDAC6 treated in pT181 immunostaining. OA treatment resulted 

in increased pT181 levels, which was found to be reduced with HDAC6 ZnF UBP treatment 

(Fig. 4.4B). Similar results were obtained for quantification of AT8 immunostaining. HDAC6 

ZnF UBP treatment along with OA reduced AT8 level, bringing it down similar to untreated 

cells (CC) when compared to OA alone treatment group. AT8 levels were also found to be lesser 

in HDAC6 ZnF UBP treatment as compared to untreated (Fig. 4.5B). Quantification data was 
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Fig. 4.5. Inhibition of Tau phosphorylation (AT8) by HDAC6. A) Phosphorylation at AT8 epitope is also 

reduced in presence of HDAC6 ZnF UBP along with OA as compared to OA alone. The enlarged image of neuro2a 

treated with OA alone and OA along with HDAC6 ZnF UBP shows marked difference in the level of 

phosphorylation at pT181 and AT8 epitopes. OA treatment resulted in increased AT8 levels, which is more 

localized into nucleus. OA treatment along with HDAC6 ZnF UBP significantly lowered AT8 level with its overall 

even distribution in neuronal cells. B) AT8 levels were increased upon OA treatment while it was found to be 

significantly reduced in HDAC6 ZnF UBP treatment along with okadaic acid. Significant at mean difference > T 

(Tukey’s criterion) and α = 0.05. Groups with the same letters are not significantly different. The value of T is 

calculated as 1.341 for AT8 quantification. 

analyzed by one-way ANOVA followed by Tukey’s HSD test (significant at α = 0.05). The 

statistical significance is calculated with respect to Tukey’s criterion (T). The groups with the 

same letters show no significant difference. 

4.5 HDAC6 ZnF UBP modulates actin dynamics 

Actin organization and dynamics is crucial for cell shape and migration in respective cell types. 

In neuronal cells, actin dynamics is important for cell-to-cell communication through regulating 

neurite extension. Actin assembly and dynamics requires complex machinery and nucleating 

factors [246, 247]. In neurodegenerative diseases, the regulation of actin dynamics gets impaired 

resulting in loss of synapses and dendritic spines [248]. HDAC6 is known to modulate actin 

organization through its association and deacetylase activity on cortactin and arp2/3 complex 

[198, 246, 247]. The function of HDAC6 ZnF UBP domain in actin dynamics is not yet 
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understood. Our present observations showed HDAC6 ZnF UBP treatment lead to increase in 

neuritic extensions in neuro2a cells. We mapped HDAC6 ZnF UBP treated cells with FITC-

Phalloidin to observe the F-actin cytoskeleton. We studied actin organization along with Tau and 

it was observed that HDAC6 ZnF UBP treatment had no effect on Tau levels but the actin 

cytoskeleton changed significantly (Fig. 4.6A). Further, to check for HDAC6 localization on 

treatment, we mapped actin with HDAC6 ZnF UBP. The control cells showed a normal F-actin 

cytoskeleton in the extensions but HDAC6 treated cells showed presence of actin along with 

HDAC6 in these extensions (Fig. 4.6B). As previously observed, HDAC6 ZnF UBP treated cells 

showed more neuritic extensions and dense actin cytoskeleton. Tau and actin are known to co-

localize in neuritic extensions in previous studies where they facilitate growth cone transition 

[249]. Greyscale images for actin immunostaining shows localization in neurite extensions and 

growth cones in filopodia-like structures (Fig. 4.6C, D). 

 

Fig. 4.6. HDAC6 ZnF UBP as a modulator of actin dynamics. HDAC6 deacetylase activity is known to modulate 

actin dynamics. The effect on actin dynamics was studied after exposure to HDAC6 ZnF UBP domain. HDAC6 ZnF 

UBP treatment to neuro2a resulted in enhancement of neurite extensions which are mapped by F-actin staining. A) 

HDAC6 ZnF UBP treatment for 24 hours increases the neuronal extensions as compared to untreated control cells 

when the extensions are mapped by actin immunostaining. The Tau levels remain unaltered in both the groups. B) 
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The orthogonal projection shows the increase in number of neurites in the HDAC6 ZnF UBP treated cells. C) 

Greyscale images for untreated neuro2a cells mapped for F-actin showed small extensions in the growth cones. D) 

In HDAC6 ZnF UBP treated cells, F-actin containing longer extensions were observed. Growth cones were 

observed to be concentrated in membrane extensions and filopodia-like structures. 

4.6 Enhancement of podosome-like structures by HDAC6 ZnF UBP 

Podosomes are actin based structures involved in the remodeling of extracellular matrix (ECM) 

and cell migration while podonuts consists of a cluster of podosomes interacting with ECM 

[250]. It consists of an actin-rich core surrounded by actin regulatory molecules-like cortactin 

and arp2/3 as well as cell adhesion molecules-like Talin and Vinculin [251]. Neuro2a cells were 

incubated with 50 nM HDAC6 ZnF UBP on 18 mm coverslips for 24 hours prior to 

immunostaining preparation. Immunostaining showed the localization of actin in the membrane 

ruffles in HDAC6 ZnF UBP treated cells. Morphological changes in neuronal cells were 

observed when treated with HDAC6 ZnF UBP. HDAC6 ZnF UBP treated cells showed 

increased membrane ruffles and podosome-like structures. We observed minimal neuritic 

extensions in untreated neuro2a as compared to treated cells (Fig. 4.7A). Actin localization was 

observed mostly along the cell periphery in untreated neuro2a while it was focused in the neurite 

extensions and protruding podosome structure in HDAC6 ZnF UBP treated cells (Fig. 4.7B). 

Orthogonal sections were taken to clearly visualize the actin extensions and podosome 

formation. The initial orthogonal sections showed numerous extensions and actin localized in tip 

of the extensions in HDAC6 ZnF UBP treated cells as compared to control (Fig. 4.7C, D). 

Involvement of podosomes in cell adhesion and migration is an important attribute of invasive 

cells. Neuro2a can form podosomes which functions in cell migration and attachment. In contrast 

to untreated control neuronal cells (Fig.4.8A, B, C), HDAC6 ZnF UBP treated cells showed 

enhanced cell extensions and actin-rich structures similar to podosomes formed in migrating and 

invading cells. HDAC6 treated cells showed a variety of actin-based membrane protrusions, 

which can be morphologically classified as filopodia or lamellipodia, podosomes and podonuts 

(Fig. 4.8D-J). The neuritic extensions and podosomes were quantified in untreated control cells 

(CC) and HDAC6 treated cells. The neurites and podosomes were counted manually in random 

multiple fields for untreated control and HDAC6 treated group (No. of fields, n = 6 and 5 for 

neurites and podosomes respectively). HDAC6 ZnF UBP treated cells showed significantly 

enhanced neurite extensions and podosomes compared to untreated cells implicating its effect on 

actin dynamics and re-organization (Fig. 4.8K, L). Statistical significance of control andHDAC6 

treated cells was analyzed by two-tailed unpaired student t-test. 
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Fig. 4.7. Enhancement of podosome formation by HDAC6. HDAC6 deacetylase activity is known for regulating 

the actin dynamics in cells and podosome formation. Structures resembling podosomes and podonuts were observed 

in neuro2a upon HDAC6 ZnF UBP treatment. Podosomes and podonuts are actin-rich structures involved in cell 

attachment and migration. A)  Podosomes marked by the actin-rich structures along plasma membrane, were 

observed in neuro2a cells at a minimal level. B) Enhancement in podosome-like structures observed in HDAC6 ZnF 

UBP treated cells. Orthogonal projection images showed marked difference in the membrane morphology and actin 

concentrated in membrane ruffles and podosome-like structures in HDAC6 ZnF UBP treated cells. C) HDAC6 is 

found to be present in the neuritic extensions along with actin suggesting its role in regulation of neurite extensions. 

This is not seen in case of untreated cells as indicated in the enlarged images for both groups. D) In HDAC6 ZnF 

UBP treated cells, F-actin containing longer extensions were observed. Growth cones were observed to be 

concentrated in membrane extensions and filopodia-like structures. 
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Fig. 4.8. Podosome, lamellipodia and podonut-like structure-induced by HDAC6 ZnF UBP. Neuro2a cells 

exposed to HDAC6 ZnF UBP exhibit a variety of actin-rich structures characteristics of migratory or invading cells. 

A, B, C) Untreated neuro2a cells showed actin uniformly distributed along the periphery with smaller neuritic 

extensions as compared to D, E) HDAC6 ZnF UBP treated cells which showed longer extensions and membranes 

ruffles resembling podosomes and filopodia involved in cell migration. F, G) Invadopodia and lamellipodia-like 

structures (encircled) were also observed, which are found in phagocytic cells. H, I, J) Most of the treated cells were 

observed to consist of assemblance of podosomes (encircled) and podosome clusters called podonuts (white arrow) 

rich in actin. K) The overall neurite extensions in neuro2a cells were counted in untreated and HDAC6 treated group 

in β-actin immunostained cells. The number of extensions in HDAC6 treated cells were found to be greatly 

enhanced compared to untreated group. L) The podosomes formed after HDAC6 ZnF UBP treatment were 

quantified by counting the podosome crown structures in both untreated and treated groups. HDAC6 ZnF UBP 

treated cells showed more podosome clusters signifying its actin modulating effect. Statistical significance 

determined by two-tailed unpaired t-test. (n.s. – non-significant, * indicates P ≤0.05, ** indicates P ≤ 0.01, *** 

indicates P ≤ 0.001). 

4.7 HDAC6 ZnF UBP enhances ApoE nuclear localization 

ApoE functions mainly as a lipid carrier in central nervous system where it delivers cholesterol 

to neurons via ApoE receptors following neuronal injury [252] . ApoE can be localized to 
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nucleus and carries out induction of gene expression involved in inflammatory response. ApoE is 

the major apolipoprotein of central nervous system, produced primarily by astrocytes. ApoE is 

taken up by neurons where it plays important role in membrane maintenance and repair [253]. 

 

Fig. 4.9. Modulation of ApoE and Tubulin localization by HDAC6. Cells were mapped for ApoE to observe its 

level and localization. Enhanced nuclear localization of ApoE was observed with HDAC6 ZnF UBP treatment. 

HDAC6 ZnF UBP also affected the tubulin distribution where the treated cells showed more tubulin localization in 

MTOC compared to untreated cells where tubulin was evenly distributed. A) Immunofluorescence mapping for 

ApoE and Tau upon HDAC6 treatment in neuro2a cells shows increased nuclear localization of ApoE. B, C) ApoE 

intensity in nucleus and cytoplasm was quantified for untreated and HDAC6 ZnF UBP treated neuro2a 

immunostained with anti-ApoE antibody. There was no significant difference in cytoplasmic level of ApoE in both 

groups while the nuclear ApoE fraction was notably increased in HDAC6 ZnF UBP treated cells. Statistical 

significance determined by two-tailed unpaired t-test. (n.s. – non-significant, * indicates P ≤0.05, ** indicates P ≤ 

0.01, *** indicates P ≤ 0.001). 

In normal physiological conditions, ApoE is localized in cytosol. ApoE nuclear localization has 

been reported in ovarian cancer cells, where it leads to better survival possibly through gene 

regulation [254]. We treated neuro2a cells with 50 nM of HDAC6 ZnF UBP domain to observe 

its effect on distribution and localization of ApoE in cell. It was observed that upon HDAC6 ZnF 

UBP treatment, there is increased nuclear localization of ApoE (Fig. 4.9A). The localization of 

ApoE was quantified by analyzing the intensity of ApoE immunofluorescence in nucleus and 

cytoplasm of untreated and HDAC6 ZnF UBP treated cells (No. of fields selected for 

quantification, n = 10 and the statistical analysis carried out by using two-tailed unpaired student 

t-test.).  The ApoE level in cytoplasm of both untreated and HDAC6 treated cells showed no 

change while it was significantly increased in the nucleus of HDAC6 ZnF UBP treated cells 

(Fig. 4.9B, C). 

4.8 Enhanced Tubulin localization to MTOC with HDAC6 ZnF UBP treatment   

HDAC6 is a known interacting partner of tubulin and regulates microtubule structure and 

function through deacetylation. Both actin and tubulin networks work in synchronicity in order 
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to enable cell migration and cellular movement in the form of membrane extensions or 

projections. We observed Tau-actin co-localization in neuritic extensions indicating the 

interplaying of microtubule and actin dynamics in formation of cell extensions. When neuro2a 

cells were mapped for actin and tubulin, untreated cells showed more axonal localization of 

tubulin along with actin, while HDAC6 treated cells showed tubulin predominantly in MTOC 

(Fig. 4.10A). In a previous study, it was found that HDAC6 knockdown in cells along with 

HDAC6 inhibitor tubacin treatment does not affect microtubule growth velocity [114].  This 

implies that effect of HDAC6 on tubulin independent of its deacetylase activity may also exist. 

We have given HDAC6 ZnF UBP to neuro2a cells to observe the effect on microtubule network. 

HDAC6 ZnF UBP treatment to neuro2a cells increased tubulin localization around nucleus in 

MTOC (Fig. 4.10B). The re-orientation of MTOC is a complex process which occurs in a 

dynein, cdc42 and dynactin dependent manner [255, 256]. However, the mechanism and function 

of MTOC re-orientation is poorly understood. The results suggest the possible role of HDAC6 

ZnF UBP domain in microtubule organization. 

 

Fig. 4.10. Modulation of Tubulin localization by HDAC6. A) Immunostaining for β-actin and tubulin was 

performed to examine their localization in HDAC6 ZnF UBP treated neuro2a cells. Actin and tubulin co-localizes in 

the neuronal extensions in both treated and untreated cells. However, tubulin was found to be localized more in 

MTOC in case of HDAC6 treatment. B) Neuro2a treated with HDAC6 ZnF UBP shows localization of tubulin 

focused over the nuclear periphery compared to untreated neuro2a where tubulin is evenly distributed in cytoplasm. 

Orthogonal projection image shows tubulin localization in nuclear periphery in HDAC6 ZnF UBP treated neuro2a 

cells. 

4.9 Summary 

We studied the role of HDAC6 ZnF UBP domain in different aspects of AD pathology. Upon 

HDAC6 ZnF UBP treatment, inactive phosphorylated form of GSK-3β increases without any 

change in total GSK-3β level. Decreased level of Tau phospho-epitopes pT181 and AT8 with 
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HDAC6 ZnF UBP treatment indicates that it has a regulatory role in Tau phosphorylation.  Also, 

HDAC6 ZnF UBP was found to be involved in cytoskeletal re-organization by modulating actin 

dynamics and tubulin localization. Enhanced neuritic extension and formation of podosome-like 

structure were observed with HDAC6 ZnF UBP treatment and tubulin was more localized in 

MTOC suggesting its regulatory function. ApoE translocation in nucleus enhanced upon HDAC6 

ZnF UBP treatment implying its possible role in ApoE pathological cascade in AD. To 

summarize, our study suggests that the ZnF domain of HDAC6 performs various regulatory 

functions apart from its classical function in aggresome formation in protein misfolding diseases. 
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5.1 Background 

The progression of Alzheimer`s disease is a multi-factorial process dependent on events like 

protein aggregation, neuro-inflammation and oxidative stress, which in turn are dependent on 

each other as cause or effect. However, the exact mechanism for the etiology of AD so far is 

poorly understood. Tau aggregation leading to neurotoxic effect is considered as the prime 

reason for pathological state in AD. Aggregation of Tau protein in AD and other related 

Tauopathies proceeds in a cascade of events involving the formation of intermediate species-like 

oligomers, proto-fibrils, paired helical filaments, which ultimately lead to the formation of 

neurofibrillary tangles [12]. Therapeutic strategies are being designed so as to target these 

intermediates as well as other aspects of neurodegeneration to curb down the progression of 

disease [257]. The various therapeutic strategies involves development of small molecules able 

to inhibit Tau aggregation or dissolve the pre-existing aggregates, kinase inhibitors or 

phosphatase activators to target Tau hyperphosphorylation, immunotherapy, acetylation 

inhibitors, microtubule stabilizers and deglycosylation inhibitors [258]. Several molecules 

belonging to different classes-like synthetic molecules, natural compounds, peptide inhibitors 

etc. have found to be potent against Tau aggregation [259-261]. 

We have explored the role of two of the naturally occurring small molecules-Melatonin, which is 

a pineal gland derived neurohormone and Baicalein, a flavonoid derived from a Chinese herb 

Scutellaria baicalensis. Both these have been studied for their properties in neurodegenerative 

diseases as well as in general health and disease. Melatonin is an endocrine hormone mainly 

known for its role in maintenance of circadian rhythm via regulation of transcription factor 

CLOCK and its homologs [262]. In conditions of depression and sleep disorders, exogenous 

Melatonin administration is known to relieve the symptoms without any side-effects. Melatonin 

is rapidly metabolized in the liver through hydroxylation at C6[263]. It can also be synthesized 

by other tissues in variable quantities as the enzymes for Melatonin biosynthesis are ubiquitously 

expressed [264]. Melatonin is an amphipathic molecule, which can cross all biological 

membranes [265]. The role of Melatonin in neuroprotection has been studied in terms of its 

various functions. It is well known that Melatonin has potent anti-oxidant properties as well as 

regulator of other enzymes involved in protection against oxidative stress [266, 267]. Anti-

oxidant properties of Melatonin and its metabolites have been well-studied [268]. Melatonin also 

regulates the function of kinases-like GSK3-β and PKA, which are known to play a major role in 

Tau hyperphosphorylation [269, 270]. Upon Melatonin treatment, GSK3-β and PKA activity get 

reduced leading to decreased phosphorylation of Tau [270, 271]. Due to its pleiotropic 

properties, high bioavailability and low toxicity, Melatonin has drawn attention as a potent 

therapeutic molecule.  Administration of Melatonin in age-associated neurological disorders was 

found to improve the cognitive function and sleep patterns [272]. The effect of Melatonin is most 

extensively studied with respect to Amyloid-β but its role in Tau pathology needs to be explored 

in terms of its multiple functions [273, 274]. Melatonin was found to be effective as an 

aggregation inhibitor has been studied against Aβ and α-Synuclein aggregation [275-277]. A 

recent study shows that Melatonin and its close analogues inhibit and destabilize the aggregation 
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of Aβ thereby acting as neuroprotective agents [278]. Neurodegenerative diseases are often 

associated with inflammatory response, which further causes neuronal damage [279]. Melatonin 

inhibits the production of pro-inflammatory cytokines such as IL-6, IL-8 and TNF-α, hence, 

suppressing inflammation [280]. We have studied Melatonin with respect to its interaction with 

microtubule-associated protein Tau and to modulate its aggregation propensity. 

Baicalein is a plant derived flavonoid molecule traditionally used in Chinese medicines. 

Flavonoids are a rich source of anti-oxidants and are known to play a neuroprotective role [281]. 

It is known for its various medicinal properties and finds its use as an anti-inflammatory, anti-

carcinogenic and cardio-protective agent. It has been widely studied with respect to its protective 

functions in neurodegenerative diseases. Baicalein has been found to be effective against -

synuclein aggregates involved in Parkinson`s disease as well as amyloid-β pathology associated 

with AD [270] [282]. 

 

Fig. 5.1. Small molecules Melatonin and Baicalein against Tau aggregates. Baicalein is a flavonoid derived from 

Chinese herb Scutellaria baicalensis while Melatonin is a neurohormone primarily produced by the pineal gland. 

Both of these naturally occurring small molecules were studied for their interaction with repeat Tau and their 

potency against Tau aggregation inhibition or disaggregation of pre-formed aggregates. 

In the current studies, we explored the role of Melatonin and baicalein with respect to their 

interaction with repeat domain of Tau and modulation of its aggregation properties (Fig. 5.1). 

We found that both Melatonin and baicalein interacts with repeat Tau with a weak interaction. 

We explored the potency of Melatonin in repeat Tau aggregation inhibition and disaggregation 

while baicalein was studied for its effect on oligomeric as well as fibrillar species of repeat Tau 

aggregates. The results suggest that Melatonin can affect Tau aggregation but its potency as a 

drug need to be explored further in combination of other potent drugs as it was found to be 
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effective at a high concentration. The flavonoid Baicalein showed potency against preformed 

aggregates of repeat Tau in different stages of maturation and can interact with the repeat region 

of Tau. Baicalein was found to interact both with early oligomers and mature fibrils to 

disaggregate the preformed aggregates. Tau upon interaction with Baicalein is directed to form 

stable oligomers which are non-toxic in nature. 

 

5.2 Melatonin in higher concentrations inhibits repeat Tau aggregation 
 

We investigated the potential of Melatonin as an inhibitor of Tau protein aggregation by 

subjecting Melatonin at a concentration range of 100-5000 μM. Repeat domain of Tau was 

subjected to aggregation in presence of Melatonin.  The aggregation kinetics of repeat Tau was 

monitored by ThT and ANS fluorescence. It was observed that Melatonin was able to inhibit 

repeat Tau aggregation at a concentration as high as 1000 μM (Fig. 5.2A) without affecting the 

hydrophobicity of Tau protein as indicated by ANS fluorescence (Fig. 5.2B).  Transmission 

electron microscopy images for repeat Tau samples subjected to aggregation in presence of 1000 

μM of Melatonin showed distinct morphology of small, broken Tau aggregates while control 

aggregates showed mature Tau fibrils (Fig. 5.2C). 

 

5.3 Effect of Melatonin on structural conformation of Tau 
 

Tau in its soluble form exists in a random coil conformation which changes to β-sheet form when 

it aggregates. We studied the effect of Melatonin using circular dichroism spectroscopy for its 

ability to alter the structure of repeat and found that it does not affect the conformation of Tau 

during interaction. CD spectroscopy for soluble repeat Tau shows a negative band at   198 nm 

while upon aggregation in the presence of heparin, the spectrum shifts towards β-sheet structure 

with a signature negative band at   208 nm (Fig 5.2D). However, there was no change in the 

spectra indicating that the β-sheet conformation was retained even in the presence of Melatonin. 

 

5.4 Melatonin disaggregates pre-formed Repeat Tau aggregates 
 

Tau protein upon aggregation forms well defined fibrillar protein aggregates through a series of 

intermediate species. We prepared repeat Tau aggregates and incubated them with various 

concentrations of Melatonin. It was observed that at lower concentrations of Melatonin, there 

was little or insignificant disaggregation effect while at higher concentrations (1000 and 5000 

μM) of Melatonin, there was effective disaggregation of repeat Tau fibrils (Fig 5.3A). There was 
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Fig. 5.2. Effect of Melatonin on repeat Tau aggregation. A) ThT fluorescence assay for repeat Tau aggregation 

inhibition by Melatonin. Melatonin inhibited repeat Tau aggregation at the concentration of 1000 μM (Data 

represented as SD±Mean of triplicate values). B) ANS fluorescence assay for repeat Tau aggregation with different 

concentration of Melatonin. Melatonin does not cause any change in hydrophobicity of repeat Tau (Data represented 

as SD±Mean of triplicate values). C) CD spectroscopy for repeat Tau aggregation samples with or without 

Melatonin. For Melatonin treated samples, no difference was observed as compared to control aggregates samples. 

D) Electron micrographs for repeat Tau control aggregates and repeat Tau incubated with 1000 μM of Melatonin. 

Broken aggregates were observed in the Melatonin treated sample while control shows mature repeat Tau 

aggregates. (Adopted from Balmik et al., 2020, BBA-General Subjects) 

60% disaggregation observed with 5000 μM Melatonin while lower concentrations of  Melatonin 

gives only around 20% disaggregation (Fig 5.3B). In order to study the time course of 

disaggregation, continuous fluorescence measurement was taken, which showed similar results 

for the same range of Melatonin concentrations (Fig 5.3C). The samples at the end-point of the 

assay were observed under TEM, which revealed fewer and shorter fibrils in samples with 1000 

and 5000 μM Melatonin distinct from mature Tau fibrils in control aggregates (Fig. 5.3 D). 

 

5.5 Melatonin interacts weakly with the Repeat Tau 
 

Being an amphipathic molecule, Melatonin can interact with a wide variety of molecules. 

Melatonin exhibited the property as modifier of repeat Tau aggregation, both as an inhibitor and 
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Fig. 5.3. Disaggregation of repeat Tau fibrils by Melatonin. A) ThT fluorescence assay for repeat Tau 

disaggregation with different Melatonin concentration. Disaggregation of preformed repeat Tau aggregates observed 

for 1000 and 5000 μM of Melatonin. B) Melatonin shows nearly 60% disaggregation of repeat Tau aggregates at 

5000 μM (n.s. indicates P≥0.05 (non-significant), * indicates P ≤ 0.05, ** indicates P ≤ 0.01, *** indicates P ≤ 

0.001). C) Repeat Tau disaggregation assay in continuous mode. Disaggregation assay for pre-formed repeat Tau 

aggregates was monitored in a continuous mode using ThT fluorescence.  Melatonin was used in the concentration 

range from 500 – 5000 μM. Melatonin showed disaggregation effect only at higher concentrations range. D) TEM 

images repeat Tau aggregates treated with 1000 and 5000 μM Melatonin shows morphology of broken fibrils as 

compared to the control aggregates sample (Scale bars – 0.2 and 0.5 µm). (Adopted from Balmik et al., 2020, 

BBA-General Subjects) 

in disaggregation. We studied their interaction using ITC as a function of its activity with repeat 

Tau. In ITC, the non-specific heat change was ruled out by titrating Melatonin with titration 

buffer (Fig 5.4A). At lower concentrations of titrants, there was no significant heat change (Fig. 

5.4B). 

 

Fig. 5.4. ITC for repeat Tau and Melatonin interaction at low concentrations of protein and ligand. A) ITC 

carried out for 20 mM BES, pH 7.4 with 3000 μM Melatonin did not produced any background heat of association. 

B) ITC carried out at lower concentration (10 μM) of Melatonin with 100 μM of repeat Tau did not produced 
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sufficient heat changes that can be fitted into a plot and analysed. (Adopted from Balmik et al., 2020, BBA-

General Subjects) 

 

Fig. 5.5. Repeat Tau-Melatonin interaction by ITC. A) Isothermal titration Calorimetry thermographs for the 

reverse titration of repeat Tau (titrant) and Melatonin (titrand) at 1:1 ratio shows the association between the two 

although without attaining saturation. B) Reverse titration at 1:2 ratio produce a near exponential heat plot indicative 

of concentration-dependent association of repeat Tau and Melatonin. C) At 1:10 ratio, rapid heat change was 

observed with each injection along with exponential heat plot, but saturation was not observed due to dynamic 

nature of Tau-Melatonin binding. D, E, F) Signature plots for repeat Tau-Melatonin reverse titration at 1:1, 1:2 and 

1:10 ratio showing highly negative free energy change indicating the spontaneity of association. (Adopted from 

Balmik et al., 2020, BBA-General Subjects) 

We performed reverse titration in ITC with ratios of Melatonin to repeat Tau as 1:1, 1:2 and 1:10 

(Fig 5.5A, B, C). There was significant heat change for the interaction of repeat Tau and 

Melatonin at all these ratio while increase in entropy was observed in 1:10 ratio  (Fig 5.5D, E, 

F). As the concentration of repeat Tau is increased with respect to Melatonin, the molar ratio 

approaches unity. However, this result in the equilibrium shifting towards dissociation before the 

saturation can be attained in the system. These results shows the interaction between Melatonin 

and repeat Tau without attaining the saturation and Melatonin can bind to repeat Tau with a weak 

affinity. 
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5.6 Characterization of residue specific interaction of Melatonin and Repeat Tau using 

NMR spectroscopy 
 

Repeat Tau was labelled by incorporating 
15

N and used to determine the interaction with 

Melatonin by carrying out titration at varying Melatonin concentrations. NMR spectroscopic 

studies were carried out to characterize the interaction of Melatonin with repeat Tau. 200 M 

solution of 
15

N labelled repeat Tau in phosphate buffer was titrated against stoichiometric ratios 

(1:0, 1:5, 1:10, 1:25, 1:50 ratios of repeat Tau to Melatonin) of Melatonin and the residue 

specific chemical shift perturbations were monitored by 
1
H-

15
N HSQC experiments [283]. NMR 

data revealed considerable perturbation of all the five histidine residues in repeat Tau H268, 

H299, H329, H330, H362 and the other residues such as V300, K331 and V363, which are 

adjacent to histidine residues (Fig. 5.6). 

Apparently, the interaction of melatonin with repeat Tau is similar to the interaction by 

polyamines such as spermine and spermidine, which also bind at the histidine sites of repeat Tau 

or Aβ [284]. However, Melatonin is weakly binding and requires millimolar concentration for 

observable effects. Furthermore titration with Melatonin has slowly populated a new HSQC 

cross peak at δ(
1
H, 

15
N) = (7.933, 127.178) (Fig. 5.6, bottom right corner), whose intensity rose 

with increasing concentration of Melatonin, which otherwise was completely absent in the native 

conditions. Hence, this cross peak could not be traced to any residue due to the lack of an 

appropriate backbone chemical shift assignment. We speculate that the cross peak might be 

resulting from a residue, which was flexible and broadened beyond observation in the absence of 

Melatonin. 
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Fig. 5.6.  

1
H-

15
N HSQC NMR for repeat Tau and Melatonin. 

1
H-

15
N HSQC chemical shift perturbation plot for 

the titration of 200 M solution of repeat Tau with Melatonin in concentration ratios 1:0 (gray), 1:5 (magenta), 1:10 

(green), 1:25 (dark orange), 1:50 (dark blue) of repeat Tau to Melatonin. Almost all the cross peaks in 
1
H-

15
N HSQC 

have been labelled with the names of the respective residues from repeat Tau. Residues from repeat Tau that are 

involved in interaction with Melatonin can be identified based on the shifting position of their corresponding cross 

peaks with increasing concentration of Melatonin. (Adopted from Balmik et al., 2020, BBA-General Subjects) 

 

5.7 Effect of Melatonin on repeat Tau aggregates-mediated toxicity 
 

Melatonin showed inhibitory effect on repeat Tau aggregation, which prompted us to check 

whether it can revert the aggregates-mediated cytotoxicity. Firstly, neuro2acells were treated 

with repeat Tau aggregates in 0- 40 µM concentrations to determine its minimal toxicity on 

neuro2a cells (Fig. 5.7A). It was observed that 5 µM repeat Tau aggregates induced 50% 

cytotoxicity. 0- 100 µM of Melatonin along with 5 µM of repeat Tau aggregates were given to 

neuro2a cells. Melatonin treatment showed no significant rescuing effect from aggregates 
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mediated toxicity (Fig. 5.7B). Tau aggregates used for treatment were also measured and 

characterized by SDS-PAGE, ThT fluorescence and CD spectroscopy (Fig.5.7 C, D, E). 

 
Fig. 5.7. Cytotoxicity of repeat Tau aggregates on neuro2a and effect of Melatonin on Tau aggregates-

mediated toxicity. A) Neuro2a cells were treated with repeat Tau aggregates prepared in vitro with heparin as an 

inducer. Treatment with repeat Tau aggregates shows reduced cell viability in a concentration dependent manner. 

50% viability was obtained with 5 µM aggregates treatment while the highest concentration of aggregates used in 

the study (40 µM) showed 20% cell viability. B) 5 µM of repeat Tau aggregates were used to induce cyto-toxicity in 

neuro2a. Melatonin treatment (0- 100 µM) along with aggregates did not show significant rescue. Repeat Tau 

aggregates were prepared in the assembly buffer (20 mM BES pH 7.4). The aggregates were used for the treatment 

of neuro2a cells were characterized by using C) SDS-PAGE showing higher order aggregates (marked by red dotted 

box) D) ThT fluorescence for soluble repeat Tau and aggregates in 5 µM measuring concentration and E) Circular 

dichroism spectroscopy for soluble and aggregated repeat Tau showing random coil and β-sheet structure 

respectively. (Significant at mean difference > T = 9.245, groups with the same letters are not significantly different 

while groups with significance are represented together with different letter. Data represented as SD±Mean of 

triplicate values). (Fig. 5.7A and B were adopted from Balmik et al., 2020, BBA-General Subjects) 

5.8 Baicalein binds to Tau in vitro 

Tau protein is one of the major microtubule-associated proteins in neuronal axons that mainly 

functions to stabilize and assemble microtubules. Tau is highly soluble protein and adopts a 

natively unfolded structure in solution [285]. The repeat domain of Tau plus the proline-rich 

flanking regions confer the property of microtubule-binding and assembly, where the repeat 

domain of Tau represents the core of the PHFs. Baicalein shows characteristic λmax at two 

wavelengths 270 nm and 362 nm (Fig 5.8A, B). Upon titrating with repeat Tau from 0-98 µM, 

the peak at 362 nm was found to decrease in intensity indicating the binding of Baicalein (Fig. 

5.8C). 
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Fig. 5.8. The interaction of Tau with Baicalein by UV–Visible absorption spectroscopy. A) UV-VIS absorption 

spectrum for 50 µM Baicalein in 20 mM BES buffer, pH 7.4 showing maxima at 270 nm and 362 nm. B) 

Absorption spectra for different concentrations (5, 10, 20, 40 and 50 µM) of Baicalein. C) Figure shows decrease in 

the absorbance intensity at 362 nm upon increasing the protein concentration against Baicalein. D) The absorbance 

intensity at 362 nm obtained for different titrations when plotted against respective concentrations gives a plot 

representing the binding affinity of Tau with Baicalein. (Adopted from Sonawane, Balmik et al., 2020, Archives 

of Biochemistry and Biophysics) 

The maxima at 362 nm plotted against increasing Tau concentration (0-98 µM) shows a gradual 

decrease in absorbance intensity (Fig. 5.8D). The dissociation constant (Kd) for the binding of 

Tau with Baicalein was found to be 3.5 µM by using the following formula: 

 

    [CTauCBaicalein] = [CTau] ˟ [CBaicalein] 

                                  Kd  +  [CBaicalein] 

Where [CTau] is the initial Tau concentration, [CBaicalein] is the free Baicalein concentration, 

[CTauCBaicalein] is the concentration of Tau-Baicalein complex and Kd is the dissociation constant 

[286] 

 

5.9 Disaggregation and sequestration of repeat Tau oligomers by Baicalein 

Oligomers of repeat Tau were prepared by incubating Tau in aggregation conditions for 4 hours 

and then subjected to various concentrations of Baicalein to study the disaggregation of repeat 

Tau oligomers. ThS fluorescence assay suggested that Baicalein is able to disaggregate 

preformed oligomers in a concentration-dependent manner (Fig. 5.9A). Baicalein was found to 

enhance and moderately induce oligomerization as well as sequester oligomers into an 

aggregation incompetent form. The underlying mechanism of disaggregation may involve the 

breaking of aggregates into smaller fragments and then inhibiting the reformation of higher order 
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aggregates. It was observed that both ThS and ANS fluorescence was decreased upon addition of 

Baicalein in 4 hours (Fig. 5.9A, B) incubated samples suggesting disaggregation and decreased 

hydrophobicity respectively. However, the ANS fluorescence increased after 12 hours in all the  

 
Fig. 5.9. Disaggregation of repeat Tau oligomers by Baicalein. A) Formation of repeat Tau aggregates was 

monitored by ThS fluorescence after addition of Baicalein at different concentrations after 4 hours of incubation. 

ThS fluorescence shows a marked decrease in a concentration dependent manner. B) ANS fluorescence assay for 

repeat Tau oligomers disaggregation on addition of different concentrations of Baicalein at 4 hours of incubation 

shows a prominent decrease in fluorescence after Baicalein addition in all the concentrations. There was an increase 

in fluorescence from 24 hours onwards indicating that at higher concentrations Baicalein can increase the 

hydrophobicity of protein aggregates. C) SDS-PAGE analysis shows a marked decrease in the monomeric form of 

repeat Tau, which are mostly entrapped as dimeric and tetrameric forms in presence of all different concentrations of 

Baicalein. D) Quantification of SDS-PAGE showing concentration-dependent decrease in intensity for repeat Tau 

oligomers. E, F) The CD spectra for repeat Tau oligomer disaggregation samples at 0, and 60 hours of incubation 

with different Baicalein concentrations. In all the treated samples, the shift in the spectrum towards β-sheet structure 

can be observed (shown by pink arrow) as compared to soluble repeat Tau. The Sol. represents for soluble protein. 

G) Electron micrographs for repeat Tau at 0, 12 and 60 hours of incubation with 200 µM Baicalein show smaller 

broken filaments (black asterisks and encircled area) as compared to untreated control (white arrow). (Adopted 

from Sonawane, Balmik et al., 2020, Archives of Biochemistry and Biophysics) 

incubated samples. The SDS-PAGE analysis showed that Baicalein could bind to the preformed 

oligomers and sequester them at this stage. The presence of a tetramer band in all the 

concentrations of Baicalein can be observed but the dimer as well as the monomer completely 

disappears (Fig. 5.9C). We observed the formation of oligomers on the SDS-PAGE and increase 

in ANS fluorescence but a complete decrease in ThS fluorescence for the Baicalein treated 

oligomers. This strongly suggests the role of Baicalein in sequestering the Tau oligomers. The 

SDS-PAGE quantification for repeat Tau oligomer disaggregation (Fig. 5.9D) shows a gradual 

decrease in soluble repeat Tau in a concentration-dependent manner. Further, CD spectra 

analysis for repeat Tau samples treated with a varying range of Baicalein concentrations shows a 

shift towards the β-sheet structure in all concentrations (Fig. 5.9E, F). Electron micrographs for 

disaggregation assay samples shows fragility of Tau aggregates and absence of mature Tau 

filaments (Fig. 5.9G). 
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5.10 Baicalein disaggregate mature fibrils of repeat Tau 

Disaggregation of repeat Tau fibrils was carried out using different concentrations of Baicalein 

and monitored by ThS and ANS fluorescence assay. Repeat Tau fibrils were prepared by 

subjecting the protein to aggregation conditions for 60 hours. Initially, after addition of 

Baicalein, there was decrease in the ThS fluorescence within 12 hours in all concentrations of 

Baicalein suggesting disaggregation of Tau fibrils (Fig. 5.10A). However, ANS fluorescence 

decreased initially for 12 hours and increased afterwards indicating the formation of oligomers 

(Fig. 5.10B). In SDS-PAGE analysis, Baicalein treated samples showed decrease in the 

population of oligomeric species at different time points (Fig. 5.10C). The SDS-PAGE 

quantification for fibril disaggregation (Fig. 5.10D) shows a gradual decrease in soluble repeat 

Tau in a concentration dependent manner. Further, CD spectra analysis for repeat Tau samples 

treated with a varying range of Baicalein concentrations shows a shift towards the β-sheet 

structure in all concentrations (Fig. 5.10E, F). The disaggregation effect of Baicalein was also 

supported by the electron micrographs (Fig. 5.10G), which shows fragility of Tau and absence of 

mature Tau filaments.  

 
Fig. 5.10. Disaggregation of repeat Tau fibrils by Baicalein. A) ThS fluorescence for repeat Tau fibril 

disaggregation shows a decrease with increase in Baicalein concentration and the time of incubation. B) The ANS 

fluorescence assay for repeat Tau fibrils disaggregation shows more prominent decrease in all concentrations of 

Baicalein. Furthermore, there is similar increase in ANS fluorescence after 12 hour of Baicalein addition. C) The 

SDS-PAGE analysis for different time point samples shows enhancement of repeat Tau dimer and tetramers until 12 

hours after Baicalein addition. At 60 hours, the population of repeat Tau soluble protein as well as dimer is greatly 

reduced in all Baicalein concentrations while the tetrameric population is enhanced. D) Quantification of SDS-

PAGE for samples with 50, 100, 200 and 500 µM of Baicalein was carried out for 0 hours to 60 hours of Baicalein 

addition.  E, F) CD spectra for repeat Tau aggregates at different time points treated with Baicalein at different 

concentrations shows a shift in structure towards β sheet (shown by pink arrows) as compared to soluble repeat Tau. 

The Sol. represents for soluble protein. G) Electron micrographs for repeat Tau control and fibrils at different time 

points with 200 µM of Baicalein show disaggregation of fibrils into small pieces (black asterisks and encircled area) 

as compared to untreated control (white arrow). (Adopted from Sonawane, Balmik et al., 2020, Archives of 

Biochemistry and Biophysics) 
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5.11 Characterizing Baicalein-stabilized oligomers by Size-exclusion chromatography 

 

Formation of Baicalein induced oligomers was evident in size-exclusion chromatography (SEC). 

Repeat Tau incubated with Baicalein leads to formation of oligomers as seen in the SEC profiles 

for samples at 0, 6, 12, 24, 48 and 60 hours (Fig. 5.11A) as compared to soluble repeat Tau. BSA 

and Lysozyme were loaded as standards in 3 mg/ml concentration and soluble repeat Tau was 

loaded as a control (Fig. 5.11B). 

 
Fig. 5.11. Size-exclusion chromatography for repeat Tau aggregates. A) 20 µM repeat Tau was incubated with 

Baicalein at 200 µM concentration and subjected to size-exclusion chromatography at different time-points. 

Comparison of the chromatograms for repeat Tau incubated with Baicalein at different time points. Figure shows a 

decrease in dimeric population of repeat Tau (pink arrow) with subsequent increase in the Baicalein stabilized 

oligomers (black arrow). B) BSA and Lysozyme (3 mg/ml each) were run for standardization of SEC column. The 

chromatogram in dark cyan and red shows profile for repeat Tau soluble and repeat Tau aggregates at 0 hour 

respectively.  C) Chromatogram for repeat Tau incubated with Baicalein for 60 hours shows increase in oligomer 

population. D) Maximum absorbance obtained for the peaks for oligomers at different time points shows a gradual 

increase in Baicalein stabilized oligomers with time. (Adopted from Sonawane, Balmik et al., 2020, Archives of 

Biochemistry and Biophysics) 

Further the repeat Tau was incubated with Baicalein at 1:10 ratio showed presence oligomers 

while it was absent in the control aggregation sample at 60 hours, (Fig. 5.11C) suggesting 

enhancement of oligomerization in presence of Baicalein. There is an increase in the intensity of 

peak corresponding to repeat Tau oligomers with respect to time (Fig. 5.11D).  
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5.12 Summary 

 

Our results showed that Melatonin interacts with the repeat domain of Tau weakly. In spite of its 

weak interaction and slow kinetics, it was apt enough to dissolve Tau fibrils. The inhibition and 

disaggregation effects of Melatonin on repeat Tau were mediated by its interaction with the 

histidine sites on the protein.  It required high concentration of Melatonin to exert its effect on 

aggregation of Tau, but it is known to be non-toxic even at higher concentrations.  Melatonin is a 

potent biomolecule whose therapeutic action has been well studied in neurodegenerative 

diseases. However, its low half-life period in biological system limits its therapeutic use. Thus, 

we suggest enhancing its ameliorating effects either by conjugation in order to stabilize the 

molecule or in combination with other potent drugs to complement their action. 

Our current investigation on Baicalein demonstrates the ability of Baicalein to inhibit the Tau 

aggregation by covalent modification. Baicalein inhibits the Tau aggregation by inducing the off-

pathway oligomer formation and preventing the filamentous aggregate formation thus 

highlighting its potential to be developed as a future therapeutic agent in AD. 
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6.1 Tau protein in health and disease 

Tau is a member of MAPs family of proteins, known for its role in the stabilization of 

microtubules and neurodegenerative conditions associated with its abnormal aggregation and 

accumulation in neurons. The neuropathology associated with Tau has been well studied and 

documented in various neurological disorders. Although, microtubule stabilization is considered 

as the major function of Tau, it serves diverse functions in other physiological processes. Tau is 

known to be present in nucleus of neurons where it associates with the minor groove of DNA 

preventing its metabolism [287]. The levels of nuclear Tau get reduced in Tauopathies, 

suggesting the role of Tau in DNA stabilization. Tau has been found to associate with cell 

membrane through its N-terminus [288].  However, the role of Tau with respect to its association 

with cell membrane is not clear. The membrane association of Tau may be involved in the 

stabilization of cyto-cortex as it associates with cyto-cortical elements microtubule as well as 

actin playing an important role in their dynamics local cargo transport. The role of Tau in fast 

and slow axonal transport is well studied. Tau is majorly an axonal protein and its association 

with microtubules is an important regulating factor in axonal transport [289]. Another important 

non-typical role of Tau involves regulation of insulin signaling in brain. There have been 

evidences for glucose metabolism impairments related to insulin resistance upon Tau deletion. 

The Tau knock-out model studies suggested the regulatory role of Tau in glucose homeostasis. 

The effect has been hypothesized to involve inhibitory phosphorylation of insulin receptor 

substrate-1 (IRS-1) at S636 leading to insulin resistance in AD brain. The other mechanism may 

involve reduced function of phosphatase and tensin homolog (PTEN) lipidphophatase, which 

converts phosphatidylinositol-3, 4, 5-triphosphate (PIP3) to phosphatidylinositol-4, 5-

bisphosphate (PIP2) in insulin signaling pathway [290]. Tau is also involved in the process of 

myelination as Tau-KO mice showed hypo-myelination of sciatic nerves [291]. The non-typical 

functions of Tau are less understood and further studies could reveal an important aspect of its 

role in neurodegenerative diseases. 

Tau protein undergoes various changes in its repertoire of PTMs as well as in its conformation as 

it acquires pathological form. There are certain PTMs like phosphorylation, acetylation and 

proteolytic cleavage, which make Tau susceptible to undergo changes in local conformation 

directing towards Tauopathies. However, the modifications are highly specific in nature and 

reflects either its functional or pathological state. For example, Tau phosphorylation at S422 

protects it from proteolytic cleavage at D421 and thus protecting against abnormal processing 

[292]. There is a marked difference in Tau aggregation in various Tauopathies in terms of 

morphology of aggregates, location, cell types and Tau isoforms. In AD, Tau gets aggregated 

and deposited intracellularly in the form of NFTs. NFTs comprises of PHFs and straight 

filaments. PHFs are highly ordered structure made of two inter-twined filaments with a 

periodicity of 80 nm while straight filaments lack ant periodicity [293]. The NFTs consists of 

equimolar ratio of 4-repeat (4R) and 3-repeat (3R) isoforms of Tau, which sets it apart from Tau 

aggregates in other Tauopathies [294]. 
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Thus, Tau pathology is implicated not only in AD, but a wide range of related diseases. In order 

to prevent the progression of neurodegenerative conditions in Tauopathies, therapeutics focus 

either on inhibiting Tau aggregation or dissolving the pre-formed aggregates. 

6.2 Targeting Tau aggregation – importance as a therapeutic approach 

Formation of Tau aggregates and their deposition as NFTs is a complex process, which leads to 

multiple secondary neurotoxic effects. Further, Tau oligomeric species are considered more toxic 

than the fibrillar aggregates, which are suggested to be a protective response of neurons. Tau 

dysfunction leads to collapse of cytoskeletal networks affecting axonal and dendritic transport 

systems. The impaired transport system in turn results in synaptic loss and ultimately cell death. 

Thus, inhibiting the aggregation of Tau provides a suitable target in order to curb the associated 

neurotoxic effects. 

A wide range of aggregation inhibitors have been screened against Tau [295]. Tau is a fairly 

soluble protein in physiological conditions but attains insoluble aggregated form in Tauopathies. 

The physiological concentrations of free Tau in neuronal cell increase upon the initiation of 

pathology. However, in physiological system, longer time period for the formation of toxic 

aggregates. Various cell and animal model systems have been designed by the researchers in 

order to study the process and etiology of aggregation in AD. Monomeric Tau protein upon 

aggregation acquires hydrophobicity. The hydrophobic Tau aggregates are not effectively 

cleared and cause pathological interactions with other proteins like Fyn and Jun N-terminal 

kinase (JNK) interacting protein (JIP1) interfering with their functions in dendrites and axonal 

transport respectively [296]. Further, Tau aggregation affects mitochondrial functions resulting 

in increased ROS production as well as disruption of myelin sheath formation [297, 298]. Thus, 

inhibition of Tau aggregation at an early stage could be helpful in ameliorating these deleterious 

effects and slow down the progression of disease. Therapies based on inhibiting Tau aggregation 

have gained focus in past few years. There are several classes of therapeutic agents, which have 

been tested against Tau aggregation [132, 133, 169, 295, 299]. These include various classes of 

naturally derived or synthetic small molecules such as polyphenols, porphyrins, benzothiazoles, 

N-phenylamines, rhodanines and anthraquinones [300]. Based on their efficacy against Tau 

aggregation, some of the compounds have been employed in clinical trials but with limited 

desirable effects or undesirable side effects. Thus, another effective approach to tackle the 

process of Tau aggregation in neurons involves modulation of underlying mechanisms that lead 

to its aggregation.  

6.3 HDAC6 ZnF UBP as modulator of Tau aggregation and stability 

There are a large number of proteins, which interact with Tau in order to regulate its function. 

These include proteins involved in PTM of Tau such as kinases (GSK-3β, CDK5, MARKs, and 

MAPKs etc.), phosphatases (PP1, PP2A and PP2B etc.), acetyltransferases (CBP and P300), 

deacetylases (HDAC6 and SIRT1) and methyltransferases (SETD7 and other lysine transferases) 
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[54, 301]. Modulating the function of these interacting partners of Tau serves as a therapeutic 

target to inhibit the pathological implications of Tau. There are other Tau interacting proteins 

like various HSPs, Pin1 and Fyn kinase, which bind to Tau and regulate its folding, localization 

or turnover. In AD, there is abnormal association or activity of these proteins leading to 

pathological state [192]. Thus, targeting specific functions like phosphorylation, 

dephosphorylation or factors affecting the stability or turnover of Tau in neurons may serve as a 

suitable therapeutic target. 

HDAC6 plays an important part in cell homeostasis by mediating the degradation of misfolded 

and aggregated proteins by regulating cell-mediated autophagy and aggresome formation [103, 

225]. HDAC6 has been widely studied with respect to its role in neurodegenerative diseases. 

Apart from its deacetylase mediated functions, HDAC6 is involved in regulating other proteins 

by direct interaction leading to modulation of their activity [112, 302]. HDAC6 levels are found 

to be elevated in the AD patients in response to increased aggregate burden in cells, which 

implies its protective role in aggregates clearance [111]. HDAC6 has been reported to interact 

with Tau through its deacetylase domain (DD2) and anchoring domain SE14) [54]. It is notable 

that the catalytic function of HDAC6 is considered deleterious with respect to Tau pathology but 

its ZnF UBP domain is involved in protective mechanism by directing aggresome formation and 

HSP activation [303]. Thus, augmenting the function of HDAC6 ZnF UBP domain can be 

beneficial in designing therapeutics against AD. We aimed to explore the novel aspect of 

HDAC6 ZnF UBP interaction with Tau and its role in Tau aggregation and stability. We studied 

the effect of HDAC6 ZnF UBP domain in modulation of aggregation propensity of Tau, 

disaggregation of pre-formed Tau filaments and Tau conformation to address the possible role of 

this domain in Tau function. Aggregation assays carried out in presence of HDAC6 ZnF UBP 

showed its inhibitory effect both on full-length Tau (hTau40wt) and repeat Tau (K18wt) 

aggregation. Therapeutic strategies against Tau aggregation targets initial stages of aggregation 

to disallow the accumulation of toxic oligomers and protofilaments [304]. Further stages of 

aggregation involve stabilization of aggregate structures by cross-linking [305]. In our studies, 

HDAC6 ZnF UBP was found to be effective in hindering the initial aggregates formation in both 

full-length Tau and repeat Tau as well as destabilizing pre-formed aggregates accompanied by 

degradation leading to their dissolution. Also, the CD spectroscopy analysis of aggregation 

mixture of Tau with HDAC6 ZnF UBP showed the conformational shift from β-sheet (signature 

for aggregated Tau) towards random coil (signature for soluble Tau) [174]. Overall, these results 

show that HDAC6 ZnF UBP itself can modulate the aggregation propensity of Tau as well as its 

stability. In vitro aggregation assays carried out for Tau showed inhibitory effect of HDAC6 ZnF 

UBP on Tau aggregation in equimolar concentration. HDAC6 ZnF UBP was found to be equally 

effective in dissolving pre-formed aggregates (Fig 6.1). The effect of HDAC6 ZnF UBP on Tau 

aggregates was accompanied by its degradation which suggested physical association of HDAC6 

ZnF UBP with Tau. Interaction studies between HDAC6 ZnF UBP and Tau revealed 

involvement of hydrophobic interactions and histidine and lysine residues in Tau. Thus, we 

hypothesized that the inhibitory mechanism of HDAC6 ZnF UBP involves weakening of 
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hydrophobic interaction and hindering salt bridge formation in Tau aggregates. We studied the 

role of HDAC6 ZnF UBP domain in direct interaction with Tau protein to explore their role in 

modulating aggregation; long before the ubiquitination event occurs. Our biochemical analysis 

suggested that HDAC6 ZnF UBP can interact transiently with Tau and increased degradation of 

Tau over time was observed when Tau was incubated with HDAC6 ZnF UBP. This triggers the 

possibility of involvement of this domain in tackling aggregates in a deacetylase-independent 

manner. Enhanced degradation of Tau in the presence of HDAC6 ZnF UBP does not involve 

cysteine protease activity of Tau as degradation was observed for the wild type Tau as well as 

Tau with  

 

Fig. 6.1. HDAC6 ZnF UBP-mediated Tau aggregation inhibition and disaggregation. The efficacy of HDAC6 

ZnF UBP in aggregation inhibition and disaggregation of pre-formed Tau aggregates was studied by in vitro assays. 

HDAC6 ZnF UBP interacts with Tau via hydrophobic interactions as well as through His and Lys residue majorly 

through its repeat domain. The interaction leads to weakening of intermolecular Tau interactions resulting in 

aggregation inhibition and disaggregation. 

cysteine mutations. Tau has been reported to have intrinsic proteolytic function which leads to its 

autoproteolysis. We hypothesize that interaction of HDAC6 ZnF UBP with Tau can catalyze the 

autoproteolysis activity of Tau and bring about its degradation. Increased degradation of Tau 

over time was observed when Tau was incubated with HDAC6 ZnF UBP. In-silico data analysis 

also clearly suggest that the arginine (R1155) - aspartic acid (D283) interaction of HDAC6 ZnF 

UBP and repeat-Tau respectively could play a possible role in this protein-protein interaction 

supported by other interacting residues of Tau such as V275, Q276, I277 and N279 from the 

hexapeptide region and N286. Interaction through hydrophobic forces may be involved in Tau-
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HDAC6 association as indicated by involvement of V300 and V363 revealed by 1H-15N HSQC 

NMR. Histidine residues H268, H299, H329, H330 and H362 showed chemical shift 

perturbations upon titration with HDAC6 ZnF UBP; of which H299 and H329 were found to 

interact hydrophobically indicated by interpreting the simulation data. The RMSF data from in-

silico analysis also stated that the residues around 320-332 were highly unstable during the 

interaction. The change in the chemical shift of residues such as H329, H330 and K331 may be 

due to its structural instability during the interaction that may lead to change in structural 

conformation. The change in the chemical shift of residues may be indicative of a direct 

interaction between Tau and HDAC6 ZnF UBP or conformational changes in Tau brought about 

by its transient interact with HDAC6 ZnF UBP. The involvement of these residues in interaction 

with Tau may have a mechanistic role where it exerts a catalytic function. However, whether this 

effect originates from HDAC6 ZnF UBP or it is due to enhanced auto-proteolysis of Tau need to 

be explored further. Tau upon aggregation exposes hydrophobic patches which get buried in the 

core of the aggregate structure. HDAC6 ZnF UBP may associate with Tau involving 

hydrophobic residues and thus hindering aggregates formation or destabilizing the aggregate 

structure. However, the underlying mechanism leading to the degradation of Tau need to be 

further elucidated. Here, we hypothesize that interaction of HDAC6 ZnF UBP with Tau result in 

its degradation either due to enhancement of its auto-proteolysis function or inherent proteolytic 

activity of HDAC6 ZnF UBP domain (Fig. 6.2). We suggest that the association of HDAC6 ZnF 

UBP with Tau may enhance auto-proteolytic function of Tau or HDAC6 ZnF UBP itself has 

intrinsic proteolytic function similar to the other members of ZnF UBP containing proteins such 

as ubiquitin specific proteases (USPs) (Fig. 6.3) [199, 218]. Further study is required in this case 

to fully understand the process of HDAC6 ZnF UBP-mediated Tau degradation. 

 

Fig. 6.2. HDAC6 ZnF UBP interacts transiently with Tau enhancing its degradation. Degradation of Tau in the 

presence of HDAC6 ZnF UBP can be attributed to either modulation of Tau stability by augmenting its auto-

proteolysis or HDAC6 ZnF UBP itself exhibiting proteolytic function. 
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Fig. 6.3. HDAC6 ZnF UBP modulates stability and aggregation of Tau. HDAC6 ZnF UBP interacts transiently 

with microtubule-associated protein Tau mainly through its repeat region. Molecular dynamics and simulation 

suggested residues important for Tau-HDAC6 association and revealed the involvement of hydrogen bonds and 

hydrophobic forces. NMR analysis suggested five histidines, a lysine (K331) and a valine (V300) may be involved 

in ionic and hydrophobic interactions. Interaction of HDAC6 ZnF UBP with repeat region of Tau may destabilize 

Tau aggregates leading to their disruption and aggregation inhibition. Their interaction also results in degradation of 

Tau which may involve either Tau auto-proteolysis or possible proteolytic activity of HDAC6. The aggregation 

properties of Tau are also modulated by HDAC6 ZnF UBP as Tau aggregation inhibition as well as disaggregation 

of Tau aggregates was observed in the presence of HDAC6 ZnF UBP. 

6.4 HDAC6 ZnF UBP plays an important role in diverse neuronal functions 

The pathological attributes of AD are shown in the alteration of several neuronal functions. The 

progression of AD is marked by numerous losses of physiological functions. These include 

hindered cargo transport across the neurons; especially, the anterograde transport is affected due 

to defective microtubule dynamics [306]. Also, there is a depletion of myelin sheath leading to 

axonal damage and neurotransmission deficits [76]. The actin cytoskeleton is also affected 

resulting in overall morphology of neuronal cells. Neuron extensions form the intricate neuronal 

network, which are important for signal transduction [307]. Actin re-organization in a directional 

manner forms the basis of neuronal extensions. In AD, the actin regulation is impeded causing 

loss of neuronal extensions. Apart from these, aberrant signalling cascades presume during the 

disease progression due to over-activity or under-activity of regulatory proteins viz. kinases, 

phosphatases and others enzymes. Tau hyperphosphorylation is one of the key markers in AD 
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and disease-specific phosphoepitopes of Tau have been identified in the AD brain [308]. 

Notably, in Braak staging to characterize the progression of AD, phosphorylation at AT8 

phospho-epitope (Ser202/Thr205) is considered as an important disease-associated 

phosphorylation [309]. Similarly, pT181 is another important phosphorylation site of Tau which 

is known to be associated with nuclear Tau dysfunction and also linked to the development of 

Amyloid-β pathology and development of AD in early stages [310-312]. There are other cellular 

factors which plays an important role in the etiology of AD. ApoE is a protein involved in lipid 

metabolism by mediating the mobilization of lipids by packaging and carrying them at different 

sites in the body through bloodstream [313]. Astrocytes produce ApoE in the central nervous 

system which facilitates cholesterol transport to neurons through its receptors on neuronal cells 

[313, 314]. It is known genetic risk factor in AD since one of its isoform named ApoE4 is 

involved in pathological processing of APP generating toxic Amyloid-β peptides [315]. 

HDAC6 levels are found to be elevated in the AD patients following increase in the aggregate 

burden in cells [111]. This suggests the possibility of involvement of this domain in tackling 

aggregates in a deacetylase-independent manner. We have investigated the involvement of 

HDAC6 ZnF UBP domain in neuronal functions that are critical with respect to AD. Neuro2a 

cells treated with various concentrations of HDAC6 ZnF UBP to assess their viability upon 

treatment using MTT assay and LDH assay. Phosphorylations at AT8 and pT181 

phosphoepitopes of Tau are implicated in AD. The levels of phosphorylation at both these sites 

reduced when neuronal cells were treated with HDAC6 ZnF UBP at 50 nM concentration. 

Neuro2a showed no toxicity in the presence of HDAC6 ZnF UBP. pT181 and AT8 

(pS202/pT205) are two pathological phosphorylation events of Tau implicated in AD [131]. 

Okadaic acid treatment increases the level of these two epitopes by inhibition of PP2a activity. 

Treatment with HDAC6 ZnF UBP decreased the levels of both pT181 and AT8. The effect 

possibly arises from replenishing the PP2a activity upon inhibition by OA rather than inhibition 

of phosphorylation [316]. Class II HDACs - HDAC1, HDAC6 and HDAC10 can form molecular 

complexes with phosphatases (PP1 or PP2a). However, HDAC6 was shown to interact only with 

the catalytic subunit of PP1 to form a complex retaining both phosphatase and deacetylase 

catalytic activity [317]. The binding of HDAC6 to PP1 was mapped to the second catalytic 

domain and C-terminal domain of HDAC6, which corresponds to ZnF UBP domain [316]. In 

order to understand the effect of HDAC6 ZnF UBP on phosphorylation, the levels of total GSK-

3β and its down-regulated form i.e. GSK-3β phosphorylated at Ser9 (pGSK-3β) were analyzed 

after HDAC6 ZnF UBP exposure. GSK-3β is a versatile protein kinase with more than hundred 

substrates [243]. GSK-3β acts on Tau in two different manners i.e. on pre-phosphorylated primed 

Tau and unprimed Tau [318]. In order for GSK-3β to work on primed substrate, the N-terminal 

primed substrate binding domain provides binding-site for primed substrates upregulating the 

kinase activity of GSK-3β. Phosphorylation at Serine 9 is the regulatory mechanism to down 

regulate GSK-3β activity [230]. N-terminal domain with pSer9 acts as a pseudosubstrate for the 

primed substrate binding-domain of GSK-3β restricting the binding of other primed substrates-

like Tau [319]. HDAC6 ZnF UBP was found to increase the level of pSer9 phosphorylation on 
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GSK-3β indicative of down-regulated GSK-3β activity with HDAC6 treatment in neuro2a cells. 

Modulation of GSK-3β by HDAC6 ZnF UBP may involve regulation of Akt via PP1. PP1 

dephosphorylates Akt, which is a negative regulator of GSK-3β in its phosphorylated state [320]. 

HDAC6 is known to associate with PP1 through its C-terminal region, which corresponds to ZnF 

UBP domain [316]. HDAC6 ZnF UBP addition to cells increases PP1-HDAC6 association 

rendering Akt in its active phosphorylated state, which in turn phosphorylates Ser9 on GSK-3β 

down regulating its activity (Fig 6.4). 

 

Fig. 6.4. Effect of HDAC6 ZnF UBP on Tau phosphorylation and ApoE localization. HDAC6 ZnF UBP is 

proposed to be involved in GSK-3β regulation in Akt and PP1 dependent manner. GSK-3β activity is negatively 

regulated by Akt kinase, which phosphorylates GSK-3β at Ser9. Akt is active in its phosphorylated state which in 

turn is regulated by PP1. HDAC6 ZnF UBP associates with PP1 restricting it from dephosphorylating Akt, hence 

resulting in its active phosphorylated state. Enhanced ApoE localization upon HDAC6 ZnF UBP treatment may be 

mediated by nucleolin dependent transport of ApoE. ApoE requires an active transport system as it contains weak 

NLS signal. Nucleolin may serve this function as it is a known interacting partner of apolipoproteins and is 

stabilized by HSP90 whose activity is regulated by HDAC6. 

The enhanced nuclear localization of ApoE may indicate in improved neuronal health [321]. 

ApoE can get translocated to the nucleus through a nuclear targeting chaperone nucleolin [254]. 

ApoE consists of weak nuclear localizing sequence, which indicates that there must be other 

mechanism involved in ApoE nuclear transport. Nucleolin is known to associate with 

apolipoproteins facilitating their translocation [322]. HDAC6 may mediate ApoE translocation 
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through HSP90 as it is known to stabilize nucleolin during mitosis (Fig. 6.4) [323]. However, the 

exact mechanism needs to be further elucidated. 

HDAC6 is a known modulator of microtubule dynamics as well as actin re-organization and acts 

as an interacting partner for both cytoskeletal assemblies [324]. The formation of F-actin is 

required for cellular migration, attachment to extracellular matrix (ECM) and structural 

organization like neuronal extensions to form neurites [325-327]. Neuronal extensions are 

important to sense their environment and cell to cell communication. The loss of neuronal 

extensions in AD ultimately leads to neuronal cell death. We studied the effect of HDAC6 ZnF 

UBP, on cytoskeletal organization and found the ability of this domain to restructure cytoskeletal 

network. HDAC6 ZnF UBP treatment to neuronal cells resulted in enhancement of neuronal 

extensions suggesting that actin re-organization by HDAC6 may involve mechanisms other than 

deacetylation. 

 

Fig. 6.5. Effect of HDAC6 ZnF UBP on cytoskeletal organization. HDAC6 ZnF UBP modulated the Actin 

polymerization and tubulin organization in neuro2a cells. It associates with profilin and Arp2/3, one of the actin 

polymerization factor to promote F-actin formation resulting in enhanced neuronal extensions and actin rich 

structure viz. podosomes, podonuts, lamellipodia and filopodia. Similarly, HDAC6 ZnF UBP promoted tubulin 

localization in nuclear periphery by associating with microtubule end-associated proteins EB1 and Arp1. 

We observed the co-localization of actin and HDAC6 in the neurite extensions and the formation 

of other actin rich structure like podosomes, lamellipodia and filopodia further strengthen this 

concept. Podosomes are membranes invaginations formed in cells-like macrophages, dendritic, 
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smooth muscle, invasive cancer cells and in post-synaptic apparatus [328]. The association of 

HDAC6 ZnF UBP with the elements of actin polymerization in order to form F-actin may 

provide a clue about its role in actin assembly. HDAC6 ZnF UBP interacts with F-actin 

polymerizing factor profilin and branching factor Arp2/3, to mediate F-actin assembly which 

forms the basis of neuronal outgrowths including enhanced extensions, podosomes, lamellipodia 

and filopodia (Fig. 6.5, Panel A) [105]. Further, localization of tubulin in the nuclear periphery 

was observed upon HDAC6 ZnF UBP treatment. Growth and shrinkage rate of microtubules are 

affected by HDAC6 in a deacetylase independent manner. HDAC6 associates physically with 

end-binding protein1 (EB1) and a core component of Dynactin called Arp1 through its N and C 

terminal region but not with its catalytic domain [114]. Thus, the ZnF UBP domain of HDAC6 

may be involved in binding with EB1 and Arp1, which in turn regulates microtubule growth and 

shrinkage as both these proteins are associated with the tip of growing microtubule (Fig. 6.5, 

Panel B). We hypothesize that HDAC6 ZnF UBP may regulate microtubule growth and 

shrinkage by associating with the proteins involved in tubulin polymerization. However, to 

deduce the exact mechanism of regulation, further studies are required. 

6.5 Current status of therapeutic approaches against AD 

The etiology of AD involves a variety of factors governing the onset and progression of disease. 

Thus, the therapeutic approach against AD incorporates multiple potential targets. This includes 

designing drugs to inhibit or dissolve the proteinaceous aggregates of Tau and Amyloid-β, 

targeting different protein kinases involved in the hyper-phosphorylation of Tau, using therapies 

to reduce the oxidative stress, which promotes neurodegeneration and ameliorating toxic effects 

like aberrant neurotransmission and neuro-inflammation. The therapeutic approaches against AD 

have limited success due to various reasons [329]. For example, acetylcholinesterase inhibitors 

used to prolong acetylcholine retention to improve neurotransmission, have modest effect, brief 

period of effectiveness and significant side-effects [330]. NMDA antagonists are used in the 

treatment of AD to reduce excito-toxicity of glutamate receptors [331]. These are substantially 

neurotoxic and can produce psychotic episodes in patients. Anti-inflammatory drugs have a mild 

and limited effect in improving the cognitive impairment associated with AD [332]. In order to 

ameliorate Amyloid-β toxicity, β and γ-secretase inhibitors are used. Secretase inhibitors reduce 

Amyloid-β burden and even inhibit Tau hyperphosphorylation but with mild to moderate side 

effects [333]. Similarly, immunotherapy against Amyloid-β or Tau aggregates provides a limited 

benefit as the symptoms of cognitive decline does not get reduced effectively . Aggregation 

inhibition and clearance of pre-formed aggregates also presents as an approach with limited 

benefits. Many natural and synthetic small molecules have been designed to target the aggregates 

but their effect is limited mainly due to less bioavailability or poor ability to cross the blood-

brain barrier. The limitations of current therapeutic approaches show that the prevention of AD 

requires a multi-targeted approach to effectively salvage the neurodegenerative conditions. Thus, 

a combination of effective drugs or therapeutic agents having multi-faceted roles may provide 

desirable effects. 
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6.6 Therapeutic approaches against AD based on action of small molecules 

Several classes of compounds have been screened and studied for their effectiveness against AD. 

Of the various kinds of small molecules under study as the therapeutics against AD, natural 

occurring molecules have the advantage of having no or less side effects. Melatonin, a 

neurohormone, has drawn attention as a therapeutic molecule for AD treatment and prevention 

due to its multiple roles as a neuroprotective agent [334]. Melatonin functions as an endocrine 

hormone to regulate circadian rhythms, anti-oxidant, anti-inflammatory agent, free radical 

scavenger, regulator of anti-oxidant enzymes and other key proteins like kinases. Various studies 

have been carried out on the efficacy of Melatonin against neurodegenerative conditions 

including AD and PD. It is found to be highly effective in preventing neurodegeneration and 

promotes neuronal health and survival. 

 

Fig. 6.6. Disaggregation of Tau aggregates by Melatonin.  Melatonin showed its potency as an aggregation 

inhibitor as well as in disaggregation of repeat Tau aggregates. Salt bridges are formed between repeat Tau 

molecules, which strengthen the core of PHF during aggregation. Melatonin can bind to repeat Tau by associating 

with the Histidine residues and hindering the formation of salt bridges between two repeat molecules, thus inhibiting 

their aggregation. Melatonin can also interact with repeat Tau through hydrophobic interaction once the aggregation 

is established. Hydrophobic interaction with Melatonin weakens the Tau interaction in PHF assembly resulting in 

their disaggregation. 

Melatonin has been studied for its role as an aggregation inhibitor against Amyloid-β and α-

Synuclein aggregates and found to be effective against both amyloid aggregates. Melatonin 

interacts with Aβ40 and Aβ42 and inhibits the progressive formation of β-sheet structures and 

fibrillar aggregates [335, 336]. The aggregation effect is hypothesized to involve salt bridge 
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disruption between Asp and His residues through which Melatonin interacts. Similarly, in case of 

α-Synuclein, Melatonin inhibited both its oligomerization as well as fibrils formation in vitro. α-

Synuclein showed reduction in the β-sheet content in the presence of Melatonin [275, 337]. We 

explored the potency of Melatonin against Tau aggregation and found it to be effective against 

pre-formed Tau fibrils at higher Melatonin concentration. Melatonin interacts with repeat region 

of Tau through histidine moieties which suggest mechanism similar to Amyloid-β aggregate 

disruption (Fig. 6.6). The interaction of Melatonin with repeat Tau was found to be highly 

dynamic and attains equilibrium having constant association and dissociation. NMR studies for 

the interaction of repeat Tau and Melatonin suggests that Melatonin binds to all five Histidine 

residues (H268, H299, H329, H330 and H362) in repeat Tau along with V300, K331 and V363. 

We propose a mechanism by which Melatonin exerts its disaggregation effect through its 

interaction with histidine residues and thus results in destabilization of aggregates assembly. 

Melatonin can hinder the salt bridge formation between two Tau molecules, which in turn 

hinders the strengthening of PHF assembly. Also, it weakens the PHF assembly through its 

hydrophobic interaction with the pre-formed aggregates. However, the concentration required to 

show its effect is high since the interaction between repeat Tau and Melatonin is weak as 

revealed by NMR and ITC. Also, it did not showed any significant effect on retention of cell-

viability upon repeat Tau aggregates treatment. Thus, it is suggested to incorporate Melatonin 

along with other potent drugs to enhance the effect of therapeutics [338]. Melatonin serves a 

wide array of function as anti-oxidant, anti-inflammatory agent and modulator of other 

functions-like phosphorylation and gene regulation. In this aspect, the combination of Melatonin 

with other potent molecule, which allows the optimum activity of both, can be a helpful measure. 

Furthermore, we have found potency of Melatonin in modulating cell surface morphology and 

full-length Tau aggregation in another study [339]. The high bioavailability as well as pleiotropic 

functions of Melatonin makes it a good candidate for therapeutics in Alzheimer`s disease. 

Melatonin administration at high doses (1 g/day) to human subjects has been shown to induce no 

toxic effect. The effectiveness of Melatonin against protein aggregation along with its beneficial 

properties in neuronal protection presents Melatonin as a potent neuroprotective drug which can 

be further improved. 

Baicalein (5, 6, 7 trihydroxyflavone) is the major bioactive ingredient of Chinese herb 

Scutellaria baicalensis. The herb has been used in traditional medicine for the treatment of 

various ailments like neurological disorders, inflammatory conditions, cancer etc. Baicalein 

exhibit neuroprotective functions such as anti-inflammation, anti-oxidant, anti-apoptotic, 

aggregation inhibition etc., which makes it a suitable candidate as a therapeutic molecule against 

neurodegenerative disease [340-342]. Baicalein is a natural flavonoid, which gets oxidized to 

quinone form and work as a covalent inhibitor as the reaction progresses. 

Tau pathology undergoes a formation of series of intermittent species and the feasibility of their 

formation depends on both physiological concentration of free Tau and ability to form 

aggregation competent conformations [343]. The soluble oligomers of Tau are more toxic than 
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the Tau fibrils [344] and hence the Tau oligomers are gaining more attention as therapeutic 

targets in AD [345]. Baicalein has been widely studied for its aggregation inhibition and 

disaggregation properties against Amyloid-β and α-Synuclein aggregates. Baicalein has been 

found to be effective in inhibiting α-Synuclein aggregation in SH-SY5Y and Hela cells after 

inducing aggregation by using α-Synuclein oligomers [164, 342]. It is also capable of dissolving 

α-Synuclein fibrils as reported in an in vitro study [162]. Baicalein interacts with α-Synuclein 

and forms stable non-toxic oligomers resulting in the attenuation of further aggregation. 

Similarly, it is effective in Amyloid-β aggregation inhibition and alleviation of Amyloid-β 

induced toxicity [346]. Tau aggregation inhibitors either act to weaken the cross beta structures 

by inserting their rings between the beta sheet stacks or modify the protein or its intermediate 

aggregates, thus decreasing its aggregation potency [347]. We propose Baicalein belongs to the 

latter class of inhibitors as it binds and stabilizes the high molecular weight Tau oligomers, 

which are not capable of fibrillization. The ANS fluorescence clearly suggest the increased 

hydrophobicity of these sequestered molecules [196, 348]. In our studies, we tested the potency 

of Baicalein in disaggregation of repeat Tau aggregates and found it to significantly dissolve pre-

formed Tau oligomers and fibrils (Fig. 6.7). Baicalein interacts weakly with repeat Tau and 

forms off-pathway stable oligomers. The size-exclusion chromatography results also support this 

hypothesis, as the Baicalein treated samples showed the disappearance of a peak corresponding 

to tetramer. Interestingly, there is an appearance of oligomeric species of higher order in the 

sample incubated with Baicalein. These findings strongly suggest that Baicalein exhibit 

inhibition activity by sequestration of Tau into oligomers of different nature and taking it off the 

pathway of aggregation. Although effective against inhibiting fibrillization, Baicalein also 

worked as a potent molecule for disaggregation of preformed Tau fibrils as well as oligomers. 

The ANS fluorescence studies clearly depict the decrease in fluorescence intensity in the initial 

stages after Baicalein addition, but are found to increase after 12-24 hours at higher 

concentrations. This behavior of ANS fluorescence can be attributed to the fact that increase in 

ANS fluorescence depends on binding with hydrophobic residues as well as with cationic amino 

acids like arginine and lysine [349]. Thus, the Baicalein stabilized oligomer interacts through 

their cationic residues even though the overall surface hydrophobicity is greatly reduced. The 

disaggregation potential of Baicalein upon treatment of Tau aggregates signifies that the 

interaction between these two involves rearrangement of bonds and change in binding energies. 

If the oligomers formed are stable enough that they do not further interact with other protein 

species, (either soluble Tau or other oligomers) it can lead to attenuation of further fibrillization 

of Tau. The Baicalein stabilized oligomers are non-toxic and results in dissolution of Tau fibrils. 

The aggregation inhibition property of Baicalein along with its other beneficial functions makes 

it a strong candidate for therapeutic molecule against AD. 

 



Chapter 6 

122 

 

 

Fig. 6.7. Tau aggregation inhibition and disaggregation modulated by Baicalein. Baicalein is able to interact 

with soluble repeat Tau, Tau oligomers and mature Tau fibrils. It showed enhancement in the oligomeric population 

which are stabilized by Baicalein and do not aggregate further. Baicalein enables disaggregation of both Tau 

oligomers and fibrils through hydrophobic interaction leading to the formation of smaller non-amyloidogenic 

species. 
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Conclusion 

The modification of Tau into pathological form develops several toxic gain of function as well as 

result in loss of normal Tau functions. The formation of toxic Tau species in the form of 

insoluble oligomers and NFTs elicit responses which interfere with the normal functioning of 

neuronal cells. The formation of NFTs hinders with the organelle location and transport 

mechanism within the cell. Due to molecular crowding, cytoplasmic organelles are known to get 

displaced along with decrease in their numbers in the presence of NFTs. Cytoplasmic transport is 

also affected by the formation of NFT, which results in cellular homeostasis as important 

functions like proteasomal activity. Tau fibrils result in aberrant anterograde transport by 

dissociation of kinesin-1 form its vesicular cargo while the retrograde transport is retained. 

Further, microtubule assembly remains intact even in the presence of mature Tau aggregates i.e. 

NFTs. Thus, Tau toxicity does not initiate completely from NFTs but also involves intermediate 

species of aggregation viz. oligomers and protofilaments. Also, in an rTg4510 mice model with 

P301L Tau over-expression, later suppression of mutant Tau attenuated neuronal damage even 

NFTs continue to form. The oligomeric Tau species are reactive and promotes further 

aggregation of soluble Tau and elicit inflammatory response and damage to cell membrane. 

Thus, in order to effectively curb down the ill effect of Tau aggregates, therapeutic strategies 

need to be focused on targeting both mature fibrils as well as intermediate species. In our work, 

we have addressed the significance of HDAC6 ZnF UBP in Tau pathology and neuronal 

functions as well as potentiality of small molecules Melatonin and Baicalein against Tau 

aggregates. The findings of our study can be concluded as- 

A. In order to study the dynamics and biophysical properties of Tau aggregates, in vitro 

aggregation assays proved to be a valuable tool and provide an important tool for screening of 

aggregation inhibitors. In vitro aggregation assays are designed to mimic the Tau aggregation in 

physiological conditions.  

The molecular mechanisms involved in the aggregation of Tau protein involve interplay of 

various proteins. Tau interacts with various enzymes as well as non-enzymes, which regulates its 

function. Alterations in the interaction and function of these proteins may dispose Tau towards 

pathological form. We have studied and explored the role of HDAC6 ZnF UBP domain in 

modulation of Tau protein aggregation and other functions associated with neuronal health. 

HDAC6 ZnF UBP is an important protein involved in neurodegenerative diseases, which 

performs a protective function by mediating the clearance of aggregates through aggresome 

formation. Our studies have shown that HDAC6 ZnF UBP domain can interact directly with Tau 

protein resulting in its degradation. Further, it inhibits Tau aggregation and dissolves pre-formed 

aggregates reflecting its possible direct role in Tauopathies. 

B. Earlier studies have shown that HDAC6 may have a dual role in AD depending upon the 

domain involved. The enzymatic activity through its catalytic domain renders deleterious effects 

leading to neuronal loss while ZnF UBP domain has been shown to have a protective function. 
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Our studies on HDAC6 ZnF UBP domain suggest the same as it showed protective functions 

when neuronal cells are exposed to HDAC6 ZnF UBP. HDAC6 ZnF UBP upon internalization in 

neurons resulted in decreased levels of Tau phosphorylation upon simultaneous OA treatment, 

enhanced pGSK-3β (Ser9) levels indicating its downregulation and increased ApoE localization 

to nucleus. All these functions are indicative of improved neuronal health and survival. Further, 

in AD, cytoskeletal regulation gets adversely affected due to Tau loss of function and aberrant 

signaling cascades. HDAC6 ZnF UBP treatment resulted in enhanced neuritic extensions and 

formation of actin rich structures suggesting its role in actin dynamics. Also, tubulin was found 

to be localized in the nuclear periphery indicating HDAC6 ZnF UBP involvement in tubulin 

dynamics in deacetylase-independent manner. Overall, exploring the functions of HDAC6 ZnF 

UBP in neuroprotection provides an important therapeutic aspect in AD by promoting the 

domain function while keeping the deacetylase activity under control. 

C. Both the small molecules (Melatonin and Baicalein) used in our study against Tau 

aggregation exhibit multiple neuroprotective function. Melatonin has a weak interaction with 

repeat Tau and mediates disaggregation of repeat Tau. It has been widely studied with respect to 

neurodegenerative diseases and has a great potential in therapeutics against AD owing to its 

multifaceted roles. We studied the potency of flavonoid Baicalein against preformed aggregates 

of repeat Tau in different stages of maturation and found that Baicalein can interact with the 

repeat region of Tau and direct them to form stable oligomers which are non-toxic in nature. 

Baicalein was found to interact both with early oligomers and mature fibrils to disaggregate the 

preformed aggregates. 

Future directions 

The underlying mechanisms of Tau protein aggregation and its stability involve interplay of 

many PTMs and Tau interacting partners. The modulation of Tau to acquire pathological form 

provides an opportunity to identify the key factors involved in the process. In this regard, 

HDAC6 ZnF UBP is proposed to have a novel function in direct Tau modulation in terms of its 

aggregation and stability. Further, it functions in diverse cellular pathways, which reflect its role 

in neuronal health. Augmenting the functions of HDAC6 ZnF UBP and understanding the 

mechanisms through which these functions are mediated can help in designing therapeutics 

targeting the specific neuronal deficits in AD. 

The therapeutics against Tau aggregation in AD requires involvement of molecules capable of 

altering different aspects of neurodegeneration in a beneficial way. In this regard, Melatonin and 

Baicalein are the two important drug candidates, which we have studied with respect to Tau fibril 

disaggregation. Both these molecules have multiple protective functions like anti-oxidant, free-

radical scavenger, down-regulator of inflammatory conditions and modulators of proteins 

involved in neurodegeneration. Their protective functions have been extensively studied with 

respect to pathological conditions involving Amyloid-β and α-Synuclein. We explored their role 

in the modulation of Tau aggregates. Both the molecules interact with Tau and were found to 
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dissolve Tau aggregates through different mechanisms. Melatonin interact with Tau either 

hydrophobically weakening Tau-Tau interaction or through His residues resulting in salt-bridge 

disruption in aggregates. Baicalein forms stable oligomeric species with Tau inhibiting their 

further aggregation. 

 

Figure I. Proposed effects of HDAC6 ZnF UBP on Tau stability and neuronal health. The neuronal loss in 

Alzheimer’s disease involves a myriad of factors, which are either ‘cause or effect’ of pathological cascade. The 

therapeutic approach for the prevention and cure of AD would require a multifactorial approach on various levels, 

which can promote neuronal survival as well as Tau clearance. Augmentation of HDAC6 ZnF UBP function can 

have a potential to develop a beneficial therapeutic advancement. 

The prevention and treatment of AD requires a multi-targeted approach in order to modulate 

various pathological aspects (Fig. I). By intervening the function of HDAC6 to promote ZnF 

UBP domain may provide a suitable direction to promote the restoration of Tau homeostasis in 

Tauopathies while the small molecule therapy involving Melatonin and Baicalein in combination 

of other potent drugs can help in preventing the progression of Tau aggregation and provide 

neuronal protection. 
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Alzheimer`s disease (AD) is an age associated Neurodegenerative disease, which have two key 

players involved in its pathogenesis-Amyloid-β peptide and microtubule-associated protein Tau 

(MAPT). The aggregates consisting of these two are found in the brains of AD patient. Amyloid-

β peptides form extracellular plaques while Tau forms intracellular neurofibrillary tangles (NFT). 

HDAC6 is a class II histone deacetylase majorly present in the cytoplasm. It plays an important 

role in aggresome formation by recruiting polyubiquitinated aggregates to the motor protein 

dynein. Here, we have studied the effect of HDAC6 ZnF UBP domain as a modifier of Tau 

aggregation by its direct interaction with the polyproline region/repeat region of Tau. Interaction 

of HDAC6 ZnF UBP with Tau was found to reduce the propensity of Tau to self-aggregate as 

well as to disaggregate pre-formed aggregates. Additionally, conformational changes in Tau 

protein and its accelerated degradation with HDAC6 ZnF UBP suggest a mechanism by which it 

either acts on Tau to degrade or enhance its auto-proteolysis. Immunocytochemistry revealed 

that HDAC6 ZnF UBP can modulate Tau phosphorylation and actin cytoskeleton organization 

when the cells are exposed to the domain. HDAC6 ZnF UBP treatment to cells resulted in 

enhanced neurite extension and formation of structures similar to podosomes, lamellipodia-like 

structures and podonuts suggesting its role in actin re-organization. Also, HDAC6 treatment 

showed increased nuclear localization of ApoE and tubulin localization in MTOC.  All these 

findings suggest the regulatory role of this domain in different aspects apart from its well-known 

function in aggresome formation. We also explored the potency of two small molecules – 

Melatonin and Baicalein in the disaggregation of Tau aggregates. Both these molecules have a 

pleiotropic role with respect to neuronal health. In our studies, we found that both Melatonin and 

Baicalein can interact with Tau to bring about dissolution of Tau aggregates. We hypothesized 

for the mechanism of action of Melatonin and Baicalein and proposed these molecules to be 

developed as potential therapeutic agents in treatment of Alzheimer’s disease. 
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S.* (2019). Melatonin interacts with repeat domain of Tau to mediate disaggregation of 

paired helical filaments. Biochimica et Biophysica Acta (BBA)-General Subjects, 

129467. 

 

3. Sonawane, S. K., Balmik, A. A., Boral, D., Ramasamy, S., & Chinnathambi, S.* (2019). 

Baicalein suppresses Repeat Tau fibrillization by sequestering oligomers. Archives of 

Biochemistry and Biophysics, 675, 108119. 

 

4. Das, R., Balmik, A. A., & Chinnathambi, S.*. Effect of Melatonin on Tau aggregation 

and Tau-mediated cell surface morphology. International Journal of Biological 
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List of papers with abstract presented (oral/poster) at national/international conferences/ 

seminars: 

 

1. Abhishek Ankur Balmik and Subashchandrabose Chinnathambi
*
. HDAC6 functions as 

the modifier of Tau aggregation and cytoskeletal organization. National Science day 

poster, 2019 (CSIR-NCL (Pune).  

 

Abstract: Microtubule-associated protein Tau undergoes aggregation in Alzheimer`s 

disease and a group of related diseases collectively known as Tauopathies. The misfolded 

proteins and aggregates are cleared by different mechanisms, which include ubiquitin 

proteasomal system (UPS), cell mediated autophagy (CMA) and macroautophagy 

through aggresome formation. HDAC6 is a class II histone deacetylase majorly present in 

the cytoplasm. It plays an important role in aggresome formation by recruiting 

polyubiquitinated aggregates to the motor protein dynein. Apart from its catalytic 

activity, HDAC6 interacts with other proteins either through SE14 domain or ZnF UBP 

domain to modulate their functions. Here, we have studied the role of HDAC6 ZnF UBP 

as a modifier of Tau aggregation and stability. Interaction of HDAC6 with Tau reduces 

its propensity to self-aggregate and also bring about the conformational changes. 

Immunocytochemistry and western blot analysis reveals that HDAC6 ZnF UBP can 

modulate Tau phosphorylation and actin cytoskeleton organization in neuronal cells. Our 

studies suggested the regulatory role of this domain in different aspects of 

neurodegenerative diseases apart from its well-known function in aggresome formation. 

 

2. Abhishek Ankur Balmik and Subashchandrabose Chinnathambi
*
. HDACs as the 

modifier of Microtubule Associated Protein Tau`s structure and function. The 

XXXV Annual Meet of Indian Academy of Neuroscience & International 

Conference on Translational Neurosciences and its Application in Protection of 

Mental Health, 2017 (Ravenshaw University, Cuttack). 

 

Abstract: Intracellular Neurofibrillary Tangles are one of the major hallmarks of 

Alzheimer's disease, which contains aggregated microtubule-associated protein Tau as its 

main component. The aggregated form of Tau has signature of post-translational 

modifications, which are either the cause, or effect of Tauopathies. Acetylation and 

methylation are such modifications of Tau which regulate its function and structure. 

There are two classes of enzymes involved in regulation of acetylation – Acetyl 

transferases and deacetylases. HDAC6, cytoplasmic deacetylase, apart from removing 

acetyl groups from lysine is also involved in the clearance of aggregates load in cells by 

formation of aggresomes. Aggresome formation is mediated by its interaction with 

polyubiquitinated protein aggregates, but we are trying to find out whether its direct 

interaction has any effect on Tau aggregation propensity. If HDAC6 is able to interact 

directly with protein either in aggregated or soluble form, then what is the nature of this 

interaction and what are its implications. Also, the competition between ubiquitination, 

acetylation and methylation for available lysine can drive the protein to different fates. 

Acetylation and methylation contribute to Tauopathies either by causing hindrance to the 

normal clearance of aggregated proteins or by having cross talks with other PTMs 
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affecting their normal role. We are also interested in studying the cross talk between 

these modifications and how it regulates the function of Tau protein in Alzheimer’s 

disease. 

 

3. Abhishek Ankur Balmik, Tushar Dubey and Subashchandrabose Chinnathambi
*
. 

Signaling Cascades and Post-translational modifications of Tau. EMBO- Meeting, Indo-

French Conference, 2015 (IISER-Pune). 
 

Abstract: Intracellular Neurofibrillary Tangles (NFTs) are one of the major hallmarks of 

Alzheimer's disease, with Microtubule Associated Protein Tau (MAPT) as its main 

component. Pathological form of Tau loses its ability to bind and stabilize microtubules 

and tend to self-associate and form Paired Helical Filaments (PHFs) which further leads 

to the formation of NFTs. Familial mutations as well as imbalance in post translational 

modifications (PTMs) can drive the conversion of Tau from normal to pathological form 

which has a high propensity for aggregation. Aggregated Tau in NFTs are found to be 

hyper phosphorylated signifying the role of phosphorylation as one of the PTMs 

responsible for Tauopathies. But the events which lead to Tau hyper phosphorylation are 

not clear. There are other PTMs like acetylation and methylation which are found to 

contribute in Tauopathies either by causing hindrance to the normal clearance of 

aggregated proteins or by having cross talks with other PTMs, affecting their normal role. 

It has been found that the acetylation of Tau at certain sites can prevent the degradation 

of hyper phosphorylated Tau which leads to the stability of Tau aggregates. However, it 

is known that the propensity of Tau aggregation decreases in case of acetylation at KXGS 

motifs in the repeat region. As the location of these acetylation sites interferes with the 

phosphorylation at sites known to be responsible for enhancing aggregation, indicating 

that there may be a protective role imparted by acetylation. In this regard, it would be 

interesting to study the role of enzymes involved in these modifications. There are two 

classes of enzymes involved in regulation of acetylation – Acetyl transferases and 

deacetylases. The best known acetyl transferases are CBP (CREB Binding Protein) and 

p300 while there are eleven protein deacetylases baring the names HDACs and seven 

SIRT (Sirtuins) proteins homologous to yeast Sir2 (Sirtuin2).There may be  interplay of 

different enzymes involved in acetylation and de-acetylation such that they act on 

different lysine residues of Tau in different conditions. The effect of Tau methylation 

with respect to its function is varied. Both phosphorylation and methylation are seen in 

Tau associated with microtubules in physiological condition and the balance between 

these two PTMs is important for its normal function. The direct role of methylation in 

Tauopathies is not clear. However, the competition between ubiquitination, acetylation 

and methylation for the available lysine can drive the protein to different fates. The 

motivation behind studying these PTMs is to derive the regulatory mechanisms which 

decide the state of protein. 
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