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ABSTRACT 

ALZHEIMER'S DISEASE DRUG DISCOVERY AND RISK FACTORS IDENTIFICATION 

By 

Mengyu Liu 

Pathological deposition of hyperphosphorylated tau protein (p-tau) into 

neurofibrillary tangles in selective neurons is the most revealing molecular feature for a 

group of neurodegenerative disorders collectively known as tauopathies, including 

Alzheimer’s disease (AD) which is the most common form of dementia. Tau pathology 

has a strong correlation with the progression and severity of cognitive functions, 

suggesting a pathogenic role of this protein, and critically, that measures that control tau 

deposition may afford promising therapy for tauopathies. The first hurdle for tangle-

centric drug discovery would be the procurement of hyperphosphorylated tau (p-tau) 

exhibiting characters that are relevant to the disease. I have employed the PIMAX 

system (Protein Interaction Modules-Assisted function X) developed in our laboratory to 

produce recombinant p-tau. PIMAX p-tau is phosphorylated at multiple sites with strong 

links to the disease, and forms fibrils spontaneously. At sub-micromolar concentrations, 

p-tau triggers apoptosis, causes cytoplasmic superoxide levels to increase drastically, 

and causes death of two different cultured cells. Consistent with the neurodegeneration 

model that cytotoxic tau in the brain acts in a prion-like fashion, p-tau is able to 

potentiate the aggregation and cytotoxicity of the unphosphorylated tau that is otherwise 

benign to cultured cells. These unique features strongly suggest that p-tau is a novel 

and pathophysiologically relevant subject for AD drug discovery. I therefore developed a 

high-throughput screening platform for the identification of small-molecule compounds 



 
  
 
  
 

that may modulate the cognitive symptoms of AD through controlling the fibrillization 

and cytotoxicity of p-tau. In a pilot screen, I discovered two brain permeant prescription 

drugs, R-(–)-apomorphine and raloxifene to be cytoprotective p-tau aggregation 

inhibitors. In contrast, selective prescription benzodiazepines were found to exacerbate 

the cell killing activity of p-tau by enhancing its aggregation. Together, my results 

suggest that the p-tau aggregation-based screens may uncover candidates for AD 

therapy as well as potential avoidable risk factors for this devastating disease, therefore 

breaking through the current stagnant status of AD drug discovery. 
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Part I: Alzheimer’s disease is a disease of tau 

Alzheimer’s disease 

Alzheimer’s disease (AD) is a degenerative brain disease that causes problems 

with memory, thinking and behavior [1]. AD accounts for more than half of all dementia 

cases. Currently, 5.7 million Americans of all ages are living with AD in 2018 [2]. This 

number includes 5.5 million people age 65 and older and approximately 200,000 

individuals under an age of 65. The cause of AD is not fully understood, but is believed 

to be a combined result of genetic predispositions, environmental factors and lifestyle. 

Increasing age is the greatest risk factor for AD. The prevalence of AD is 10% among 

people age 65 years and older, and the number reaches 32% among those 85 years 

and older [2]. Gender is another important AD risk factor: two-thirds of AD patients in 

the USA are women [3]. AD is the sixth-leading cause of death and the fifth-leading 

cause of death among those 65 years and older in the United States [2, 4]. There is no 

cure or prevention. 

 

Biomarkers of AD: Amyloid beta 

The two defining biomarkers of AD are the progressive accumulation of amyloid 

beta (Aβ) plaques outside neurons and the neurofibrillary tangles (NFTs) consisting of 

hyperphosphorylated tau (p-tau) protein inside neurons [5, 6]. Aβ peptides are 

proteolytic products of the amyloid precursor protein (APP) which is a single-pass 

transmembrane protein concentrated in the synapses of neurons [7]. APP is cleaved by 

the non-amyloidogenic or amyloidogenic pathway (Fig 1.1) [8, 9]. In the non- 



  3 

 

Figure 1.1 Proteolytic pathways of the amyloid precursor protein (APP). 

Schematic description of the two APP processing pathways:  the non-amyloidogenic 

pathway (A) and the amyloidogenic pathway (B). APP is first cleaved by either α-

secretase or β-secretase to liberate the N-terminal ectodomain (APPsα or APPsβ 

respectively) and the carboxy-terminal fragment (α-CTF or β-CTF). The α-CTF or β-

CTF is then cleaved by the γ-secretase to generate p3 or Aβ and the APP 

intracellular domain (AICD). 

(A) (B) 
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 amyloidogenic pathway, APP is first cleaved by the α-secretase to produce an N-

terminal ectodomain (APPsα) and a carboxy-terminal fragment (α-CTF). The α-CTF is 

subsequently cleaved by the γ-secretase to produce a 3 kD peptide (p3) which has no 

clear biological role [10] and an APP intracellular domain (AICD). In the amyloidogenic 

pathway, APP is cleaved sequentially by β- and γ- secretases to generate the Aβ 

peptides which contain 38-43 residues [11]. The Aβ peptides can assembly through a 

nucleation-dependent polymerization process [12].  

The very conspicuous senile plaques of Aβ as well as the ease of detection of Aβ 

peptides in body fluids [13], Aβ has been regarded as a key pathogenic factor for AD. 

An amyloid hypothesis posits that Aβ fibril is the primary cause for neurotoxicity and 

neuron loss [14]. According to this hypothesis, soluble Aβ oligomers impair synaptic 

functions [14, 15] and induce calcium influx that in turn leads to cell death in neurons 

and astrocytes [16, 17]. Enormous efforts from different sectors have been committed to 

Aβ -based AD drug discovery. Twenty-six potential therapeutic agents for AD were 

tested in Phase III clinical trials in 2018, among which fourteen targeted Aβ [18]. 

However, every Aβ-centric clinical trial failed to reach the primary outcomes clinically. 

Even compounds that effectively reduced or even cleared Aβ deposits had no positive 

effects on cognitive functions [19]. The repetitive failures in Aβ drugs can be explained 

by the fact that Aβ deposition lacks the correlation with the development of cognitive 

impairment in AD patients [20], one trait anticipated to be seen with a true pathogenic 

factor. The prevalence of amyloid pathology is 20-to 30-year earlier than the onset of 

dementia [21]. Older people may be healthy and show normal cognitive aging even with 

high levels of Aβ deposition [22, 23]. Together, these findings suggest that Aβ oligomer 
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is not a direct cause of neurodegeneration, and arouse increased interests in tau-based 

AD drug discoveries. 

 

Biomarkers of AD: Tau protein 

Pathological deposition of hyperphosphorylated tau (p-tau) is shared among a 

group of neurodegenerative disorders collectively known as tauopathies, including 

Alzheimer’s disease (AD), Pick’s disease, frontotemporal dementia with parkinsonism 

linked to chromosome 17 (FTDP-17), chronic traumatic encephalppathy (CTE), etc. [6]. 

All tauopathies but AD lack significant Aβ plaques, suggesting a pathogenic role of tau. 

Tau is a microtubule-associated protein that locates predominantly in the axons 

of neurons in the central nervous system [24]. Six tau isoforms are produced by 

alternative splicing of a single MAPT (microtubule-associated protein tau) transcript [25, 

Fig 1.2]. The MAPT gene locates on chromosome 17q21 and contains 16 exons [25]. 

Exons 4A and 6 are maintained in the tau species in the peripheral nervous systems, 

muscles, pancreas, and other organs, but are spliced out in the CNS [25, 26]. The 

alternative splicing of exons 2, 3 and 10 gives rise to the six tau isoforms containing 

different number of insertions at the N-terminus and repeat domains at the C-terminus 

[26]. K18 is a recombinant peptide that contains only the four microtubule binding 

repeats. All 6 tau isoforms are expressed in the normal adult human brain with 

approximately equal amounts of the 3R and 4R isoforms, while the proportion of 1N, 0N, 

and 2N is 54%, 37% and 9% [27]. Whereas the number of the N domain is generally 

thought to be less significant, the relative amount of 3R and 4R isoforms may be  
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Figure 1.2 Schematic tau isoforms and structure. (A) The six tau isoforms 

contain different numbers of N-terminal insertions and the repeat-domains. K18 is 

the construct of the four repeat domains. (B) Tau protein is separated into the 

projection domain and microtubule assembly domain. The N-terminal of tau is 

acidic region, followed by a proline-rich region, microtubule binding repeats and C-

terminal region.  

 

(A) 

(B) 
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development- and disease-specific [28]. For example, the normal and AD brains have 

equal amounts of 3R and 4R [29], but tangles from Pick’s disease (PiD), corticobasal 

degeneration (CBD) and progressive supranuclear palsy (PSP) are composed of either 

3R (PiD) or 4R isoforms (CBD and PSP) [30-33]. 

Tau protein can be roughly separated into the projection domain and the 

microtubule assembly domain (Fig 1.2B). The projection domain extends from the 

microtubule surface and interacts with cytoskeletal elements and plasma membrane [34, 

35]. The N-terminal insertions are acidic, and are followed by a basic proline-rich region 

which functions in signal transduction pathways [36, 37]. The microtubule-binding 

repeats region is positively charged and consists of three (3R) or four (4R) highly 

conserved 18-amino-acid repeat with less conserved 13- or 14-amino-acid sequences 

flanking the repeats [27, 38]. The C-terminal region is acidic and is thought to be 

involved in the regulation of tau polymerization [39] and stability [40]. 

 

Tau phosphorylation 

In the normal brain, tau protein binds to microtubules and has 2 – 4 phosphates 

per molecule [41]. In AD, tau protein is about 3 to 4 fold more phosphorylated [41, 42]. 

Hyperphosphorylation of tau protein reduces its microtubule affinity in vitro [43 – 45], 

except Thr50, whose phosphorylation promotes microtubule binding [46]. There are 85 

potential phosphorylation residues including 45 serine (Ser), 25 threonine (Thr) and 5 

tyrosine (Tyr) in the longest CNS tau isoform 2N4R. Twenty-eight phosphorylation sites 
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have been found specifically in the AD brains, and 10 sites may be phosphorylated in 

both AD and normal brains [42, 47].  

Tau phosphorylation is the consequence of a balance between tau kinase and 

phosphatase activities. Many kinases have been reported to phosphorylate tau protein 

in vivo or vitro, and they are grouped into 3 classes: proline-directed serine/threonine-

protein kinase (PDPK) including glycogen synthase kinase 3 beta (GSK-3β) and cyclin 

dependent kinase 5 (Cdk5), the two most potential tau kinase candidates; non-proline-

directed serine/threonine-protein kinases such as AMPK; and tyrosine kinases [48]. 

Among the 42 sites reported to be phosphorylated by GSK-3β, 29 are found in AD tau 

[49]. GSK-3β co-localizes with NFTs in AD brain [50, 51]. The abundance of the active 

form of GSK-3β (phosphorylated at Tyr216) is increased in the AD frontal cortex [53] 

and the activity of active GSK-3β correlates with neurodegeneration in the AD brain [51 

- 53]. Overexpression of GSK-3β results in increased tau phosphorylation and 

neurodegeneration in animal models [54]. Lithium, a GSK-3β inhibitor, can reduce tau 

phosphorylation at several sites that are phosphorylated in AD, lower tau aggregation 

level [55], and enhance cognitive performance in both mouse models and clinical 

studies [56, 57]. Cdk5 binds its co-activator p35 or p25 to phosphorylate tau at 11 sites, 

all of which are found in AD tau [49]. Activation of Cdk5 by overexpressing the disease-

associated cyclin p25 in animal models leads to tau hyperphosphorylation, increased 

numbers of NFTs and neuronal loss in the brain [58, 59]. Silencing Cdk5 activity 

reduces tau phosphorylation and the number of NFT number in a mouse model [60]. 

Cdk5, GSK-3β and tau are found co-localized in rat brain cortex and the 

phosphorylation of tau at specific sites by Cdk5 facilities the sequential activity of GSK-
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3β [61, 62]. At least four kinds of protein phosphatases (PPs) function in the brain to 

dephosphorylate tau protein: PP1, PP5, PP2B and the major working species PP2A [48]. 

Reduced PP2A mRNA expression [63] and activity [64] in AD brain have been reported.  

 

Other post-translational modifications of tau 

In AD brain, tau is the target of a slew of post-translational modifications (PTM).  

Except phosphorylation, the biological and pathological significance of these PTMs 

remains elusive. Acetylation has been proposed to play a role in regulating tau-

mediated neurodegeneration. Acetylation at residues Lys174 [65], and Lys280/ Lys281 

[66] impairs the interaction between tau and microtubules, promoting tau aggregation 

and inducing tau pathology in animal models. In addition, acetylation at Lys280 is 

detected in aggregated tau fibrils from AD and 4R-tau predominant corticobasal 

degeneration (CBD) brains but not in tau fibrils from 3R-tau predominant Pick’s disease 

brains [67].  

O-GlcNAcylation is the attachment of N-acetyl-glucosamine (O-GlcNAc) to the 

hydroxyl side chain of serine or threonine residues [68]. Because of the mutually 

exclusive use of the same substrates, O-GlcNAcylation and phosphorylation are thought 

to be antagonistic of each other. O-GlcNAc transferase (OGT) is the enzyme 

responsible for adding O-GlcNAc to serine and threonine, while O-GlcNAcase (OGA) 

removes O-GlcNAc from the protein [69]. Each mole of bovine tau contains 4.2±0.9 

mole of O-GlcNAc [70]. Several methods have been used to obtain O-GlcNAcylated tau, 

including co-expressing tau and OGT in bacteria [71], incubating tau with OGT in vitro 
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[72] or purifying tau from rat brain [73]. Four O-GlcNAcylation sites have been identified 

in these tau sources: Thr123 [71], Ser208, Ser238 [72] and Thr400 [71- 73]. Thr123, 

Ser 208 and Thr 400 are reported phosphorylated sites in AD patients [42], whereas 

none of these sites is critical in tangle development [74, 75]. O-GlcNAcylation level in 

tau protein is lower in the cerebellar cortex of AD brains compared to the control brains, 

while no difference has been detected in the cerebellar cortex, the region that is not 

affected in AD [76]. The level of O-GlcNAcylation in hyperphosphorylated tau purified 

from AD brain is only 20% of that in unphosphorylated tau purified from the same brain 

sample [76]. Expression of OGT [77] and the treatment by the inhibitor of OGA [78] in 

cultured cells both reduced the phosphorylation level in tau protein. In addition, O-

GlcNAcylation inhibits the aggregation of the fourth microtubule-binding repeat of tau 

[79]. These together suggest that O-GlcNAcylation regulates the level of tau 

phosphorylation and aggregation in AD.  

Nitration [80 - 82], ubiquitylation [83, 84], SUMOylation [85, 86], methylation [87, 88] and 

prolyl-isomerization [89, 90] are additional post-translational modifications found in tau 

protein. They influence a small number of residues in tau and more work needs to be 

done to clarify their function in AD. 

 

Tau aggregation 

Neurofibrillary tangles are composed primarily of fibrils of hyperphosphorylated 

tau (p-tau) [1]. The spatiotemporal distribution of tangles in the brain is different from 

that of plaques, but correlates well with the progression of cognitive impairments of AD 
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patients [33, 74]. Braak’s staging using a silver stain or later the AT8 antibody 

recognizing pSer199, pSer202, and pThr205 [91, 92] showed that tau tangles start in 

the transentorhinal region that functions as the transition between the hippocampus and 

the neocortex (Stage I), then spreads through the entorhinal region (Stage II), 

hippocampus (Stage III), superior temporal neocortex (Stage IV), and the entire 

neocortex (Stages V and VI). This progression pattern coincides with the development 

of cognitive dysfunction of AD – from short-term and working memory loss to much 

more severe cognitive symptoms and behavioral changes resulting from neocortex 

pathology [74, 93-95].   

A model for tangle formation is shown in Fig 1.3 [96]. Tau monomer is an 

intrinsically disordered protein [97] that adopts a random coiled conformation lacking 

apparent secondary structures [98]. Incubation of 10 µM of recombinant tau monomers 

with an inducer generates granular tau oligomers (GTOs), which contain 40 ± 3 tau 

molecules [99]. GTOs can be detected in early and mid- Braak stages in the frontal 

cortex of human brains [100]. Another fibrillization pathway includes stable dimers and 

small soluble oligomers as intermediates. Stabilization of partially folded tau monomers 

via phosphorylation [101] or inducers [102], manifested by increased levels of β-sheet 

structure, triggers the formation of dimers. A local hexapeptide sequence (306VQIVYK311) 

in the core region (Fig 1.2, M1-M4) is required for dimerization [103]. Both granular tau 

oligomers and small soluble oligomers can form paired helical filaments (PHFs), which 

is the major component of NFTs found in neuronal soma [104].  
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Figure 1.3 Neurofibrillary tangles formation pathway. Tau monomers can 

polymerize into paired helical filaments via granular tau oligomers or through dimers 

and small soluble oligomers. The paired helical filaments then assemble into 

neurofibrillary tangels.  
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The tau aggregation process is thought to be modulated by post-translational 

modifications in the brain, and the effect of phosphorylation is the best-understood. Tau 

hyperphosphorylation reduces affinity for microtubule, thus increases the amount of 

detached p-tau that can be candidates for building tau fibrils. In addition, multiple lines 

of evidence support that hyperphosphorylation is critical during the formation of tau 

tangles. Phosphorylated tau which contains 3 phosphates per molecule via in vitro 

incubation with GSK-3β, can form tangle-like filaments in the presence of an inducer 

[105]. Changing the kinase source to a rat brain crude extract increases the number of 

incorporated phosphate per molecule to 10, and the resulted highly phosphorylated tau 

can aggregate without an inducer [106]. Phosphorylated tau purified from AD brains 

undergoes self-assembly in vitro in the absence of an inducer, and this process can be 

blocked by dephosphorylation [106]. Accumulation of tau aggregates are detected in 

mouse models overexpressing GSK-3β [54] or CDK5/p25 [59], or wild-type mice after 

phosphatase 2A inhibitor okadaic acid injection [107]. Kinase inhibitors treatment in 

mouse models leads to reduced levels of tau phosphorylation and tau aggregates [55, 

108]. Taken together, these reports support the notion that dysregulated 

phosphorylation causes tau to be prone to aggregate, and consequently to form NFTs in 

AD and other tauopathies. 

 

Tau-mediated neurodegeneration 

Substantial evidence supports that tau tangle is the underlying cause for neuron 

loss and dementia-related neurodegeneration. The spatiotemporal distribution of tau 

tangles, not Aβ plaques, correlates with the progression of cognitive impairments of AD 
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patients [33, 74]. Tau pathology is shared by about 15 neurodegenerative tauopathies 

that, except AD, are without apparent Aβ-related pathology [6]. In addition, mutations in 

the MAPT gene causing missense or deletion in tau, or even changes in the splicing of 

exon 10 lead to a tauopathy, FTDP-17 [109, 110]. These findings manifest the likely 

direct role of tau dysregulation in neurodegeneration.  

The mechanism of tau-induced neurodegeneration is likely a gain-of-function 

cytotoxic defect. From 1994 to 2007, tau knock-out mice have been developed in four 

different labs and none of them showed an overt phenotype [111], indicating functional 

redundancy between tau and another protein(s). For its well-documented in vitro  

microtubule-binding activity, tau is postulated to be involved in microtubule 

polymerization [112, 113] and axonal transport [114]. Although tau primarily locates in 

axons, it’s also present at both presynaptic and postsynaptic terminals [115]. Tau is 

therefore suggested to be involved in modulating neuronal excitability, signaling of 

synaptic neurotransmitter-receptors and synaptic mitochondrial function [116, 117].  

The AD pathology is probably more than a simple “unbearable-weight-of-tangles” 

hypothesis [118, 119]. Accumulating evidence instead shows that smaller, fibrillization 

intermediates are the more damning species than the large fibrils. As a hallmark of AD, 

the density of NFTs correlates with the severity of dementia assessed by the degree of 

cognitive impairment [120, 121]. However, the number of neurons lost in AD brain 

exceeds the number of NFTs by more than sevenfold [122]. Intraneuronal NFTs fail to 

disrupt synaptic or neuronal function in vivo [123, 124]. Suppressing transgenic tau 

expression restores the neuron numbers and memory function, even though NFTs level 

continues to increase [125]. Neurodegeneration can be induced by tau overexpression 
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in a Drosophila model without forming large tau filaments [126]. These reports imply that 

NFTs do not necessarily cause neuronal loss and synaptic deficit. 

Instead, the pre-tangle oligomers of abnormally phosphorylated tau are the likely 

toxic species causing neurondegeneration. Tau oligomers impair SH-SY5Y 

neuroblastoma cells viability more effectively than monomer or fibrils [127]. Transgenic 

mice expressing the wildtype human tau shows no tau fibrils formation or overt 

neurondegeneration phenotype [128]. To study tau pathology, transgenic mice 

expressing human tau containing a FTDP-17 mutation, P301L has been developed 

[129]. The P301L mice develop NFT-like inclusions, neuronal loss and 

neurodegeneration symptoms [129, 130]. However, synapse loss and memory deficit 

correlate with the level of tau oligomers rather than NFTs in this mouse model [131, 

132]. Moreover, injection of tau oligomers prepared by the “the seeded conversion and 

amplification” method (an approach to propagating prion-like toxic proteins) or that 

purified from AD brain can induce cognitive impairment and synaptic dysfunction in 

mouse models [133, 134]. Together, the hypothesis of cytotoxic aggregation 

intermediates gains momentum [135] and affords a mechanistic basis for therapeutics 

development. 

 

Prion-like characters of tau 

The observation of induced neurodegeneration after injection of tau oligomers in 

animal models indicates that tau propagates in a prion-like mechanism, which is 

supported by works done with cultured cells or animals [136]. Endogenously produced 

tau can transfer from donor cells (expressing tau) to recipient cells (no tau expression) 
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via direct contacts or the extracellular media in cultured neurons, and the internalized 

tau can propagate to neighboring cells [137]. Tau aggregates are transferred more 

efficiently from medium to cytoplasma than monomers [136, 137]. Injection of brain 

extract from a P301S-tau-expressing line [138] or brain homogenates from human 

tauopathies [139] into the brain of mice expressing wild-type tau result in the formation 

of filaments consisting of wild-type tau and the spreading of filaments from injection site 

to connected brain regions.  

The mechanism of transcellular tau propagation in the human brain is not clear. 

Several pathways have been proposed, including intercellular spreading through 

tunneling nanotubes (TNTs), via extracellular space or synapses [140]. TNTs are 

filamentous actin-containing channels bridging cells [141]. In cultured primary neurons, 

extracellular tau can activate TNTs formation, after that the internalized tau fibrils are 

transported from cell to cell within TNTs [142, 143]. Besides TNTs, tau may propagate 

through extracellular space. Although the majority of tau is located in the cytoplasm of 

neurons, it’s also found in cerebrospinal fluid [144] and interstitial fluid [145]. Moreover, 

accumulating evidence supports that the cellular release of tau is independent of neuron 

toxicity or cell death [146, 147]. Tau secretion from healthy cells into extracellular space 

is a physiological process, and is regulated by neuronal activity [148, 149]. The exact 

mechanism of tau internalization is unknown, but it’s supposed to happen via fluid-

phase endocytosis [150, 151] and adsorptive endocytosis [152]. Tau has also been 

reported to spread through a trans-synaptic mechanism [153]. Tau pathology in mouse 

models can propagate from the entorhinal cortex into synaptically connected brain 

regions [154, 155]. Synaptic fractions purified from early AD stages present a stronger 
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tau seeding activity than cytoplasmic fractions, as assessed by their ability to recruit and 

misfold monomeric tau [156]. Synaptic contacts can increase the tau pathology 

propagation [157] or be required in exosome-mediated tau transmission [158]. In 

conclusion, tau propagates in cultured cells or the brain of mouse models via a prion-

like mechanism, which may underlie the spreading pathway in AD brain.
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Part II: Drug discovery for AD 

FDA-approved drugs for AD 

Only five prescription drugs are approved by the U.S. Food and Drug 

Administration (FDA) to treat AD symptoms: donepezil was approved to treat all AD 

stages, galantamine and rivastigmine for mild to moderate stages, memantine and a 

combination of donepezil with memantine for moderate to severe stages [159]. They are 

used to lessen AD symptoms including memory loss and confusion, but insufficient to 

cure or prevent the progression of the disease. Donepezil, galantamine and rivastigmine 

are cholinesterase inhibitors, a class of drugs used to stop or inhibit the 

acetylcholinesterase enzyme from breaking down acetylcholine [160]. Acetylcholine is a 

neurotransmitter involved in mental processes including memory and cognition, and its 

dysfunction is related to memory disturbances [161]. Cholinesterase inhibitors are 

developed to maintain acetylcholine level in brain neurons and have shown positive 

effects on improving cognitive function [162]. Memantine is a blocker of N-methyl-D-

aspartate (NMDA) receptor. NMDA receptors are activated by glutamate to allow 

positively charged ions to flow into nerve cells [163]. Thus, memantine can protect cells 

from being overstimulated by excess glutamate. Memantine treatment has been shown 

to benefit mental functioning and behavioural symptoms in severely demented patients 

[164].



  19 

Amyloid beta-centric therapies 

The amyloid cascade hypothesis has been (perhaps wrongfully) dominating the 

AD pharmaceutical development in the past 25 years. It contends that the deposition of 

Aβ peptide is the primary cause of AD [165]. Thus, reducing Aβ production, preventing 

Aβ aggregation, increasing clearance of Aβ or amyloid plaques should have potential 

therapeutic benefits for the disease. APP is cleaved sequentially by β- and γ-secretases 

to produce Aβ in the amyloidogenic pathway [8, Fig 1.1]. β- and γ-secretase inhibitors 

and α-secretase activators have been developed to modulate the level of Aβ. 

Antiaggregate compounds, metal complexing agents [166] and molecular chaperones 

[167] have been reported to inhibit the Aβ aggregation in vitro and in animal models. 

Amyloid fibrils are quite stable and resistant to disaggregating conditions including heat 

and SDS [168, 169]. Enhancement of Aβ removal has been successful in a mouse 

model by active immunization in 1999 [170]. Since then, several active and passive 

vaccines have been developed and tested in clinical trials [171].  

Even though Aβ peptides and aggregates have been the subjects of intensive 

research, none of the Aβ-targeted phase III clinical trials shows benefit in AD patients 

[18]. Only one recombinant monoclonal antibody, aducanumab which binds to both 

insoluble amyloid plaques and soluble Aβ, was reported to reduce the level of Aβ 

aggregates and to slow down the cognitive decline in preclinical or mild AD patients in 

phase I trial [172]. Two phase III trials were launched to confirm the result [173]. 

However, far ahead of the originally planned completion date of April 2022, Biogen and 

Eisai announced on March 12th 2019, that their phase III trials of aducanumab would be 

terminated immediately [174]. One of the most cited explanations for the failures of Aβ-
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centric trials is that the drug is given too late when people start to show symptoms of AD. 

Prevalence of amyloid pathology assessed by positron emission tomography scanning 

or biomarkers in cerebrospinal fluid suggests that amyloid plaque may appear 20 to 30 

years before the appearance of cognition symptoms [19]. The failures of all plaque-

centric clinical trials imply that Aβ is not the proper target for AD therapeutic 

development, and the Aβ hypothesis should be laid to rest.  

 

Tangle-centric therapies 

Tau post-modification modulators 

Hyperphosphorylation causes tau to aggregate into oligomers, which are thought 

to be a transmissible toxic species. The strong correlation between tau 

hyperphosphorylation and the brain pathology indicates that reducing tau 

phosphorylation via kinase inhibitors or phosphatases activators is a potential 

therapeutic strategy for AD. A well-known GSK-3β inhibitor, lithium has shown 

protection effect on spatial memory deficits via reducing tau hyperphosphorylation and 

level of insoluble tau in a rat model [56]. However, lithium’s clinical effect on patients 

with AD or mild cognitive impairment was inconclusive [57, 175, 176]. An orally 

available drug, ANAVEX®2-73, which blocks tau phosphorylation at Ser202, Thr205 

significantly in a mouse model [177], is now under phase IIb trial to assess its influence 

on cognitive and functional efficacy on early AD patients [178]. Since GSK-3β has a 

wide range of substrates in multiple signaling pathways, one challenge for applying 

kinase inhibitor on AD is to control the decline of enzyme activity to less than 25% of 
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total activity, in order to avoid toxic effects [179]. Another tau kinase inhibitor saracatinib 

(AZD0530) is under a phase IIa trial to assess its safety in mild AD patients, and the 

benefits on cognitive and behavioral function [180]. Saracatinib is a highly selective 

inhibitor for Src family kinases [181] including Fyn which can phosphorylate tau in the N-

terminal domain [182]. Saracatinib treatment can reverse memory loss and rescue 

synapse intensity in tau transgenic mice [183]. Similar to kinase inhibitors, developing 

phosphatase activators also face the problem of specificity and side-effects since they 

have a broad range of substrates [184]. Sodium selenate, a protein phosphatase 2A 

(PP2A) activator, is able to reduce tau phosphorylation level in cultured cells and animal 

models via stabilizing PP2A-tau complex [185]. Sodium selenite treatment inhibits tau 

filaments formation and improves memory and motor performance in tau transgenic 

mice [186], and also shows benefit in epileptogenesis [187] and traumatic brain injury 

rat models [188]. In addition to phosphorylation, candidates that modulate acetylation 

and glycosylation are also under investigation for potential AD therapies [65, 189].  

 

Microtubule stabilizers 

Hyperphosphorylated tau losses its microtubule-binding and stabilizing ability in 

vitro, which was postulated to impair axonal transport and synapse function [114, 115-

117]. Therefore, microtubule stabilizers are developed to rescue the presumptive loss-

of-function defects resulting from tau hyperphosphorylation. One microtubule stabilizer, 

davunetide promotes cognitive function in a mouse model [190] and rescues neuronal 

dysfunction in a Drosophila model [191]. However, davunetide fails to improve cognition 

performance in patients with mild cognitive impairments [192] or treat progressive 
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supranuclear palsy in a randomized, double-blind, placebo-controlled trial [193]. Side 

effects and neurotoxicity caused by microtubule stabilizer including epothilone D [194] 

and paclitaxel [195] are concerns as well. A possible explanation is that overstabilization 

of dendritic microtubules causes dendritic simplification [196] and those microtubule 

stabilizers may influence microtubule dynamicity in other cells types like microglia [197]. 

Therefore, therapeutic strategy using microtubule stabilizer should be more does- and 

compartment-specific to avoid side effects.  

 

Tau aggregation inhibitors (TAIs) 

Inhibition of tau aggregation is increasingly drawing attention for AD therapy 

development due to the strong correlation between tau pathology and cognition 

impairment, as well as the string of failures in other drug discovery endeavors. Both 

covalent tau aggregation inhibitor (TAI) and non-covalent TAI have been identified 

through cell-based and/or in vitro aggregation assays [198]. These TAIs include 

aminothienopyridazines [199, 200], phenothiazines [201], polyphenols [202], porphyrins 

[202], anthraquinones [203], N-phenylamines [204], phenylthiazole-hydrazides [205], 

cyanine [206] and rhodanines [207]. None of these TAIs progress to clinical trials for 

reasons detailed below.  

Methylene blue (methylthioninium chloride, MTC) and its stable reduced form 

leuco-methylthioninium bis(hydromethanesulphonate) (LMTM) are the most studied 

TAIs and have entered a phase III clinical trial [18]. Methylene blue has been used as 

medication to treat malaria and methemoglobinemia since 1891 [208]. In 1996, 
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methylene blue was first shown to prevent the tau-tau interaction in a dose-dependent 

manner [201]. Methylene blue treatment in tau transgenic mice reduced the 

immunoreactivity of AT8 (pSer202/pThr205) and AT180 (pThr231/pSer235) [209, 210], 

and rescued cognitive impairment in tau transgenic mice [211]. Methylene blue 

exhibited benefit in mild or moderate AD on a phase II study [212], but was criticized for 

its side effects [213] and failure to show a dose response [214]. Later, the phase III trial 

of LMTM was deemed ineffective [215]. Methylene blue turned out to be a non-specific 

redox modulator that inhibits tau aggregation via oxidation of the two cysteines, Cys 291 

and Cys 322 [200]. Similarly, other TAIs such as aminotheienopyridazines [200], 

cinnamaldehyde and epicatechin [234] fall in the same category of non-selective redox 

modulator [235], casting doubts on the use of unmodified tau aggregation as the 

primary screening target. Therefore, future tangle-based drug screen has to be 

conducted in a system that is free of the interference of tau redox modulators. 

 

Anti-tau immunotherapy 

Anti-tau immunotherapy is a promising approach to clearing tau aggregates by 

targeting hyperphosphorylated or specific conformations of tau with tau vaccines [216]. 

Both active [217, 218] and passive immunization [219] exhibit reduced level of tau 

aggregates and improved cognitive function in mouse models. The development of tau-

target immunotherapy is at early stage, with only two active immunization vaccines, 

AADvac-1 containing tau294-305 and ACI-35 containing tau393-408 [pSer396, pSer404] 

under investigation in clinical trials [18, 216]. AADvac-1 has shown a good safety profile 

and immunogenicity in a 24-week phase I trial [220] and a subsequent 72-week study in 
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mild-moderate AD patients [221]. The observation of the 19 patients who finished the 

cognition assessment indicates a benefit of this vaccine [221], however the result needs 

to be confirmed by study with a larger number of participants. The safety and immune 

response of ACI-35 have been studied in animal model [222], and it’s now tested under 

phase I clinical trial [18].  

 

Therapeutic strategy targeting inflammation  

Recent results also suggest that inflammation in the brain is related to AD 

pathogenesis. Neuroinflammation characterized by reactive astrocytes in the vicinity of 

amyloid plaques [223] and reactive microglia [224] are detected in post-mortem AD 

brains. The level of Alpha 1-antichymotrypsin (ACT), an acute phase serum 

glycoprotein is up-regulated by activated astrocytes, which further induces tau 

phosphorylation [225] and amyloid plaque deposition [226, 227]. Activated microglia 

induced by lipopolysaccharide also can stimulate the amyloid plaque deposition in a 

mouse model [228]. Multiple reports suggest that long-term usage of non-steroidal anti-

inflammatory drugs (NSAIDs) benefits cognition or AD severity [229, 230]. Several 

NSAIDs have been assessed in phase III clinical trials but again failed to improve the 

cognitive performance in AD patients [231], probably due to the adverse effects of 

NSAIDs at late AD stages [232], and that neuroinflammation may be a comorbidity, 

rather than a direct cause of neurodegeneration. 
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Part III: Research interests and significance 

Alzheimer’s disease is the most common form of dementia, which accounts for 

60 to 80 percent of the total cases [2]. There is no cure or prevention for AD, making it 

the only one of the top-ten causes of death to be without an effective treatment [2, 4]. 

Only five prescription drugs are approved by the FDA to lessen AD symptoms and to 

improve the quality of life, but their efficacy declines eventually as the brain damage 

progresses [159]. Aβ has been the main focus of AD drug development, due to its 

specificity for AD and the influence of the amyloid cascade hypothesis for the past 25 

years [165]. Tangles consisting of hyperphosphorylated tau have become an 

increasingly important target for AD drug discovery, due to their strong correlation with 

the progression of cognition impairment in the AD brain, and to a large body of in vitro 

and animal studies [74]. Current tangle-centric drug discovery attempts use 

unphosphorylated tau (full-length or the K18 core fragment), and is typically done with 

an aggregation inducer such as heparin [199, 202]. The pathophysiological relevance of 

heparin remains to be substantiated. Many hits from these prior screens turned out to 

be non-selective redox modulators with limited therapeutic values [200]. As such, 

practically no tau aggregation inhibitors have progressed to clinical trials. To overcome 

this hurdle, our lab developed the PIMAX system (Protein Interaction Modules-Assisted 

function X) that produces recombinant hyperphosphorylated tau (p-tau) [233]. My thesis 

work aims to develop and use a high-throughput screening platform featuring p-tau 

aggregation to identify compounds that control formation of tangles. These p-tau 

aggregation inhibitors (PTAIs) and enhancers (PTAEs) are candidates for AD 

therapeutics and risk factors, respectively. Results presented in the following chapters 
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as well as their follow-up research have a great potential for breaking the stagnant 

status of AD drug development.
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CHAPTER II 

RECOMBINANT HYPERPHOSPHORYLATED TAU (P-TAU) GENERATED VIA THE 

PIMAX SYSTEM EXHIBITS ANTICIPATED PATHOGENIC ACTIVITIES 
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ABSTRACT 

Alzheimer’s disease (AD) is an irreversible neurodegenerative disease that has no cure 

or prevention to date. One defining feature of AD is neurofibrillary tangles (NFTs) 

composed of fibrils of hyperphosphorylated tau. The spatiotemporal distribution and the 

density of NFTs predict the progression and severity of cognitive impairments. 

Accumulating evidence suggests that the oligomeric, pre-tangle hyperphosphorylated 

tau aggregates are an underlying cause for neuronal loss. Accordingly, small-molecule 

compounds that inhibit or revert the aggregation of hyperphosphorylated tau hold the 

promise to be AD therapeutics. To date, all tangle-centric drug discovery attempts used 

heparin-induced, unmodified tau aggregation as the primary screening assay. Without 

the defining character of hyperphosphorylation, the pathophysiological relevance of 

these drug screens is therefore of concern. Here I show that hyperphosphorylated tau 

(p-tau) expressed by the PIMAX approach possesses clinically relevant sites of 

phosphorylation, fibrillizes autonomously, triggers apoptosis and superoxide production, 

and induces cell death at sub-micromolar concentrations. These results suggest p-tau 

produced by PIMAX system is a proper target for high-throughput screening to search 

for tau aggregation modulators as AD therapeutics.    

 

 

 

 



51 

INTRODUCTION 

Neurofibrillary tangles (NFTs) composed of fibrils of hyperphosphorylated tau (p-

tau) are one of the defining markers of Alzheimer’s disease (AD) [1]. Aggregation of p-

tau in selective neurons is a common pathological character shared by more than a 

dozen neurodegenerative tauopathies that include AD, frontotemporal dementia with 

parkinsonism linked to chromosome 17 (FTDP-17), Pick's disease, chronic traumatic 

encephalopathy, and others [2]. Tau protein contains 2 – 4 phospates per molecule and 

binds to microtubules in the normal brain [3]. In AD, hyperphosphorylation results in the 

detachment of tau protein from microtubules and promotes the formation of NFTs [4, 5]. 

Prion-like, inter-neuronal propagation of cytotoxic hyperphosphorylated tau oligomers is 

considered an underlying cause for neurodegeneration, and therefore affords a 

promising target for treatment [60].  

Efforts have been made to search for agents that can inhibit tau aggregation 

pathway or disaggregate tau fibrils. The tau aggregation process can be replicated in 

vitro by adding polyanionic substrates like arachidonic acid (ARA) [6] and heparin [7], 

while the protein alone shows modest or no aggregation at physiological concentrations 

[8]. Alternative tau derivatives, such as the K18 fragment containing the four repeat 

domains [9] and tau bearing selective mutations seen in FTDP-17 [10], have been used 

in a number of compound library screens, but these screens have yet to yield promising 

drug candidates [11, 12]. The weak pathophysiological relevance between unmodified 

tau and AD may have contributed to the slow progress of AD drug discovery targeting 

NFT genesis. To overcome this hurdle, our lab developed the PIMAX system (Protein 

Interaction Modules-Assisted function X) that produced recombinant p-tau with GSK-3β
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or CDK5/p25 kinase [13]. I chose GSK-3β, one of the most likely tau kinases for AD [14], 

to phosphorylate tau in the system. The overarching goal of my thesis research is to 

develop a novel, hyperphosphorylated tau aggregation-based AD drug discovery 

system for effective therapeutics for this devastating neurodegenerative disease. In this 

chapter, evidence supporting the validity of p-tau for AD drug discovery is presented. 
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MATERIALS AND METHODS 

Materials. Fluorescein diacetate, propidium iodide and thioflavin S and Amicon 

Centrifugal Filter Unit were purchased from Sigma Aldrich (St. Louis, MO). Gibco 

Dulbecco’s Modified Eagle Medium (DMEM), HyCloneTM Fetal Bovine Serum, Optical 

Adhesive Film, fluorescein isothiocyanate (FITC)-conjugated Annexin V and MitoSOX 

were purchased from Thermo Fisher Scientific (Waltham, MA). Small volume, black, 

flat-bottom, 384-well plate was purchased from Griner Bio-One (Monroe, NC). Malachite 

Green Phosphate Assay Kit was purchased from Cayman Chemical (Ann Arbor, MI).All 

other chemicals for common buffers and solutions were purchased from Sigma Aldrich 

(St. Louis, MO).  

 

Plasmids and Recombinant Genes. The plasmids and primers used in this work are 

listed in Tables 2.1 and 2.2. Plasmid and expression procedures for the 1N4R tau and 

p-tau were previously described [13]. Residue 291 Cys-to-Ser mutations were 

generated using C291S S and C291S AS oligos, Residue 322 Cys-to-Ser mutation were 

generated using C322S S and C322S AS oligos by QuikChange mutagenesis.  All 

constructs were verified by DNA sequencing. 

 

 

 

 



54 

Table 2.1 Plasmid constructs used in this study 

Plasmid Main features 
Source or 
reference 

pMK1013 His6-Fos-thrombin + Jun-TEV 13 

pMK1013-tau 1N4R His6-Fos-thrombin + Jun-TEV-tau 1N4R 13 

pMK1013-GSK-3β-
tau 1N4R 

His6-Fos-thrombin-GSK-3β + Jun-TEV-tau 1N4R 13 

pMK1013-GSK-3β-
tau (1N4R) C291S 
C322S 

His6-Fos-thrombin-GSK-3β + Jun-TEV-tau (1N4R) 
C291S C322S 

This study 

 

 

 

 

 

 

Table 2.2 Oligos used in this study 

Oligo Sequence 

C291S S CTTAGCAACGTCCAGTCCAAGGCTGGCTCAAAGGATAATATCAAA 

C291S AS TTTGATATTATCCTTTGAGCCAGCCTTGGACTGGACGTTGCTAAG 

C322S S CTGAGCAAGGTGACCTCCAAGGCTGGCTCATTAGGCAACATCCAT 

C322S AS ATGGATGTTGCCTAATGAGCCAGCCTTGGAGGTCACCTTGCTCAG 
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Recombinant Protein Expression and Purification. P-tau and tau were expressed as 

previously described [13]. For tau and p-tau purification, bacterial pellets from 1 L of 

cultures were suspended in 10-ml cold purification buffer (20 mM Tris-HCl pH 5.8, 100 

mM NaCl, 1 mM PMSF, 0.2 mM orthovanadate) and treated with 1 mg/ml lysozyme at 

30°C for 30 min. The mixture was then sonicated (Branson Digital Sonifier 450; 30% 

amplitude; total process time 3 min; pulse-ON time 5 sec; pulse-OFF time 5 sec) and 

centrifuged at 17,000 x g for 40 min at 4°C. The supernatant was left in a boiling water 

bath for 30 min and left on ice for 30 min with occasional and gentle shaking in both 

steps. After centrifugation at 17,000 x g for 50 min at 4°C, the supernatant was 

transferred to another tube before 0.5 mM DTT and 1 mM EDTA were supplied.  One 

OD280 of purified recombinant TEV protease was added to digest each 100 OD280 of the 

sample, and the reaction was incubated at 4°C for overnight. The digestion mixture was 

then centrifuged at 17,000 x g for 30 min at 4°C, and the supernatant was transferred to 

another tube. The buffer was adjusted to gel filtration buffer (20 mM Tris-HCl pH 7.4, 

100 mM NaCl) by the use of a spin column (Amicon Centrifugal Filter Unit, Ultra-15, 10K) 

at 5,000 x g at 4°C until the volume was reduced to less than 1 ml. Three ml of gel 

filtration buffer was added to the column. The centrifugation and buffer supply were 

repeated twice. The final gel filtration buffer equilibrated solution was injected to a 

Superdex 200 10/300 GL column. Size exclusion chromatography was done on an 

AKTA explorer FPLC unit at 4°C. The flow rate was set at 0.3 ml/min, and the fractions 

containing the desired protein were pooled and concentrated by a spin column. After the 

concentration was completed, the protein solution was collected and supplemented with 

10% glycerol (v/v) before – 80°C storage.   
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Malachite Green Phosphate Assay. P-tau was diluted to 4 µM using 50 mM Tris (pH 

7.4) buffer. Phosphate standard of 0, 0.08, 0.16, 0.31, 0.63 and 1.25 nmoles of 

phosphates in 50 µl were diluted from the MG phosphate standard in the Cayman 

Malachite Green kit. 10 µl of p-tau or standard was mixed with 10 µl of 2M NaOH and 

boiled for 15 min. 10 µl of 4.7 M HCl was then added to neutralize the solution. After 

cooling to room temperature, 10 µl of the mixture was transferred into 96-well plate. 1 µl 

of MG Acidic Solution was added and incubated for 10 min, followed by the treatment of 

3 µl of MG Blue Solution for 20 min at room temperature. The absorbance was read at 

620 nm using a BioTek plate reader.    

 

Mapping p-tau phosphorylation sites by LC-MS/MS. The four MS were done by 

Cayman Chemical (Ann Arbor, MI), Dr. Yeou-Guang Tsay’s group (at National Yang 

Ming University, Taiwan), MSU Mass Spectrometry and Metabolomics Core and Dr. 

Philip C. Andrews’ group at MSU. Below is the protocol used by Dr. Yeou-Guang Tsay’s 

group. 

For in-gel digestion, the protein band of interest was excised from the gel for 

digestion with endoproteinase trypsin, Lys-C, Arg-C or AspN (Roche, USA). The gel 

piece was soaked in 1 mL of 25 mM NH4HCO3 for 10 min and dehydrated with 1 mL of 

25 mM NH4HCO3/50% acetonitrile for 10 min. After dried in a Speed-Vac (Savant, USA), 

the gel was incubated in 100 mL of 1% β mercaptoethanol/25 mM NH4HCO3 for 20 min 

at room temperature and at dark. An equal volume of 5% 4-vinylpyridine in 25 mM 

NH4HCO3/50% acetonitrile was added for cysteine alkylation.  After a 20-min
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incubation, the gel piece was washed in 1 mL of 25 mM NH4HCO3 for 10 min and in 1 

mL of 25 mM NH4HCO3/50% acetonitrile for another 10 min. The gel piece was dried 

and then incubated with 25 mM NH4HCO3 containing 500 ng of endoproteinase at 37°C 

or at room temperature overnight (~18 h). After the digest was saved, the peptides 

remaining in gel piece were extracted sequentially with 300 mL of 25 mM NH4HCO3 and 

300 mL of 25 mM NH4HCO3/50% acetonitrile. The digest and the two extracts were 

combined together and then dried in a Speed-Vac. The dried sample was kept at 20°C 

for storage and resuspended in 0.1% formic acid immediately before use.  

For phosphorylation site mapping by LC-MS/MS, electrospray mass 

spectrometry was performed using LTQ-Orbitrap hybrid tandem mass spectrometer 

(ThermoFisher, USA) in-lined with Agilent 1200 nanoflow HPLC system. The HPLC 

system was equipped with LC packing C18 PepMap100 (length: 5 mm; internal 

diameter: 300 mm; bead size 5 mm) as the trap column and in house-made capillary 

column packed with C18 beads (length: 105 mm; internal diameter: 75 mm; bead size: 5 

mm) as the separating column. The mobile phase consisted of (A) 0.1% formic acid in 

water and (B) 0.1% formic acid in acetonitrile. Mass spectra for the elute were acquired 

as successive sets of scan modes. For the setting of LTQ-Orbitrap, full scans with 

Orbitrap analyses were collected in the range of 200~2000. The Dynamic Exclusion 

function in Data Dependent Settings was activated, with the Repeat Count as 1, 

Exclusion Duration as 180 s and Exclusion List Size as 50. While those with +1 or 

unassigned charge state were rejected, the top three ions in the survey scan fulfilling 

the above criteria Were examined for their MS/MS with LTQ mass analyzer.  
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For informatics analysis, File Converter in Xcalibur 2.0.7 (ThermoFisher, USA) 

and a set of our in-house programs [15] were used to process the LC-MS/MS data. The 

mass spectra (MS) and tandem mass spectra (MS/MS) were first extracted and 

separated using our OutputPlus computer program. The MS spectra became segmental 

average MS using our SegAveMS algorithm.  MS/MS Were interpreted using 

Sequest/TurboSequest to find the bested matched peptide with human protein FASTA 

database (release 2016_06) downloaded from UniProt website. Our GetOUT macro 

found peptide sequences with XCorr score ≥ 2.5 and a mass error ≤ 15 ppm. The 

GetOUT and SegAveMS results were queried using our FindPTM algorithm, which 

produced a list of candidates modified peptides. The MS/MS spectra were eventually 

verified using our MS2Display and MS2Graph programs [15].  

 

Transmission electron microscopy. 72-hr incubated 10 µM of p-tau aggregation 

samples were diluted 50 fold with water. Ten µl of diluted sample was applied to the grid 

and sit for one minute. The excessive liquid on the grid was then removed by filter paper. 

Negative staining was done by applying 1% uranyl acetate on the grid for one minute. 

Stained grids were viewed with a JEOL 100CXII transmission electron microscope. 

 

Cytotoxicity of p-tau.  Cell viability assays were conducted in 96-well plates. 2,000 

SH-SY5Y cells or HEK 293T in 100 µL media (DMEM, 10% FBS, pen/strep) were 

seeded to a well and cultured for 40 – 48 hours at 37°C, 5% CO2. The confluency of 

cells may affect their sensitivity to p-tau. Values of LD50 can therefore only be compared 
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among experiments done at the same time. To prepare pre-aggregated p-tau for 

cytotoxicity test, p-tau at 2, 6, 8 µM were incubated in a dye-free aggregation (20 mM 

Tris, pH 7.4, 1 mM DTT) buffer for 0, 24, 48, 72, 96 or 120 hrs at 37°C. At the time of 

cell treatment, 10 µl of the pre-aggregated protein was added to each well of cells. 16 

hrs (for SH-SY5Y) or 24 hrs (for HEK 293T) after the addition of protein, cells were 

trypsinized and transferred to microcentrifuge tubes, and pelleted at 1,000 x g for 5 min 

at room temperature. Cell pellets were resuspended in phosphate-buffered saline (PBS, 

137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4) and incubated with 5 

µg/ml fluorescein diacetate (FDA) for 5 min at room temperature. 5 µg/ml propidium 

iodide (PI) was then added to the mixture. Cells stained by FDA or PI were examined 

using an Olympus BX51 Fluorescence Microscope. Cells from randomly chosen fields 

were counted for FDA or PI stainability. At least fifty cells from multiple fields were 

counted for each treatment well. Viability was calculated using the equation:  

Relative viability = FDA stained cells / (FDA stained cells + PI stained cells).   

For thioflavin S (ThS) and PI double staining, HEK 293T cells were harvested 

after 5-hr 0.6 µM p-tau treatment. The cell pellets were resuspended in PBS buffer and 

incubated with 100 µM ThS for 5 min at room temperature. 5 µg/ml PI was then added 

to the mixture. The cells were examined using an Olympus BX51 Fluorescence 

Microscope. 

To examine apoptosis, SH-SY5Y or HEK 293T cells were treated by 0.3 – 0.8 µM 

of p-tau, or 2 mM velcade, a known apoptosis inducer [33] as control for 12 hrs. The 

harvested cells were respuspended in annexin V binding buffer (0.1 M HEPES, pH 7.4; 

0.1 M NaCl; 25 mM CaCl2). 5 µL of cell suspension was stained with 0.5 µL of FITC-
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conjugated annexin V at room temperature for 15 min in the dark, followed by addition 

of PI to final concentration of 5 µg/ml. The cells were examined using an Olympus BX51 

Fluorescence Microscope. 

For MitoSOX and ThS double staining, HEK 293T cells were harvested after 5-hr 

0.6 µM of p-tau treatment. Cell pellets were resuspended in 20 mM Tris, pH7.4 buffer 

and incubated with 100 µM ThS for 5 min at room temperature. The cell suspension 

was then stained with 5 µM MitoSOX at 37°C for 10 min in the dark and examined using 

an Olympus BX51 Fluorescence Microscope. To analyze the production of superoxide 

by flow cytometry, SH-SY5Y cells after 5-hr 0.6 µM of p-tau treatment was only stained 

by MitoSOX, and then examined at Excitation 510 nm, Emission 580 nm using the BDTM 

LSR II flow cytometer. 

 

Seeding assay.  9 µM of tau or buffer as control was mixed with 0, 1, 3, 6 or 9 µM of p-

tau in a dye-free aggregation buffer (20 mM Tris, pH 7.4; 1 mM DTT). The mixture was 

used for either thioflavin S (ThS) aggregation assay or cytotoxicity test. For ThS assay, 

20 µM ThS was supplied and the mixture was transferred to a 384-well low-volume 

plate. The plate was covered by an Optical Adhesive Film to minimize evaporation 

during the assay. The plate was set at 37°C briefly before placing to a BioTek Synergy 

Neo Plate reader. ThS fluorescence was measured every 10 min (excitation 440 nm, 

emission 490 nm) for 16 hrs and collected using Gen5 software bundled with the BioTek 

plate reader. For cytotoxicity test, 10 µl of the mixture of p-tau and tau or p-tau and 

buffer was added to HEK 293T cells, which was cultured under the same conditions as 
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the cytotoxicity assay. After 24 hrs incubation, the cell viability was examined by FDA/PI 

staining. 
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RESULTS 

Hyperphosphorylated tau (p-tau) generated via PIMAX fibrillizes efficiently 

To produce sufficient quantities of hyperphosphorylated tau (p-tau) and avoid the 

high cost of in vitro kinase assays, I used the PIMAX method [13, Fig 2.1A], which fuses 

the Fos and Jun leucine zipper domains to the GSK-3β kinase and the 1N4R isoform of 

tau respectively. A TEV-protease digestion sequence was inserted between Jun and tau. 

Upon bacterial co-expression, Fos-Jun heterodimerization [16] brought the kinase and 

tau to close proximity, resulting in efficient phosphorylation of tau. P-tau was then 

liberated from the complex via TEV-protease digestion. Tau phosphorylation was 

verified by retarded SDS-PAGE gel mobility and by western blots using antibodies 

against tau phospho-epitopes [13]. Following this approach with protocols optimized for 

p-tau purification, I produced GSK-3β-modified p-tau at a yield of 800 – 1000 µg per liter 

of bacterial culture. SDS-PAGE shows significant kinase-dependent mobility shift of tau 

(Fig 2.1B). The stoichiometry of p-tau phosphorylation in different protein batches was 

determined by the malachite green phosphate quantification assays [17] to be 3.6 – 5.3 

moles of phosphate per mole of p-tau (Fig 2.1C). Transmission electron microscopy 

(TEM) of 72 hr-aggregated p-tau fibrils revealed multiple fibrillization intermediates 

(Figure 2.1D). These intermediates were reminiscent of a model depicting the pathway 

of NFT formation (discussed in Chapter I), and the reports of granular cytotoxic 

oligomers of disease tau [18, 19].   
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Figure 2.1 Hyperphosphorylated tau (p-tau) produced via PIMAX forms fibrils. 

(A) 

(B) 

(C) 

(D) 
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Figure 2.1 (cont’d) 

 (A) Schematic mechanism of PIMAX [13]. The interaction between the leucine 

zipper domains of Fos and Jun facilitates the modification of a substrate (tau) by the 

cognate enzyme (GSK-3β). (B) Purified tau 1N4R, p-tau (phosphorylated by GSK-

3β) and p-tau bearing Cys-to-Ser mutations (detailed in chapter III) were resolved by 

an 8% SDS-PAGE gel. (C) The number of phosphates in each tau molecule 

identified by malachite green phosphate assays. The black line is the linear fitting 

curve for standard. The intersection point of red dotted line and the standard curve 

indicates the absorbance and number of phosphates in p-tau sample. (D) 

Transmission electron micrograph of p-tau aggregation intermediates. Filamentous 

(f), amorphous (am), and an annular (an) hexagonal structure ~ 30 nm in diameter 

are seen. (D) was done by Xiexong Deng. 
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Mapping PIMAX p-tau phosphorylation pattern  

To map the phosphorylation sites, I submitted p-tau to different collaborators and 

facilities for mass spectrometry (MS) analysis. Phosphorylation sites found in these MS 

assays are listed in Table 2.3. These residues are grouped into 4 classes based on their 

detection frequency among the four independent MS assays: eight sites were positive in 

all four MS assays (“4-hitters”, green), eight were positive in 3 out of 4 attempts (“3-

hitters”, light green), fifteen were positive in 2 out of 4 attempts (“2-hitters”, light orange), 

and fourteen were found in only 1 attempt (“1-hitters”, light blue). The 16 high-

confidence sites (4-hitters and 3-hitters) are shown in Fig 2.2. The p-tau 

phosphorylation patterns were further compared with sites phosphorylated by GSK-3β, 

found in paired helical filament (PHF) samples, and to those used for NFT staging [20, 

21]. The frequency distribution of each class is shown in Table 2.4. Overall, 31 PIMAX 

p-tau phosphorylation sites are also phosphorylated residues in PHFs. Nine high-

confidence sites are phospho-markers for NFT staging, suggesting disease relevance of 

PIMAX p-tau. Moreover, there is a strong correlation between high-confidence PIMAX 

p-tau phosphorylation and the reported GSK-3β targets. Seven 4-hitters (88%) and six 

3-hitters (75%) were previously shown to be substrates of the GSK-3β kinase [22]. 

Overall, these independently identified p-tau phosphorylation sites exhibit substantial 

overlapping with clinical markers and documented GSK-3β substrates.   
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Table 2.3 Summary of PIMAX p-tau phosphorylation sites mapping by mass 

spectrometry. The four MS attempts were done by Cayman Chemical (Ann Arbor, MI), 

Dr. Yeou-Guang Tsay’s group (at National Yang Ming University, Taiwan), MSU Mass 

Spectrometry and Metabolomics Core and Dr. Philip C. Andrews’ group at MSU. The 

first column shows all serine, threonine, and tyrosine residues of the longest tau isoform, 

2N4R. Phosphorylated residues are shaded according to the number of repetitions 

among the four assays. The last column marks phosphorylated residues used for NFT 

staging in reference [20] or [21].  

Ser/Thr/Tyr MS #1 MS #2 MS #3 MS #4 

Reported 
GSK-3β 

sites 

PHF 
sites 

AD 
staging* 

T17 
      

 

Y18 
     

√  

Y29 
  

+ 
   

 

T30 
  

+ 
   

 

T39 
  

+ 
   

 

S46 + 
 

+ 
 

√ √  

T50 + + + 
 

√ 
 

 

T52 
 

+ + 
   

 

S56 
      

 

S61 
      

 

T63 
      

 

S64 
      

 

S68 
     

√  

T69 
   

+ √ √  

T71 
     

√  

T76 
      

 

T95 
      

 

T101 
      

 

T102 
      

 

T111 + + 
 

+ 
  

 

S113 
     

√  

T123 
     

√  

S129 
      

 

S131 
      

 

T135 
      

 

S137 
      

 

T149 + 
   

√ √  

T153 + 
   

√ √ √Ref[20] 
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Table 2.3 (cont’d) 

S162 
     

√  

S169 + 
 

+ 
  

√  

T175 + + + + √ √ √ Ref[20] 

T181 + + + + √ √ √ Ref[20] 

S184 
    

√ √  

S185 
     

√  

S191 
  

+ + 
  

 

S195 
  

+ + √ √  

Y197 
  

+ + 
 

√  

S198 
  

+ + √ √  

S199 + + + 
 

√ √ √ Ref[20, 21] 

S202 + 
 

+ + √ √ √ Ref[20, 21] 

T205 
 

+ + + √ √ √ Ref[20, 21] 

S208 
   

+ 
 

√  

S210 
    

√ √  

T212 + 
 

+ 
 

√ √ √ Ref[20] 

S214 
  

+ 
 

√ √ √ Ref[20] 

T217 + + + + √ 
 

 

T220 + + 
  

√ √  

T231 + 
 

+ + √ √ √ Ref[20] 

S235 + 
 

+ 
 

√ √  

S237 
    

√ √  

S238 
   

+ 
  

 

S241 
    

√ 
 

 

T245 + 
   

√ √  

S258 
    

√ √  

S262 
    

√ 
 

√ Ref[20] 

T263 
      

 

S285 
    

√ √  

S289 + 
 

+ 
 

√ 
 

 

S292 
      

 

S305 + 
 

+ 
 

√ 
 

 

S316 
      

 

T319 
      

 

S320 + 
     

 

S324 + 
  

+ √ 
 

 

S341 
      

 

S352 
    

√ 
 

 

S356 + 
   

√ √ √ Ref[20] 

S361 
      

 

T373 + 
 

+ 
 

√ 
 

 

T377 
      

 

T386 
      

 

Y394 + 
    

√  

S396 + + + + √ √ √ Ref[20] 

S400 + + + + √ √  
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Table 2.3 (cont’d) 

T403 + + + + 
 

√  

S404 + + + + √ √ √ Ref[20] 

S409 + 
 

+ + √ √  

S412 + 
    

√  

S413 
  

+ + √ √  

T414      √  
S416 + + +   √  
S422 + + +  √ √ √ Ref[20] 

T427      √  
S433      √  
S435      √  

peptide coverage 98% 92.7% 49% 85% 

# p-tau phos. sites 31 16 32 21 
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Table 2.4 Strong correlations between high-confidence p-tau phosphorylation 

sites and those reported GSK-3β target residues, the phosphorylation sites found 

in PHFs in AD and the sites used for NFT staging.  

 

  Overlap with… 

 # sites GSK PHF GSK+PHF staging 

4-hitters 8 7 7 6 5 

3-hitters 8 6 6 5 4 

2-hitters 15 12 10 8 2 

1-hitters 14 5 8 5 2 

 45 30 31 24 13 
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Figure 2.2 Hyperphosphorylated tau (p-tau) produced via PIMAX system bears 

disease-relevant phosphorylation sites. Mass spectrometry (MS) assays were 

done in four biological replicates of different batches of 1N4R p-tau. The sixteen 

high-confidence phosphorylation sites that are detected in at least 3 out of 4 attempts 

are shown. Phosphoepitopes used for NFT staging [20, 21] are marked by red color. 

Underlined sites are “4-hitters”.  
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P-tau elicits cytotoxicity, triggers apoptosis and raises cytoplasmic superoxide 

levels 

Neuron loss underlies irreversible neurodegeneration. An anticipated trait for a 

disease-relevant AD screen subject would be the ability to cause dysfunction or even 

death to cells. To test whether p-tau and its aggregation intermediates affected cell 

viability, p-tau harvested from 0, 24-, 48-, 72-, 96- and 120-hr inducer-free aggregation 

reactions were added to SH-SY5Y neuroblastoma cells at final concentrations of 0.2, 

0.6 or 0.8 µM. Sixteen hours later cells were collected for simultaneous staining of 

fluorescein diacetate (FDA) and propidium iodide (PI). FDA is converted by cellular 

esterases into a fluorogenic fluorescein, therefore revealing live cells [23]. PI is 

excluded by living cells, but diffuses into dead cells and binds nucleic acid [24]. FDA/PI 

differential staining thus provides a quantitative assessment of cellular viability. The cell 

viability loss was proportional to p-tau concentration and the duration of aggregation up 

to 48 hours of pre-aggregation (Fig 2.3A). Remarkably, the 72 – 120 hr p-tau 

aggregates became progressively less toxic than the 24- and 48-hr samples. The 

aggregation duration-dependent decreases of p-tau cytotoxicity are consistent with the 

notion that the oligomeric p-tau aggregates confer toxicity to cells, but larger species are 

less damaging, probably because larger molecular ensembles are too massive to 

diffuse effectively [126]. The human embryonic kidney (HEK) 293T cells were also 

susceptible to p-tau toxicity, but were slightly less sensitive compared to SH-SY5Y cells 

(Fig 2.3B). In stark contrast to the potent cell killing activity, 1 µM of unmodified tau did 

not have a discernible effect on cell survival (Fig 2.3B, gray bar) [25].  
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Figure 2.3 P-tau triggers cell death.   

(A) 

(B) 

(C) 
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Figure 2.3 (cont’d)  

 (A) Monitoring SH-SY5Y cell survival as a function of p-tau concentration and extent 

of aggregation. The viability of cells after 16-hr treatment of 0.2 – 0.8 µM of p-tau 

pre-aggregated for 0 – 120 hrs was quantified by fluorescein diacetate (FDA) and 

propidium iodide (PI) differential staining. (B) The viability of HEK 293T cells after 

24-hr treatment of 0.25 – 1 µM of p-tau or 1 µM of tau pre-aggregated for 24 hrs. 

Error bars are standard deviation; n = 3. (C) P-tau treated cells can be stained by 

ThS. 5-hr 0.6 µM of p-tau or buffer mock-treated HEK 293T cells were harvested for 

ThS and PI staining and visualized microscopically.  
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To understand the molecular basis for p-tau mediated cell death, I first tested 

whether p-tau entered cells by staining cells with thioflavin S (ThS) for microscopic 

scrunity. ThS displays enhanced fluorescence when binding to β sheet-rich fibrillar 

structures in amyloid aggregates [58], thus its signal indicates the location of p-tau 

aggregates. HEK 293T cells treated with 0.6 µM of p-tau for 5 hours were stained by 

ThS and PI (Fig 2.3C). ThS fluorescence was readily detectable in the cytoplasm of 

dead cells (PI positive) after p-tau treatment, suggesting uptake of p-tau fibrils by cells 

or diffusion of p-tau into dying cells with disintegrated membrane. 

I then tested whether the p-tau-elicited cell death was associated with apoptosis.  

To this end, I performed annexin V staining. Apoptosis is a regulated and energy-

dependent process of cell death, and dysregulated apoptosis is linked to disease 

conditions including cancer and neurodegenerative diseases [26]. Annexin V is a 

cytoplasmic membrane marker that stains phosphatidylserine [27]. Phosphatidylserine 

normally exists at the inner leaflet of the membrane, whereas it’s exposed at the surface 

of apoptotic cells due to a loss of membrane phospholipid asymmetry [27]. The staining 

ability of fluorescein isothiocyanate (FITC)-conjugated Annexin V was verified by cells 

after the treatment of velcade, a known cell apoptosis inducer [33] (Fig 2.4 C, rightmost 

bar). SH-SY5Y or HEK 293T cells after 24-hr p-tau treatment were doubled stained by 

FITC-conjugated Annexin V and PI. Early apoptotic cells were stained by Annexin V but 

not by PI, while cells in late apoptosis or already dead were stained by both. Fig 2.4 A 

and B show that both SH-SY5Y and HEK 293T cells were susceptible to p-tau's 

apoptosis-inducing activity. The total amount of apoptotic cells (Annexin positive) is 

propotional to the concentration of p-tau added to the cells (Fig 2.4C).
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(A) 

(B) 

(C) 

(D) 
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Figure 2.4 (cont’d) 

   

Figure 2.4 P-tau triggers apoptosis and mitochondrial superoxide production. 

(A) SH-SY5Y or (B) HEK 293T cells after p-tau treatment were examined by FITC-

Annexin V and PI double staning. Here shows the existence of both early apoptotic 

(Annexin V positive and PI negative) and late apoptotic or already dead (Annexin V 

and PI both positive) cells.  (C) Percentage of apoptotic HEK 293T cells (Annexin V 

positive) after 12-hr treatment of 0.3 – 0.8 µM p-tau or 2 mM Velcade, an apoptosis 

inducer [33]. Error bars are standard deviation; n = 3. (D) P-tau treated HEK 293T 

cells were examined by MitoSOX and ThS double staining. MitoSOX*, longer 

exposure of MitoSOX staining images to see “normal cells”. DIC: differential 

interference contract. (E) Flow cytometry analysis of MitoSOX stained p-tau treated 

SH-SY5Y cells. 20 mM Tris (pH7.4) buffer was used as mock treatment. The mean 

fluorescence intensity (MFI) is shown in (F). Error bars show range. Flow cytometry 

was done by Stacy Hovde. 

 

(E) (F) 



77 

Tau protein, especially tau oligomers are involved in the mitochondrial 

dysfunction at synapses [28, 29], which may further trigger apoptosis [29-31]. The 

amount of mitochondrial superoxide was monitored by MitoSOX staining. MitoSOX 

selectively targets mitochondria, where it is oxidized and assumes high affinity for 

mitochondrial DNA as indicated by red fluorescence [32]. Most cells were weakly 

stained by MitoSOX, consistent with the constant production of small amounts of 

superoxide by mitochondria [59]. However, among the ThS positive stained cells, which 

most likely absorbed p-tau from the medium, the MitoSOX signal was elevated 

dramatically (Fig 2.4D, with “normal” exposure and overexposure *). To gain a more 

quantitative assessment of superoxide production after p-tau treatment, flow cytometry 

was performed to quantify the MitoSOX fluorescence, which shows a significant 

elevation in the mitochondrial superoxide production in SH-SY5Y cells after p-tau 

treatment (Fig 2.4E, F). Together, these results suggest that internalized p-tau 

contributes to raising superoxide level and mitonchondria damage, which further results 

in apoptosis. 
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Seeding activity of p-tau potentiates tau aggregation and cytotoxicity  

Another feature of disease-linked tau is the ability to nucleate aggregation of 

normal tau [34]. To examine the seeding activity of PIMAX p-tau on unmodified tau 

aggregation, 9 µM of tau was mixed with 0, 1, 3, 6, 9 µM of p-tau and applied for ThS 

aggregation assessment (Fig 2.5A). At 9 µM, tau by itself did not show detectable 

fibrillization. Adding p-tau to tau without any inducer resulted in net increases of ThS 

signals greater than the sum of tau and p-tau aggregation if performed separately. To 

see whether the unphosphorylated tau assumed cytotoxicity in the presence of p-tau as 

anticipated from AD pathogenesis, HEK 293T cells were treated with tau (0.9 µM, 

without pre-incubation) supplemented with 0 – 0.9 µM of p-tau (also without pre-

aggregation) (Fig 2.5B). 0.9 µM of tau alone caused less than 5% of cell death. The 

percentage of live cells decreased steadily with p-tau supplement. At 0.6 µM, p-tau 

alone caused 17% of cell death, but the combined action of tau and p-tau reached 60% 

killing. The simplest explanation for Fig. 2.5 would be that p-tau nucleated the 

conversion of the otherwise benign tau into cytotoxic aggregates. P-tau produced by 

PIMAX exhibits a seeding activity that augments both tau aggregation and cell killing.  

In conclusion, in vitro data showed clearly that p-tau produced by the PIMAX 

approach possessed disease-relevant sites of phosphorylation, and was toxic to tissue 

culture cells. The cytotoxicity was likely due to damages to mitochondria, thus resulting 

in a burst of superoxide, which may in turn activate the apoptosis pathway.
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Figure 2.5 Seeding activity of p-tau potentiates tau aggregation and 

cytotoxicity.  (A) Inducer-free aggregation reactions with tau, p-tau, or a mixture of 

these two proteins were monitored for 16 hrs. Comparison of ThS net changes is 

shown. (B) P-tau converts tau into a cytotoxic species.  HEK 293T cells were treated 

with 0.9 µM of unaggregated tau supplemented with 0 – 0.9 µM of p-tau (no pre-

aggregation) for 24 hours before FDA and PI staining.  Error bars are standard 

deviation; n = 3. 

 

 

(A) 

(B) 
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DISCUSSION 

Here I show that hyperphosphorylated tau (p-tau) generated by PIMAX exhibits 

anticipated pathogenic activities that render this protein a proper subject for large-scale 

AD drug screening. PIMAX p-tau possesses phosphorylation sites that significantly 

overlap with AD-related phosphorylation sites. Unlike the unmodified tau that typically 

requires an inducer such as heparin and arachidonic acid for fibrillization, no inducer is 

required for p-tau aggregation. This provides a significant advantage in that p-tau 

aggregation-based drug screen (see Chapter III) is not subjected to the interference of 

compounds that act on the inducer or the p-tau-inducer interaction interface. 

Given the relevance of hyperphosphorylation to neurodegeneration, different 

means have been used to prepare phosphorylated tau. Phosphorylated tau has been 

made previously by incubating tau protein with recombinant GSK-3β kinase in vitro for 

20 hours [35]. The phosphorylated tau in this work contained 3 moles of phosphates per 

mole of tau. The pattern of phosphorylation or whether this tau was able to form 

cytotoxic aggregates without an inducer was not reported, therefore the 

pathophysiological relevance was not substantiated. An alternative kinase source was 

the use of a 100,000 x g rat brain crude extract to phosphorylate recombinant tau in 

vitro. This method produced a stoicheometry of 12-15 moles phosphate per mole of tau 

after 24-hr incubation, and the [32P] incorporation to tau continuted to increase even 

after 24 hours [38]. This non-saturating nature of labelling raises a concern of non-

enzymatic phospho-labelling. There were no data on the kinetics of fibrillzation. A rather 

stunning result was that this phosphorylated tau formed micrometer-long fibrils within 90 

minutes (10 - 20 nm thick). This incredibly fast fibril formation suggested strongly that 
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during the hour-long phosphorylation reaction, fibrillzation has already proceeded 

significantly. Overall, this method was "dirty" and inappropriate for high-throughput 

screening. Another baculoviral expression system produced a tau containing up to 20 

phosphates (P20) per molecule after the treatment of okadaic acid, a potent 

phosphatase inhibitor [39]. This P20-tau did not form the canonical fibrils that were 

quantifiable by dyes such as thioflavin S, and has a negligible effect on cell survival. 

Lastly, biochemical purification of hyperphosphorylated tau from the disease brain, 

though feasible, is faced with the challenge of heterogeneity in tau isoforms and 

additional post-translational modifications [40], as well as molecules co-purified from 

neurofibrillary tangles [41]. 

PIMAX p-tau triggers cell death in both SH-SY5Y neuroblastoma and human 

embryonic kidney (HEK) 293T cells. Unphosphorylated tau has no effect on the viability 

under the same assay conditions, which is consistent with the failure of detecting the 

cytotoxicity of tau monomer and fibrils in cell-based assays in the literature [43]. Two 

kinds of tau species, 2N4R wild-type and tauRDΔK280 have been used for cell survival 

tests using SH-SY5Y cells [43]. TauRDΔK280 is the four repeat domains (RD) 

containing an FTDP-17 mutation ΔK280, which facilitates tau aggregation [42]. Pre-

incubating this mutant core of tau for 48 hours resulted in 20% reduction in cell viability 

when as much as 10 µM of the protein was used [43]. Unphosphorylated tau therefore 

is deemed as non-toxic to cells under typical growth conditions. 

The detection of live (PI negative) cells with a sign of apoptosis (Annexin V 

positive) in both HEK 293T and SH-SY5Y cells indicates that PIMAX p-tau triggers 

apoptosis before massive cell death. Tau expression in HEK 293T is negligible [49], but 
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transfected tau can be phosphorylated in HEK 293T cells [50]. Undifferentiated SH-

SY5Y cells express a single tau 3R isoform that predominantly locates in the nucleus 

[51]. SH-SY5Y-expressed tau is phosphorylated at Ser199/202 [52, 53], both are 

disease-related, but the proportaion of this species among the entire population is not 

clear. However, this discovery suggested that SH-SY5Y may offer its native tau if 

invated by a cytotoxic, prion-like tau, such as the PIMAX p-tau under the current study. 

Indeed, we consistently saw that the SH-SY5Y cells were more sensitive to p-tau than 

HEK 293T cells. Using the tau-deficient HEK 293T cells, cytoplasmic staining by ThS 

was readily observable after p-tau treatment, suggesting the p-tau entered cells. 

However, whether this was due to an active uptake mechanism remains to be 

delineated. Futhermore, ThS and MitoSOX co-staining showed clear overlap of 

cytoplasmic ThS and strongly elevated MitoSOX signals, suggesting an intriguing 

possibility of chain events that includes cellular active uptake or diffusion of p-tau, 

followed by superoxide elevation via mitochondrial disfunction or cytoplasmic calcium 

surge [54], increased mitochondrial membrane permeability [55] and eventually caspase 

activation and apoptosis [56, 57] (Fig 2.6).  Detailed tests of this model will be one of the 

future research focuses. 

In conclusion, hyperphosphorylated tau (p-tau) expressed by the PIMAX 

approach possesses clinically relevant sites of phosphorylation, fibrillizes efficiently, and 

triggers apoptosis, superoxide production and cell death at sub-micromolar 

concentrations. All these indicate PIMAX p-tau has higher AD disease relevance and 

therapeutic value as a target for AD drug screening. 
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Figure 2.6 Schematic model of p-tau cytotoxicity. P-tau aggregates entered cells 

by either diffusion or active uptake. P-tau in the cells induced enhanced superoxide 

production by causing mitochondrial dysfunction or cytoplasmic calcium surge. 

Elevated superoxide further triggers apoptosis. 
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CHAPTER III 

IDENTIFICATION OF POTENTIAL ALZHEIMER'S DISEASE THERAPEUTICS 

BASED ON THE ABILITY TO INHIBIT AGGREGATION AND CYTOTOXICITY OF 

HYPERPHOSPHORYLATED TAU
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ABSTRACT 

Hyperphosphorylated tau (p-tau) expressed by the PIMAX approach possesses 

disease-relevant sites of phosphorylation, fibrillizes autonomously, and triggers 

apoptosis and cell death at sub-micromolar concentrations. Using the inducer-free p-tau 

aggregation assay and cell-based experiment as the primary and secondary assays for 

a 1,280-compound screen, I identified two brain permeant prescription drugs, R-(–)-

apomorphine and raloxifene as potent p-tau aggregation inhibitors that also antagonized 

p-tau cytotoxicity. Both compounds were previously shown to preserve cognitive 

function in model animals and in humans. These results pave the way for high-

throughput screening for therapeutics for the development of Alzheimer’s disease.  
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INTRODUCTION 

Based on the strong correlation between the spatiotemporal distribution of 

neurofibrillary tangles (NFTs) and the progression of cognitive impairment and disease 

severity [1], tau is accepeted as a legitimate target for AD therapeutics development. 

Current tangle-centric therapeutic strategies include: modulating tau post-translational 

modification especially hyperphosphorylation, maintaining microtubule stability, 

preventing tau aggregation, and clearance of tau tangles by anti-tau immunotherapy [2]. 

Identifying the exact responsible kinases in different stages of AD development and the 

multifunctional nature of kinases and phosphatases are mainjor challenges in controlling 

the enzyme activities to modulate tau phosphorylation [3]. Tau-mediated 

neurodegeneration likely results from gain-of-function cytotoxicty, thus microtubule 

stabilizers do not actually tackle the source of the problem [4, 5]. Accumulating 

evidence suggests that tau oligomer rather than monomer or fibril is the most toxic 

species [6, 7] and mediates tau propagation in AD brain [8, 9]. Therefore, modulating 

tau aggregation assumes the center stage of tau-based AD therapy development.  

Thus far, all tau-targeting drug screening used unmodified tau as the subject. 

The concentration of p-tau in the frontal cortex of AD brain is 8 – 10 µM [24, 73]. In vitro 

experiments show that tau fibrillates rather inefficiently without phosphorylation [10-12]. 

It may take 3 days for 20-µM tau to form aggregates in the presence of heparin [11], 

and the duration extends to 10 days at the concentration of 10 µM [12]. Using the four 

repeat domains (K18) accelerates the process [13], but there’s no such a species in the 

brain. Two tau mutations, P301L [14] and ΔK280 [15] are frequently used for drug 

screening but they lack the disease-relevant phosphorylation [14 - 17]. A method to 
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reduce the required tau concentration to as low as 0.5 µM requires the addition of 18.5 

µM of arachidonic acid as an inducer [18]. Many compounds found by large-scale drug 

screening targeting unphosphorylated tau turned out to be non-specific redox 

modulators [14], including methylene blue, which has been tested in clinical trials [19, 

20]. It failed to show benefit to cognitive functions [20]. These shortcomings of 

unmodified tau may have contributed to the slow progress of AD drug discovery 

targeting NFT genesis. 

The deficiency of the current unmodified tau-based high-throughput screening 

prompted me to use our PIMAX p-tau for AD drug discovery. Chapter II shows that p-

tau aggregation intermediates are toxic to cells. However, cell-based drug screen can 

be costly and inefficient. Instead, I chose to first screen for compounds that effectively 

inhibited p-tau aggregation then used cell-based assays as a functional secondary 

screen. This chapter describes my pilot screen results, and the identification of two 

brain permeant prescription drugs, R-(–)-apomorphine and raloxifene as potent p-tau 

aggregation inhibitors that also antagonized p-tau cytotoxicity. 
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MATERIALS AND METHODS 

Materials.  Prestwick FDA Approved Chemical Library was provided by MSU Assay 

Development and Drug Repurposing Core (ADDRC). R-(–)-apomorphine hydrochloride, 

raloxifene hydrochloride, fosinopril, nifedipine, nisoldipine, idebenone, itraconazole, 

prednicarbate and carmofur were from Cayman Chemical (Ann Arbor, MI). Fluorescein 

diacetate, propidium iodide, clofazimine, hexachlorophene, hydralazine hydrochloride, 

thioflavin S and Amicon Centrifugal Filter Unit were purchased from Sigma Aldrich (St. 

Louis, MO). Gibco Dulbecco’s Modified Eagle Medium (DMEM), HyCloneTM Fetal 

Bovine Serum, Optical Adhesive Film and FITC-Annexin V were purchased from 

Thermo Fisher Scientific (Waltham, MA). Small volume, black, flat-bottom, 384-well 

plate was purchased from Griner Bio-One (Monroe, NC). All other chemicals for 

common buffers and solutions were from Sigma Aldrich (St. Louis, MO). 

 

Plasmids and Recombinant Genes. The plasmids and primers used in this work are 

listed in Tables 3.1 and 3.2. Plasmid and expression procedures for the 1N4R tau and 

p-tau were previously described [71]. Residue 291 Cys-to-Ser mutations were 

generated using C291S S and C291S AS oligos, Residue 322 Cys-to-Ser mutation were 

generated using C322S S and C322S AS oligos by QuikChange mutagenesis.  All 

constructs were verified by DNA sequencing.
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Table 3.1 Plasmid constructs used in this study 

Plasmid Main features 
Source or 
reference 

pMK1013 His6-Fos-thrombin + Jun-TEV 71 

pMK1013-tau 1N4R His6-Fos-thrombin + Jun-TEV-tau 1N4R 71 

pMK1013-GSK-3β-
tau 1N4R 

His6-Fos-thrombin-GSK-3β + Jun-TEV-tau 1N4R 71 

pMK1013-GSK-3β-
tau (1N4R) C291S 
C322S 

His6-Fos-thrombin-GSK-3β + Jun-TEV-tau (1N4R) 
C291S C322S 

This study 

 

 

 

 

Table 3.2 Oligos used in this study 

Oligo Sequence 

C291S S CTTAGCAACGTCCAGTCCAAGGCTGGCTCAAAGGATAATATCAAA 

C291S AS TTTGATATTATCCTTTGAGCCAGCCTTGGACTGGACGTTGCTAAG 

C322S S CTGAGCAAGGTGACCTCCAAGGCTGGCTCATTAGGCAACATCCAT 

C322S AS ATGGATGTTGCCTAATGAGCCAGCCTTGGAGGTCACCTTGCTCAG 
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Recombinant Protein Expression and Purification. The detailed purification steps for 

p-tau and tau 1N4R was described in Chapter II. 1N4R p-tau carrying the Cys-to-Ser 

mutations was purified using the same protocol. 

 

Aggregation assay.  Before aggregation assays, proteins were removed from the 

freezer and thawed on ice. A typical aggregation reaction contained 6 µM of protein 

unless otherwise stated. Other components of the reaction included 20 mM Tris (pH 

7.4), 0 or 1 mM DTT, 20 µM thioflavin S (ThS), and a compound of interest as the 

aggregation modulator. Typically, the assays were assembled in a 384-well low-volume 

plate. The plate was covered by an Optical Adhesive Film to minimize evaporation 

during the assay. The plate was set at 37°C briefly before placing to a BioTek Synergy 

Neo Plate reader. ThS fluorescence was measured every 10 min (excitation 440 nm; 

emission 490 nm) for 16 hrs and collected using Gen5 software bundled with the BioTek 

plate reader.   

 

High-throughput screening. A common mix of 6 µM p-tau, 20 mM Tris pH 7.4, 1 mM 

DTT, and 20 µM ThS was assembled and dispensed to 384-well low-volume plates (10 

µl per well) using BioTek EL406 Washer, followed by the addition of 150 nl of the 

Prestwick Library compounds (final concentration of 30 µM per well) or DMSO in a 

Beckman Coulter Biomek FXP workstation. Each plate was covered with an Optical 

Adhesive Film and set at 37°C briefly. ThS fluorescence was measured every 10 min at 

440/490 nm for 16 hours by Biotek Synergy Neo Plate Reader. Four plates were used 
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to cover the 1,280-compound library. The real-time kinetics of ThS signals were 

collected using Gen5 software. The net change of ThS of each reaction was calculated 

and was used to assess the standard deviation. The Z'-value of p-tau aggregation 

reactions was derived by first calculating the ThS net change over 16 hours of no-

protein, ThS-only reactions as the negative control (c), and p-tau-containing reactions 

(with DMSO vehicle) as the positive control (+c). The Z'-value was calculated by the 

equation: 

Z' = [1-(3(σ+c + σ-c) / |µ+c – µ-c |)]. 

σ+c, σ-c, µ+c, and µ-c are the standard deviations(s) and the averages (µ) of the positive 

and negative controls [25]. All compounds showing greater than 3 standard deviations 

(SDs) from the mean and a small number of compounds deviating 2 SDs from the mean 

were picked for dose response curves (DRC). Those that showed significant deviation 

from no-compound controls were purchased from commercial venders and repeated for 

DRC.  

 

Cytotoxicity of p-tau. Cell viability assays were conducted in 96-well plates. 2,000 

HEK 293T or SH-SY5Y cells in 100 µL media (DMEM, 10% FBS, pen/strep) were 

seeded to a well and cultured for 40 – 48 hrs at 37°C, 5% CO2. PTAIs were typically 

added to cells along with p-tau or when cells were treated by p-tau for 24 hrs (Fig 3.7). 

24 or 48 hrs after the addition of protein/compound, cells were trypsinized and 

transferred to microcentrifuge tubes, and pelleted at 1,000 x g for 5 min at room 

temperature. Cell pellets were resuspended in phosphate-buffered saline (137 mM NaCl, 
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2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4) and incubated with 5 µg/ml fluorescein 

diacetate (FDA) for 5 min at room temperature. 5 µg/ml propidium iodide (PI) was then 

added to the mixture. Cells stained by FDA or PI were examined using an Olympus 

BX51 Fluorescence Microscope. Cells from randomly chosen fields were counted for 

FDA or PI stainability. At least fifty cells from multiple fields were counted for each 

treatment well. Viability was calculated using the equation:  

Relative viability = FDA stained cells / (FDA stained cells + PI stained cells).   

To examine apoptosis, cell pellets were resuspended in annexin V binding Buffer 

(0.1 M HEPES pH7.4, 0.1 M NaCl, 25 mM CaCl2). 5 µL of cell suspension was stained 

with 0.5 µL of FITC-conjugated annexin V at room temperature for 15 min in the dark 

and then examined using an Olympus BX51 Fluorescence Microscope.
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RESULTS 

Recombinant hyperphosphorylated tau aggregates spontaneously and 

independently of its redox state 

To begin to perform p-tau aggregation-based AD drug screen, I first established 

the feasibility and advantage of using p-tau aggregation as the primary screen. To this 

end, I compared the aggregation kinetics of p-tau, unmodified tau, and the K18 

fragment (the repeat domains) conducted at a concentration of 6 µM, which is close to 

the estimated abundance of oligomeric hyperphosphorylated tau in the AD brain [24]. 

Thioflavin S (ThS), which displays enhanced fluorescence when binding to β sheet-rich 

fibrillar structures in amyloid aggregates [74], was included in the aggregation assay to 

monitor the level of p-tau aggregates. Hyperphosphorylation alone causes tau to 

aggregate (Fig 3.1A, orange vs. yellow curves), while tau and K18 show modest or no 

aggregation. Both tau and p-tau fibrillization can also be stimulated by heparin. Net 

changes of ThS fluorescence over the course of 17 hours showed stastical significance 

of the hyperphosphorylation-driven tau aggregation (Fig 3.1B). The additive nature of 

phosphorylation and heparin in tau fibrillization suggests two separate modes for tau 

aggregation, and implies that compounds controlling solely the heparin-stimulated tau 

aggregation may not be effective in combating the action of hyperphosphorylation. 

Additionally, that p-tau aggregation responded effectively to heparin's stimulation 

suggested that compounds in this category, i.e., p-tau aggregation enhancers, can also 

be identified. This is the basis for the identification of potential AD risk factors, and will 

be described in detail in Chapter IV. 
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Figure 3.1 Inducer-free and redox-independent aggregation of 

hyperphosphorylated tau (p-tau). (A) Aggregation of p-tau, tau, and K18 with or 

without heparin was quantified by real-time thioflavin S (ThS) fluorescence kinetics 

or (B) by net changes of ThS signal after 17 hours of reaction. Numbers above each 

bar in panel (B) are the P values for the comparison with p-tau without the use of 

heparin (leftmost column). (C) Full-course aggregation curves and (D) ThS net 

changes of p-tau, wildtype or the C291S C322S mutant obtained from reactions with 

or without 1 mM DTT that kept the reaction in a reduced state. P-tau aggregation 

does not require the reducing agent DTT and is independent of Cys291 and 322. P 

values were obtained from two-tailed Student's t tests; n = 3. 

(A) (B) 

(C) (D) 
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Many once-promising tau aggregation inhibitors were later deemed non-specific 

redox modulators [14]. This discouraging development resulted from the fact that the 

two cysteine residues of tau control inter- and intra-molecule interaction of tau in vitro 

[75, 76]. To examine specifically the contribution of the two cysteine residues on the 

aggregation kinetics of the underlying tau, Cys291 and Cys322 were replaced with 

serines in the PIMAX p-tau construct. This C/S p-tau was purified using the same 

protocols and first examined by SDS-PAGE (Chapter 2, Fig 2.1B). The gel mobility of 

the C/S p-tau was comparable to the wildtype counterpart. The aggregation kinetics of 

p-tau and C/S p-tau were then compared in the presence or absence of a reducing 

agent DTT (Fig 3.1C). Unlike the unphosphorylated K18 fragment [13], maintaining a 

reducing environment was not essential for p-tau or C/S p-tau to form fibrils. C/S p-tau 

can form fibrils as efficiently as its wildtype counterpart. A moderate reduction of p-tau 

aggregation efficiency was associated with DTT omission, but the heparin-independent 

increase of ThS fluorescence remained conspicuous without DTT. Net changes of 

thioflavin S fluorescence over the course of 17 hours confirmed statistically that the 

redox state of the two cysteine residues had a minimal effect on PIMAX p-tau 

aggregation (Fig 3.1D). It is therefore concluded that hyperphosphorylation triggers tau 

aggregation in an inducer- and redox state-independent fashion. 
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Pilot screen of a 1,280-compound library uncovered p-tau aggregation 

modulators 

Animal and clinical studies have linked AD neurodegeneration to the aggregation 

intermediates of p-tau. This premise suggests that small-compounds that modulate the 

aggregation of p-tau may impact the onset and progression of AD. I hypothesize that p-

tau aggregation inhibitors (PTAIs) that stop or revert p-tau aggregation are potential AD 

therapeutics. On the other hand, p-tau aggregation enhancers (PTAEs) that facilitate p-

tau aggregation will be AD risk factors. Fig 3.2 illustrates my working model and 

research strategy.  

To launch the first p-tau aggregation-based AD drug discovery screen, I 

collaborated with the Dr. Thomas Dexheimer at the Assay Development and Drug 

Repurposing Core (ADDRC), MSU, to set up a high-throughput (HTS) pilot screen 

targeting p-tau aggregation via thioflavin S-based fluorescence spectroscopy. The 

overall drug screen scheme will follow the standard pipeline. The p-tau aggregation 

inhibitors (PTAIs) identified in the screen, called hits, will be confirmed and evaluated in 

secondary assays. The promising lead compounds passing the scrutiny of secondary 

assays will further undergo medicinal chemistry optimization to achieve appropriate 

physicochemical property, selectivity, and side effect profile in both biochemical and 

animal models [21], and finally be tested in preclinical and clinical drug development [22, 

23]. This chapter focuses on the hits confirmation step which includes confirmatory 

testing that re-tests the same assay conditions in the HTS with separately purchased 

powder chemicals, dose response curves, and orthogonal testing which evaluates the 

hits in different assay conditions.
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Figure 3.2 Design of high-throughput drug screening targeting p-tau 

aggregation. The p-tau aggregation based high-throughput screening (HTS) aims at 

identifying p-tau aggregation enhancers (PTAEs) that may be potential Alzheimer’s 

disease risk factors, and p-tau aggregation inhibitors (PTAIs, hits) that can be 

developed into therapeutic drugs. Hits need to be confirmed and evaluated to identify 

promising lead compounds. Lead further undergoes lead optimization and then be 

tested in preclinical and clinical drug development.  
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For the primary screen, I used a Prestwick 1,280-compound library 

(http://www.prestwickchemical.com/libraries-screening-lib-pcl.html). In this library, 95% 

of the compounds were approved drugs (Food and Drug Administration, European 

Medicines Agency, and other agencies). The use of this library was primary for 

obtaining the proof-of-principle evidence demonstrating the robustness and validation of 

the assay. Aggregation of 6-µM p-tau under the influence of 30 µM of each of the library 

compound or the DMSO vehicle was monitored every 10 minutes for 16 hours by ThS-

based fluorescence assay. The full-course aggregation curves of all reactions are 

shown in Fig 3.3A. Vehicle-control wells included in this pilot screen had a Z’-factor of 

0.699, and a coefficient of variation (CV) of 8.9%, satisfying the criteria for an excellent 

HTS [25, 26]. The frequency plot (Fig 3.3B) summarizes the distribution of ThS net 

change (delta) over 16-hr incubation. 
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Figure 3.3 Pilot screening of the Prestwick Library for p-tau aggregation 

modulators.  (A) Aggregation curves of 6-µM p-tau with 30 µM of compounds from 

the library or DMSO vehicle control.  (B) Frequency distribution of ThS fluorescence 

net changes over the course of 16-hr assays.  "Delta" in the graph refers to the 

average net difference of ThS fluorescence of reactions with the library compounds 

or only the DMSO vehicle control. P-tau with compounds are colored green; DMSO, 

yellow. The three vertical lines represent the mean and ± 3 SD of all reactions with 

the compounds. 

(A) 

(B) 
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Confirmation of p-tau aggregation modulation effect by dose-response curve 

All compounds deviating 3 standard deviations (SDs) or more from the mean, 

and a small number of selective ones greater than 2 SDs were subjected to dose-

response curve (DRC) tests (1.625 – 100 µM). Those showing p-tau aggregation 

inhibitor (PTAI) or p-tau aggregation enhancer (PTAE) activity in DRCs were acquired 

from commercial sources for validation. Compounds that showed consistent PTAI or 

PTAE behaviors in multiple repeats of DRCs are listed in Fig 3.4. Among the identified 

PTAIs, R-(–)-apomorphine and raloxifene were selected for further studies. Both are 

brain permeant prescription drugs that have been implicated in battling AD or dementia 

in animals or in human epidemiological surveys [27, 28]. I therefore used these two as 

the model for PTAI studies. The Prestwick library screen also identified carmofur and 

prednicarbate as apparent PTAEs (Fig 3.4C, D). Prednicarbate is a synthetic 

corticosteroid for dermatological use, and carmofur (1-hexylcarbamoyl-5-fluorouracil) is 

an anti-neoplastic pyrimidine analogue treating skin conditions. Neither drug is likely to 

impose a significant neurodegeneration threat, due to their primary treatment regimens, 

and therefore was set aside from further studies.
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Figure 3.4 (cont’d) 

 

 

Figure 3.4 Identification of PTAIs and PTAEs by dose-response curve. (A) Dose 

response curves of candidate PTAIs from separately purchased chemicals. 6 µM of 

p-tau was assayed against 12.5, 25 or 50 µM of each compound. Shown are 

representative results of at least three biological repeats. (B) Structures of candidate 

PTAIs. (C) Dose response curves of candidate PTAEs from purchased chemicals.  6 

µM of p-tau was assayed against 12.5, 25 or 50 µM of each compound.  Shown are 

representative results of at least three biological repeats. (D) Structures of candidate 

PTAEs. 

 

(C) (D) 
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R-(–)-apomorphine and raloxifene inhibit p-tau aggregation and cytotoxicity 

Powder chemicals of R-(–)-apomorphine and raloxifene were first acquired from 

commercial sources for verification. Mass spectrometry confirmed their identity and 

purity (not shown). Both real-time and net change of ThS fluorescence verified the 

dose-dependent inhibition of p-tau aggregation (Fig 3.5A, B). To ensure that the two 

compounds did not act via altering the redox state of p-tau, the aggregation of the C/S 

p-tau (Fig 3.1 above) was tested in the presence of 0 – 100 µM R-(–)-apomorphine or 

raloxifene. The inhibition patterns were comparable to that of the wildtype p-tau (Fig 

3.5C), affirming that the two PTAIs functioned independently of the redox state of p-tau. 

The negative values of ThS net change suggested the ability to dissolve existing fibrils. 

To test this possibility, p-tau was subjected to compound-free aggregation for 24 hrs, 

followed by binding to the indicator dye ThS. Different doses of R-(–)-apomorphine or 

raloxifene (0 – 100 µM) were then added to p-tau aggregates. Changes in ThS 

fluorescence were then measured for 16 hrs. If either compound only stopped p-tau 

fibril formation and/or growth, the ThS fluorescence would remain unchanged. On the 

other hand, if these two drugs could disrupt pre-existing p-tau fibrils, the ThS signal was 

expected to decrease in a compound dose-dependent manner. The latter notion was 

indeed the case (Fig 3.5D). It is therefore concluded that both R-(–)-apomorphine and 

raloxifene can disaggregate pre-formed p-tau aggregates.



111 

 

 

 

 

(A) 

(B) 

(C) 



112 

  

Figure 3.5 (cont’d) 

   

Figure 3.5 R-(–)-apomorphine and raloxifene are p-tau aggregation inhibitors 

and dissolvers. 0 – 100 µM commercial purchased (A) R-(–)-apomorphine or (B) 

raloxifene were subjected to the aggregation of 6-µM p-tau. Real-time ThS 

fluorescence (left) and ThS net change (right) were shown. (C) Both R-(–)-

apomorphine and raloxifene act independently of the two cysteine residues of p-tau.  

P-tau aggregation reactions with the C291S C322S (C/S) mutant p-tau were done in 

the presence of the indicated amounts of either compound.  (D) Both R-(–)-

apomorphine and raloxifene are p-tau aggregates dissolvers. ThS and 12.5 – 100 

µM compound or DMSO control was added into the 24 hr pre-aggregated p-tau 

samples, ThS monitor was continued for 16 hrs. Error bars are standard deviation; n 

= 3. P values were obtained from two-tailed Student's t tests; *: P≤0.05, **: P≤0.01, 

***: P≤0.001. 
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Besides redox- and inducer-independent aggregation, p-tau causes cell death 

(Chapter II). PTAIs with therapeutic potential are anticipated to quench p-tau cytotoxicity. 

To test this notion, p-tau cytotoxicity assays were performed with both HEK 293T and 

SH-SY5Y cells in the presence of increasing amounts of either R-(–)-apomorphine or 

raloxifene (Fig 3.6A, B). The LD50 of p-tau alone (concentration of p-tau causing 50% 

cell death) was found to be around 0.5 µM for SH-SY5Y cells and 0.8 µM for HEK 293T. 

Co-incubation with increasing amounts of either compound caused the LD50 values of p-

tau to increase steadily, suggesting attenuation of cytotoxicity. R-(–)-apomorphine 

appears to be more potent than raloxifene in both p-tau aggregation and cell killing tests. 

The EC50 of R-(–)-apomorphine (the concentration of the compound that gives half-

maximal inhibition effect) against 0.8-µM p-tau cytotoxicity (SH-SY5Y cells) was found 

to be approximately 3 µM (Fig 3.6C). The p-tau based cell killing was also confirmed to 

be independent of the redox state, because the C/S p-tau exhibited a similar dose-

dependent cytotoxicity on HEK 293T cells that was diminished by 10 µM of R-(–)-

apomorphine or raloxifene (Fig 3.6D). Lastly, the pro-apoptosis activity of p-tau was 

found to be attenuated by R-(–)-apomorphine as well. The number of annexin V-stained 

apoptotic cells reduced from 50% to 15% if R-(–)-apomorphine was present in the 

assays (Fig 3.6E).
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Figure 3.6 (cont’d) 

  

Figure 3.6 R-(–)-apomorphine and raloxifene protect cells from p-tau 

cytotoxicity. Viability curves of (A) SH-SY5Y or (B) HEK 293T cells treated with 

varying concentrations of p-tau and R-(–)-apomorphine or raloxifene. P-tau and 

compounds were added together to cells. Cell viability was quantified by FDA and PI 

differential staining 24 hrs after the treatment. The black dotted lines indicate 50% 

viability. (C) Viability curve of SH-SY5Y cells treated by 0.8-µM p-tau in the presence 

of 0 – 17 µM of R-(–)-apomorphine. The red dotted lines indicate 50% viability. (D) 

HEK 293T cells treated by 0.5, 0.75 or 1 µM p-tau C/S in the absence/presence of 

10-µM R-(–)-apomorphine or raloxifene. (E) Monitoring the percentage of apoptotic 

cells by annexin V in HEK 293T cells after 12-hr treatment of 10-µM R-(–)-

apomorphine, 0.6-µM p-tau or the mixture of 10-µM R-(–)-apomorphine and 0.6-µM 

p-tau. Error bars are standard deviation; n = 3. P values were obtained from two-

tailed Student's t tests; ***: P≤0.001. 

 

 

(E) 
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P-tau apparently entered cells, evidenced by ThS staining in p-tau-treated HEK 

293T cells (Chapter II, Fig 2.3C). To test whether R-(–)-apomorphine blocked p-tau 

absorption, HEK 293T cells treated with 0.5 or 1 µM of p-tau for 24 hours were then 

given DMSO or 15 µM of R-(–)-apomorphine. 24 and 48 hours later, cells were 

harvested for ThS/PI double-staining (Fig 3.7A). Quantitative analysis (Fig 3.7B) shows 

that the vast majority cells treated with 1 µM p-tau were dead with cytoplasmic ThS 

staining (red columns).  R-(–)-apomorphine effectively reduced the percentage of PI (+) 

ThS (+) cells (P = 0.028 at 24 hr, and 0.001 at 48 hr) even though this compound was 

given 24 hours after p-tau had started its action. In the viable, PI (-) population of 48-hr 

treatment wells, half of the cells were free of the ThS signal (dark blue bars; P = 0.001 

when compared with the DMSO group), suggesting enhanced clearance and/or blocked 

absorption of p-tau. Live cells bearing ThS fluorescence also were increased in the 48-

hr samples (light blue bars; P = 0.009), indicating better tolerance to p-tau aggregates. 

Together, these results showed that R-(–)-apomorphine increased cellular tolerance to 

p-tau aggregates. 
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Figure 3.7 R-(–)-apomorphine increases cell’s torelance of p-tau aggregates.  

(A) Scheme of experiments that examined the fate of p-tau-induced fibrils in cells 

after R-(–)-apomorphine treatment.  (B) Quantification of ThS and PI stainability 

among cells.  Cells were categorized based on one of the four ThS/PI double-staining 

patterns. The total number of cells captured microscopically under each treatment 

was used as the denominator to calculate the percentage of each staining pattern, 

and expressed in this stacked column chart. (C) The standard deviations from data of 

panel (B) (n = 3) were used to calculate the P values by one-tailed Student's t tests to 

compare DMSO and R-(–)-apomorphine treatment under each condition. ND, not 

different.  n = 3. 

(A) 

(B) 
(C) 
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DISCUSSION 

PIMAX p-tau forms aggregates that cause cell death at sub-micromolar 

concentrations. The low concentration requirement and convenience of PIMAX protein 

production reduce the cost for a high-throughput screening centering upon 

hyperphosphorylated tau. In addition, the inducer-free aggregation of PIMAX p-tau also 

eliminates altogether the likelihood of false hits that act on the tau-inducer interface.   

The aggregation assay of PIMAX p-tau is scalable for different throughputs. In a 

1,280-compound pilot screen that served as the proof of concept for HTS, I discovered 

p-tau aggregation inhibitors as the entry candidates for therapeutics development. Two 

such PTAIs stood out for their ability to pass the blood brain barrier and, importantly, to 

preserve cognitive functions in animal models or in human trials. Apomorphine has 

been used as an acute treatment for on-off oscillations in Parkinson’s disease (PD) 

patients since 1988 [33]. The on-off phenomenon refers to a fluctuation of motor 

function as a result of reduced effectiveness of levodopa in PD patients [34]. 

Subcutaneous apomorphine efficiently reduces the “off” time with a rapid onset of action 

[35, 36]. Apomorphine’s lipophilic structure leads to its ability to pass the blood-brain-

barrier [37]. In addition to PD, apomorphine has been reported to inhibit the fibrillization 

of amyloid-beta (Aβ) through autoxidation in vitro [38] and improving memory 

impairment via promoting Aβ degradation in a mouse model [39]. My results suggest a 

different and pathophysiologically more p-tau-related mechanism for AD drug 

development. 

Raloxifene is a selective estrogen receptor modulator (SERM) that acts as an  
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agonist on bone and lipid metabolism and as an antagonist in breast and uterine tissues 

[40]. Postmenopausal women have a higher incidence of AD compared to age-matched 

men [41, 42], which was postulated, but not proved, to be due to reduced levels of 

estrogen in the brain [43]. Estrogen can be transferred to the brain by the blood 

circulation or synthesized in various brain regions [44]. Estrogen manifests its 

neuroprotective effect through different mechanisms including maintaining the integrity 

of the blood-brain barrier [45] and mitochondrial function [46]. The decline of estrogen 

contributes to Aβ accumulation in the AD brain by several pathways including Aβ 

synthesis, degradation and clearance [47]. Tau is also a target of estrogen, which 

attenuates tau hyperphosphorylation by upregulating the activity of protein Kinase A in 

HEK 293T [48], GSK-3β in Neuro2A cells [49], or okadaic acid in SH-SY5Y cells [50]. 

However, research on hormone therapy (HT) or raloxifene’s effect on AD have 

inconsistent results. Women receiving 120 mg/day of raloxifene have been reported to 

have reduced risk of AD and mild cognitive impairment in 2005 [28]. Conversely, 

several reports suggest no change in cognition after treatment with raloxifene among 

patients already displaying clear cognitive impairments [51, 52]. The timing of HT use 

appears to be a key factor. HT can reduce the risk of AD by 30% in women who 

received HT within 5 years of menopause, but has no effect in those who initiated HT 5 

or more years after menopause [53]. Thus, the effect of raloxifene on cognition 

improvement in AD patients needs to be test in a larger and well-designed experiment.  

R-(–)-apomorphine is a dopamine receptor agonist, while raloxifene acts through 

estrogen receptors.  Because the PTAI activity of these two compounds was first 

discovered in a cell-free system, I do not believe that dopamine or estrogen receptor 
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binding was sufficient to explain their cytoprotective power. Indeed, dopamine and 

several other SERMs were present in the Prestwick library analyzed above, but none of 

them affected p-tau aggregation. Structure-activity relationship studies of these two 

PTAIs and their analogs will help to assess the feasibility of developing AD therapeutics 

without the off-target receptor affinity.   

Besides R-(–)-apomorphine and raloxifene, several other compounds have been 

identified as PTAIs in the pilot screening, including nifedipine, nisoldipine, idebenone, 

itraconazole, clofazimine, hexachlorophene and hydralizaine hydrochloride (Fig 3.4A, B). 

Itraconazole is used to treat fungal infections. Hexachlorophene is a kind of disinfectant. 

Clofazimine is used to treat leprosy. These compounds have weak relationship with AD 

or dementia. Among the rest candidates, several are involved in the treatment of high 

blood pressure and heart failure. Hydralazine has been used to treat hypertension since 

1950 [54]. Nifedipine and nisoldipine belong to calcium channel blockers that function 

as antihypertensive drugs [57], especially in the elderly [58]. Both epidemiological and 

clinical studies have suggested a relationship between hypertension and AD [59, 60], 

even though the mechanism is not well understood. Certain antihypertensive drugs 

including angiotensin-converting enzyme (ACE) and calcium channel blockers can 

result in reduced risks of cognitive decline and dementia [61 – 63]. The mechanism of 

antihypertensive drug-based cognition improvement is not clear. However, my data 

indicate that these drugs may have a role in p-tau aggregation. Idebenone is a man-

made analog of Coenzyme Q10 [64] developed for AD therapeutics and it’s an effective 

antioxidant [65, 66]. Idebenone can easily cross the blood-brain barrier [64] and is well-

tolerated in single oral doses up to 1050 mg and in repeated daily doses up to 2250 mg 
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[67]. However, researches on idebenone’s efficacy in the treatment of AD patients have 

inconsistent results [68-70].  

In conclusion, two prescription drugs, R-(–)-apomorphine and raloxifene were 

discovered as effective PTAIs from a pilot screening of a 1,280-compound library. 

These two compounds protect cells from p-tau cytotoxicity, indicating their potential in 

preventing neuronal loss and neurodegeneration in Alzheimer's disease and other 

tauopathies.
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ABSTRACT 

Alzheimer’s disease (AD) is an irreversible neurodegenerative disease that has no cure 

or prevention to date. One defining feature of AD is neurofibrillary tangles (NFTs) 

composed of fibrils of hyperphosphorylated tau (p-tau). I have developed a p-tau-based 

aggregation assay for high-throughput screen of AD durg candidates. P-tau aggregation 

inhibitors (PTAIs) are potential AD therapeutics, while compounds that enhance p-tau 

aggregation (PTAE) and cytotoxicity are likely risk factors. Epidemiological studies have 

linked several common drugs to increased AD risks. Selective benzodiazepines were 

found in this study enhancing p-tau aggregation and cytotoxicity, lending molecular 

support to the epidemiological association of long-term use of benzodiazepines and 

increased risks of dementia.  These results lay the foundation for the development of a 

p-tau aggregation kit, which is a joint effort between our laboratory and the Cayman 

Chemical company. 
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INTRODUCTION 

Alzheimer’s disease (AD) is the most common type of dementia that causes 

problems of memory, reasoning, and behaviors [1], and is the sixth-leading cause of 

death in the United States [2, 3]. There is no cure or prevention method. The defining 

biomarkers of AD are the progressive accumulation of amyloid beta (Aβ) plaques 

outside neurons and the neurofibrillary tangles (NFTs) consisting of 

hyperphosphorylated tau (p-tau) protein inside neurons [4, 5]. The lack of correlation 

between cognitive impairment and Aβ plaque development, as well as a string of failed 

drug trials cast significant doubt on a direct role of Aβ in AD pathogenesis. Instead, the 

causative role of oligomeric, hyperphosphorylated tau is gaining wider acceptance [7 – 

10]. 

The microtubule (MT)-binding tau protein is encoded by a single MAPT gene.  

Alternative splicing generates six tau isoforms that bear 0, 1, or 2 N domains (0 – 2N) 

and 3 or 4 MT binding repeats (3R and 4R) [3, 6]. The pathological contribution of the N 

domains is not apparent, whereas the ratio of 3R:4R may differ in different tauopathies. 

While the 3R isoforms are as abundant as the 4R counterparts in AD, 3R isoforms 

increases in the brainstem of advanced AD patients [32]. The 3R isoforms are the 

primary NFT constituent in Pick’s disease [33], manifesting its pathogenic potential. In 

contrast, progressive supranuclear palsy is a 4R tauopathy [6]. Biochemically, how 3R 

affects 4R to form fibrils is a subject of debate [34, 35]. Arachidonic acid induces 3R and 

4R to form fibrils of distinct morphology [29]. Whether hyperphosphorylation causes 3R 

and 4R isoforms to behave differently is unknow. 



133 

While the direct cause for AD remains enigmatic, epidemiological studies 

suggested potential AD risk factors among certain pharmaceutical compounds. For 

example, chronic exposure to benzodiazepines [11, 12], anticholinergic drugs [15], 

antiepileptic drugs [14], or conventional synthetic disease-modifying antirheumatic drugs 

[13] were found to be linked to increased chance of dementia. From previous Chapters 

that demonstrate the use of p-tau aggregation inhibition as the first criterion to identify 

potential AD therapeutics, I hypothesize that the same assay can be used to test for AD 

risk factors via the identification of chemical compounds displaying significant p-tau 

aggregation enhancer (PTAE) activity. If true, this hypothesis also indicates that a kit 

featuring the aggregation of p-tau is likely to help researchers identify AD therapeutics 

and risk factors among their “favorite” compounds.  This Chapter describes my work on 

the development of a p-tau aggregation kit, using benzodiazepines as the model for 

PTAE identification.   

Benzodiazepines (BZDs) are widely prescribed to treat a variety of neurological 

conditions, such as anxiety, depression, epilepsy, and others [36]. BZDs constitute a 

large family of CNS drugs with a wide spectrum of half-lives and metabolites [17]. 

Epidemiological studies reported increased risks of AD from long-term use of certain 

BZDs [11, 12]. In the Billioti de Gage et al findings, the accumulated use of long-acting 

BZDS for 180 days or more in five years is linked to 84% increase of AD [12]. Shorter 

exposure, or the use of low bioavailability BZDs showed significantly lower risks. The 

core chemical structure of BZD is the fusion of a benzene ring and a diazepine ring, 

while substituents at positions N-1, C-3 and C-7 influence their pharmacokinetics 

profiles, including rapidity of absorption, lipophilicity and elimination half-time, the time 
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needed to reduce the plasma concentration of a drug to half (Fig 4.3A) [17, 18]. BZDs 

easily cross the blood-brain-barrier and are distributed in the central nervous system 

due to their high lipophilicity and plasma protein binding ability [20, 21]. The cumulative 

nature of BZD use and AD risks prompted that hypothesis that BZDs promote AD 

development by acting as a p-tau aggregation enhancer that potentiates cytotoxic p-tau 

aggregation. Evidence presented in this Chapter is consistent with this hypothesis.
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MATERIALS AND METHODS 

Materials.  Prednicarbate, diazepam, flurazepam, temazepam, prazepam, nitrazepam, 

nimetazepam, nordiazepam and oxazepam were from Cayman Chemical (Ann Arbor, 

MI). Devazepide was purchased from Santa Cruz Biotechnology (Dallas, Texas). 

Fluorescein diacetate, propidium iodide, clofazimine, hexachlorophene, hydralazine 

hydrochloride, thioflavin S and Amicon Centrifugal Filter Unit were purchased from 

Sigma Aldrich (St. Louis, MO). Gibco Dulbecco’s Modified Eagle Medium (DMEM), 

HyCloneTM Fetal Bovine Serum, Optical Adhesive Film and fluorescein isothiocyanate 

(FITC)-conjugated Annexin V were purchased from Thermo Fisher Scientific (Waltham, 

MA). Small volume, black, flat-bottom, 384-well plate was purchased from Griner Bio-

One (Monroe, NC). All other chemicals for common buffers and solutions were from 

Sigma Aldrich (St. Louis, MO). 

 

Recombinant Protein Expression and Purification. The plasmids and primers used 

in this work are listed in Tables 4.1 and 4.2. Tau 0N3R, 1N3R or 2N4R was inserted in 

the pMK1013 or pMK1013-GSK 3β plasmid by ligation independent cloning (LIC) via the 

LIC sequence including Not I restriction site at N-terminal of Jun. The tau isoform was 

amplified using ZAC tau S and ZAC tau AS oligos. 
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Table 4.1 Plasmid constructs used in this study 

Plasmid Main features 
Source or 
reference 

pMK1013 His6-Fos-thrombin + Jun-TEV 31 

pMK1013-tau 0N3R His6-Fos-thrombin + Jun-TEV-tau 0N3R This study 

pMK1013-tau 1N3R His6-Fos-thrombin + Jun-TEV-tau 1N3R This study 

pMK1013-tau 1N4R His6-Fos-thrombin + Jun-TEV-tau 1N4R 31 

pMK1013-tau 2N4R His6-Fos-thrombin + Jun-TEV-tau 2N4R This study 

pMK1013-GSK-3β His6-Fos-thrombin-GSK-3β + Jun-TEV This study 

pMK1013-GSK-3β -
tau 0N3R 

His6-Fos-thrombin-GSK-3β + Jun-TEV-tau 0N3R This study 

pMK1013-GSK-3β -
tau 1N3R 

His6-Fos-thrombin-GSK-3β + Jun-TEV-tau 1N3R This study 

pMK1013-GSK-3β -
tau 1N4R 

His6-Fos-thrombin-GSK-3β + Jun-TEV-tau 1N4R 31 

pMK1013-GSK-3β -
tau 2N4R 

His6-Fos-thrombin-GSK-3β + Jun-TEV-tau 2N4R This study 

 

 

 

 

Table 4.2 Oligos used in this study 

Oligo Sequence 

ZAC TAU S CCAGAGCGGCCTGCTGAGCCCCGCCAG 

ZAC TAU AS AAAGAGCGGCCTTCACAAACCCTGCTTG 
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Recombinant Protein Expression and Purification. P-tau and tau isoforms 0N3R, 

1N3R, 2N4R were purified using the same protocol as 1N4R. The detailed protocol is 

described in Chapter II. 

 

Mapping p-tau phosphorylation sites by LC-MS/MS. The Mass Spectrometry assay 

was done by Cayman Chemical (Ann Arbor, MI). The detailed protocol is described in 

Chapter II. 

 

Thioflavin S Aggregation assay.  Before aggregation assays, proteins were removed 

from the freezer and thawed on ice. Tau or p-tau was diluted to 6 µM tau in aggregation 

buffer including 20 mM Tris (pH 7.4), 1 mM DTT and 20 µM thioflavin S (ThS). Typically, 

the assays were assembled in a 384-well low-volume plate. The plate was covered by 

an Optical Adhesive Film to minimize evaporation during the assay. The plate was set 

at 37°C briefly before placing to a BioTek Synergy Neo Plate reader. ThS fluorescence 

was measured every 10 min (excitation 440 nm; emission 490 nm) for 16 hrs and 

collected using Gen5 software bundled with the BioTek plate reader.    

 

Cytotoxicity of p-tau.  Cell viability assays were conducted in 96-well plates. 2,000 

HEK 293T cells in 100 µL media (DMEM, 10% FBS, pen/strep) were seeded to a well 

and cultured for 40 – 48 hours at 37°C, 5% CO2. The confluency of cells may affect their 

sensitivity to p-tau. Values of LD50 can therefore only be compared among experiments 

done at the same time. For PTAEs, 10x concentration of p-tau and the test compounds 
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were assembled for pre-aggregation (without ThS) for 48 hours before adding 10 µl to 

100 µl of cells in 96-well plates. 24 hours after the addition of protein/compound, cells 

were trypsinized and transferred to microcentrifuge tubes, and pelleted at 1,000 x g for 

5 min at room temperature. Cell pellets were resuspended in phosphate-buffered saline 

(PBS, 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4) and incubated 

with 5 µg/ml fluorescein diacetate (FDA) for 5 min at room temperature. 5 µg/ml 

propidium iodide (PI) was then added to the mixture. Cells stained by FDA or PI were 

examined using an Olympus BX51 Fluorescence Microscope. Cells from randomly 

chosen fields were counted for FDA or PI stainability. At least fifty cells from multiple 

fields were counted for each treatment well. Viability was calculated using the equation:  

Relative viability = FDA stained cells / (FDA stained cells + PI stained cells).
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RESULTS 

Production of four hyperphosphorylated tau (p-tau) and unphosphorylated tau 

isoforms by PIMAX system   

One of my long-term research goals is to develop a kit featuring p-tau 

aggregation for interested scientists to test the p-tau aggregation modulation 

(enhancement and inhibition) by any chemicals. This kit may impact significantly the 

development of AD therapeutics and risk factor identification. As stated earlier, certain 

tauopathies are manifested by neurofibrillary tangles of predominantly 3R or 4R 

isoforms. An ideal kit should include different isoforms of tau. Indeed, the recombinant 

3R and 4R tau without any post-translational modification have been shown to exhibit 

different characters in aggregation and fibril morphology [29]. However, how 3R and 4R 

tau behaves after they assume the disease-relevant hyperphosphorylation remains 

unknown. The first step of developing a p-tau aggregation kit was to prepare 4 different 

tau isoforms: 0N3R, 1N3R, 1N4R and 2N4R by the PIMAX system as the 

representatives. The four isoforms expressed with or without the GSK-3β kinase 

exhibited expected differential mobilities on SDS-PAGE gel (Fig 4.1A). Mass 

spectrometry analysis (Table 4.3) show comparable phosphorylation patterns among 

these four isoforms. Totally 41 phosphorylated sites were detected in the four isoforms, 

of which 19 were found in all four isoforms (“4-hitters”, green), 8 were positive in 3 

isoforms (“3-hitters”, light green), 7 in 2 isoforms (“2-hitters”, light orange), and another 

7 were found only in 1 isoform (“1-hitters”, light blue). Fig 4.1B shows the distribution of 

the 4-hitters relative to the functional domains of tau, as well as three additional 3-hitters 

(Ser46, Ser286, Ser305) that were present in all isoforms bearing the corresponding 
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exons subjected to alternative splicing.  Eleven of these 22 sites are phospho-markers 

for NFT staging (bold and underlines) [10, 11], suggesting disease relevance. It is 

interesting to note that there was, in general, a very high degree of overlap among 

these four p-tau isoforms, which indicates that the substrate specificity of GSK-3β is not 

significantly affected by the 3 alternative spliced exons.
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Figure 4.1 Production of hyperphosphorylated tau (p-tau) isoforms via PIMAX 

and phosphorylation mapping. (A) Purified tau, p-tau (phosphorylated by GSK-3β) 

0N3R, 1N3R, 1N4R and 2N4R were resolved by an 8% SDS-PAGE gel. (B) 

Distribution of phosphorylation sites found in all four tau isoforms under the current 

study. Only those that were present in all four isoforms are shown. The three sites 

that are in the exons for alternative splicing are above the domain map. They were 

found to be phosphorylated in isoforms that contained the corresponding domains. 

AD staging epitopes are in bold and underlined; *: domains subjected to alternative 

splicing. 

(A) 

(B) 
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Table 4.3 Summary of p-tau phosphorylation site mapping in four isoforms by 

mass spectrometry 

The first column shows all serine, threonine, and tyrosine residues of the longest 

tau isoform, 2N4R. Residues found to be phosphorylated are shaded according to the 

number of repetitions among the four isoforms. Forward slash symbol means the site 

doesn’t exist in the isoform due to the lacking of corresponding N-terminal insertion or 

repeat domain. 

Ser/Thr/Tyr 2N4R 1N4R 1N3R 0N3R Ser/Thr/Tyr 2N4R 1N4R 1N3R 0N3R 

T17 
   

 S210     

Y18 
   

 T212 + + + + 

Y29 
   

 S214     

T30 
   

 T217 + + + + 

T39 
   

 T220  + + + 

S46 + + + / T231 + + + + 

T50 
 

+ + / S235  + + + 

T52 + 
  

/ S237     

S56 
   

/ S238     

S61 
   

/ S241     

T63 
   

/ T245 + + + + 

S64 
   

/ S258     

S68 
   

/ S262     

T69 
  

+ / T263     

T71 
   

 S285   / / 

T76 
   

 S289 + + / / 

T95 
 

/ / / S292  + / / 

T101 
   

 S305 + + / / 

T102 
   

 S316   + + 

T111 + + + + T319     

S113 
   

 S320 + +  + 

T123 
   

 S324  +  + 

S129 
   

 S341     

S131 
   

 S352 +   + 

T135 
   

 S356 + + + + 

S137 
   

 S361    + 

T149 
 

+ + + T373 + + + + 

T153 + + + + T377     

S162 
   

 T386     

S169 + + + + Y394  + +  

T175 + + + + S396 + + + + 

T181 + + + + S400 + + + + 
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Table 4.3 (cont’d) 

S184 
   

 T403 + + + + 

S185 
   

 S404 + + + + 

S191 + 
 

+ + S409 + + + + 

S195 
   

+ S412  +   

Y197 
   

 S413     

S198 
  

+  T414     

S199 + + + + S416 + +  + 

S202 + + + + S422 + + + + 

T205 + 
 

+ + T427     

S208 
   

 S433     

    
 S435     

     
Peptide 

coverage 
100% 98% 100% 98% 
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Hyperphosphorylated tau isoforms exhibit similar aggregation kinetics 

Hyperphosphorylation causes tau to exhibit molecular characters critical to the 

disease (see Chapter II). One such character is inducer-free aggregation. Intriguingly, it 

has been reported that tau 3R isoforms do not form fibrils as effectively as their 4R 

counterparts [29]. This prior work was done with unmodified tau that lacks altogether the 

disease-related feature of hyperphosphorylation. To see how my p-tau isoforms behave 

in the prototypical aggregation assays, a quantitative comparison of the aggregation 

kinetics of p-tau 0N3R, 1N3R, 1N4R and 2N4R isoforms was conducted. A 6 µM, a 

concentration close to the estimated abundance of oligomeric hyperphosphorylated tau 

in the AD brain [22], both aggregation kinetics and net changes of ThS fluorescence 

(indicator of fibril formation) over the course of 16 hours showed hyperphosphorylation-

driven aggregation of all four tau isoforms (Fig 4.2B). Each of these four proteins 

showed fast increase of ThS signal in the first two hours, whereas the non-

phosphorylated counterparts remained unchanged throughout the entire course of 

assay. While the initial (T0) ThS signal and the net increase (Δ) values appeared to be 

different, such deviations are common in ThS-based aggregation assays of p-tau. 

Batch-to-batch variations and sometimes even day-to-day variations caused the net 

values of T0 and Δ to fluctuate significantly. However, the apparent differentiation 

between tau and p-tau (that is, the aggregation-promoting power of 

hyperphosphorylation) has been highly reproducible. Together with the significant 

overlap in phosphorylation among these four isoforms, it was concluded that there was 

no obvious difference in the phosphorylation or aggregation kinetics of the four p-tau 
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species. As the 1N4R p-tau has been studied in great details in Chapters II and III, all 

the studies hereafter also used the 1N4R isoform as the representative. 
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Figure 4.2 Comparison of four p-tau and tau isoforms aggregation.  (A) 

Aggregation of p-tau or tau 0N3R, 1N3R, 1N4R or 2N4R was quantified by real-time 

thioflavin S (ThS) fluorescence kinetics or (B) by net changes of ThS signal after 16 

hours of reaction. Error bars are standard deviation; n = 3. P values were obtained 

from two-tailed Student's t tests. 

(A) 

(B) 
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Selective prescription benzodiazepines enhance p-tau aggregation and 

cytotoxicity   

The model in Fig 3.2 depicts the potential impact of chemicals that possess a 

significant modulating power on p-tau aggregation. Two brain permeant PTAIs were 

discovered in my pilot screen. While two PTAEs (i.e., prednicarbate and carmofur, Fig 

3.4D) were identified as well, neither was likely to impose significant relevance to AD 

due to the treatment duration or application method (see Page 108 for discussion). 

Instead, I decided to take a targeted approach by examining whether a potential AD risk 

factor exhibited PTAE activity. To this end, I focused on benzodiazepines (BZDs) [11, 

12]. Several prescription BZDs (Fig 4.3B) were acquired from a commercial supplier 

and tested in the p-tau aggregation and cytotoxicity assay. The PTAE activity of BZDs 

was tested by adding 6.25 – 150 µM of BZD to our standard 1N4R p-tau aggregation 

reactions. The ThS net changes are shown in Fig 4.3C. Diazepam (#1), temazepam 

(#2), flurazepam (#3), prazepam (#4) and devazepide (#5) enhanced p-tau aggregation, 

similar to the prednicarbate positive control, whereas nordiazepam (#6), oxazepam (#7), 

nitrazepam (#8) and nimetazepam (#9) had no apparent effect on p-tau aggregation 

(Fig 4.3C). 
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(A) 

(B) 
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Figure 4.3 (cont’d) 

 

Figure 4.3 Selective prescription benzodiazepines are p-tau aggregation 

enhancers (PTAEs).  (A) Basic structure of benzodiazepine. (B) Structures of 

candidate benzodiazepiness. (C) Net changes of ThS fluorescence from the 

aggregation for p-tau under the influence of 6.25 – 150 µM of benzodiazepines or 

prednicarbate (up) or compound alone (bottom). The three drugs to be tested further 

in cytotoxicity assays are underlined.   
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To test whether the PTAE activity corresponded to exacerbated p-tau cytotoxicity, 

HEK 293T cells were treated with p-tau after pre-incubation with different concentrations 

of the three representative BZDs: nitrazepam (#8, a non-PTAE), prazepam (#4, a 

PTAE), or devazepide (#5, a PTAE). The HEK 293T cells were more sensitive to p-tau 

in the presence of either prazepam or devazepide, but not nitrazepam (Fig 4.4A). The 

LD50 of 48-hr pre-incubated p-tau (concentration of p-tau causing 50% cell death) was 

found to be around 0.5 µM for HEK 293T. Co-incubation with increasing amounts of 

prazepam or devazepide caused the LD50 values of p-tau to decrease steadily, 

suggesting strengthening of cytotoxicity by either PTAE. Devazepide in multiple dose-

response tests consistently showed the strongest effects on both p-tau aggregation and 

cell-killing (data not shown). Without p-tau, HEK 293T cells maintained full viability in 

the presence of the highest dose of the three BZDs tested here (Fig 4.4B), confirming 

the enhancement of p-tau cytotoxicity. To further substantiate the p-tau aggregation-

dependent cell killing enhancement by devazepide, I performed p-tau aggregation 

assays (no ThS) in the presence of devazepide for 0, 24, 48, or 72 hours. The p-

tau/devazepide mix was then added to HEK 293T cells for viability assessment. Fig 

4.4C again shows p-tau pre-aggregation duration-dependent increase of cell death. 

Intriguingly, the 72-hr pre-aggregation was not more toxic than the 48-hr sample, 

reminiscent of Fig 2.3 A (Chapter II) in which p-tau lost progressively its cell killing 

power if the pre-aggregation extended for more than 48 hours.
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Figure 4.4 Selective prescription benzodiazepines potentiate p-tau cytotoxicity.   

(A) 

(B) 

(C) 
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Figure 4.4 (cont’d) 

 (A) PTAE activity correlates with p-tau cytotoxicity changes. HEK 293T cells were 

treated with 0 – 0.6 µM of p-tau in conjunction with varying doses of nitrazepam, 

prazepam or devazepide. Devazepide consistently showed stronger exacerbation on 

p-tau cytotoxicity, hence lower concentrations were used here. The black dotted lines 

indicate 50% viability. (B) Nitrazepam, prazepam, and devazepide do not affect the 

viability of HEK 293T cells. (C) 0 – 48 hr pre-incubation promotes devazepide’s effect 

on p-tau cytotoxicity. Error bars are standard deviation; n = 3. P values were obtained 

from two-tailed Student's t tests; *: P≤0.05, **: P≤0.01, ***: P≤0.001. 
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DISCUSSION 

This Chapter summarizes the results of the characterization of four different p-tau 

isoforms and, using the 1N4R p-tau as the representative, the correlation between the 

PTAE activity and exacerbated p-tau cytotoxicity. These results confirmed the 

hypothesis that the p-tau aggregation assay may be an effective, primary assay for the 

identification of potential AD therapeutics and risk factors. Our lab is now collaborating 

with the Cayman Chemical Company (Ann Arbor, MI) to develop a p-tau aggregation kit 

for interested researchers. The test of whether a prescription drug behaves as a PTAE 

provides a way to evaluate the drug’s safety profile. To differentiate the compound’s 

influence on distinct p-tau isoforms, 0N3R, 1N3R, 1N4R and 2N4R p-tau were 

generated. The mapping of phosphorylation sites in these four p-tau isoforms are highly 

overlapped, indicating that the substrate specificity of GSK-3β is not significantly 

affected by the 3 alternatively spliced exons. Even though there are papers showing 4R 

isoforms fibrillized more efficiently than 3R isoforms in the presence of an inducer [29, 

30], the results of my aggregation assays showed that the four p-tau isoforms behaved 

similarly in the aggregation kinetics, indicating the diversity between the unmodified tau 

and p-tau. The 1N4R p-tau has been successfully used for selecting two p-tau 

aggregation inhibitors, R-(–)-apomorphine and raloxifene, which also attenuated p-tau 

cytotoxicity. Therefore, the 1N4R p-tau isoform was selected to further examine the 

potential PTAEs. 

It is noteworthy that the four p-tau isoforms exhibited very similar aggregation 

kinetics (Fig 4.2).  Unlike the unmodified tau that the Kanaan group [29] showed had 

very inefficient, arachidonic acid-induced fibrillization among the 3R isoforms, my data 
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suggested that hyperphosphorylation was a potent fibrillogenic trigger for both 3R and 

4R species. This finding is critical as the 3R isoforms are the predominant species in 

Pick’s disease [33]. The lack of fibrillogenesis of unmodified 3R tau in vitro argues 

strongly for the pathogenic potential of hyperphosphorylation, and validates the systems 

described herein.   

Long-term usage of BZDs has been reported to be associated with increased 

risks of dementia [11, 12]. Benzodiazepines (BZDs) are the most commonly used 

medications for treating anxiety, insomnia, and many neurological conditions [17]. 

Prescription BZDs function through their enhancement on the effect of the 

neurotransmitter gamma-aminobutyric acid (GABA) at the GABAA receptor [23]. In 

addition, BZDs also bind Translocator protein (TSPO), an important marker for 

neuroinflammation [24] on the outer mitochondrial membrane [25]. 30.6 million adults, 

which accounts for 12.6% of the total population in the United States, have reported the 

usage of BZDs in 2015-2016 [26, 27]. This prescription is most frequent in adults age 

50-64 [26], coinciding with the upward trend of AD prevalence. Based on their 

elimination half-time, BZDs are classified into three categories: short acting (1-12 hrs), 

intermediate-acting (12 – 40 hrs) and long-acting (40 – 250 hrs) [17]. The time to clear a 

BZD from the body is about 5 elimination half-times, and can be prolonged in the elderly 

due to reduced liver activity [28]. Diazepam (#1), prazepam (#4) , flurazepam (#3), and 

temazepam (#5) have a half-life of 100 hr, 29 – 224 hr, 2.3 hr, and 2 hr. One implication 

from this work is that by choosing a non-PTAE, or one that has short bioavailability, the 

risks for AD may be under control.  
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The structures of BZDs tested in this work also provide interesting clue for future 

structure-activity relationship (SAR) studies (Fig 4.3A). Diazepam (#1) and temazepam 

(#2) are N-1-methyl-substituted BZDs, while their N-demethylation products, 

nordiazepam (#6) and oxazepam (#7) lack the p-tau aggregation and cytotoxicity 

enhancement activities. Similarly, flurazepam (#3) and prazepam (#4) are modified at 

N-1 by 2-(diethylamino)ethyl and cyclopropylmethyl respectively. Together with the 

minimal difference between the diazepam/nordiazepam, and the temazepam/oxazepam 

pairs, it seems very possible that an alkyl substitution at the N-1 position plays a critical 

role in defining a damning PTAE BZD. Devazepide (#5) has an N-1-methyl and a 

unique C-3-indole-2-carboxamide substitution, and was the strongest PTAE in both 

aggregation and in cell killing assays. Modifications at the C-3 position therefore may 

further fortify PTAE activity and cytotoxicity. Lastly, the two 7-nitro-benzodiazepines, 

nitrazepam (#8) and nimetazepam (#9), show no influence on p-tau fibrilization, in spite 

of the N-1-methyl group in nimetazepam. It is therefore possible that a free C-7 position 

(or bearing a small atom such as chloride) is necessary for a BZD to exert the PTAE 

activity.  
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APPENDIX A 

 
Reduction of EC50 for R-(–)-apomorphine on p-tau cytotoxicity by mixing with 

curcuminoid 

The EC50 (the concentration of the compound that gives half-maximal inhibition 

effect) of R-(–)-apomorphine on 0.8-µM p-tau’s cytotoxicity for SH-SY5Y cells is around 

3 µM (Fig 3.6C). To reduce the amount of R-(–)-apomorphine required for cell protection, 

I have tried mixing R-(–)-apomorphine with other compounds and subjected the 

combination to p-tau treated cells. One that gives positive result is the mixture of R-(–)-

apomorphine and 1 µM of one kind curcuminoid (#21), 1,7-Bis(2-hydroxy-5-

methoxyphenyl)-1,6-heptadiene-3,5-dione (Fig 5.1A). This curcuminoid is a gift from Dr. 

Rita P.-Y. Chen [1]. Curcumin is the active ingredient in turmeric, a spice that is 

commonly used in Asian food. Curcumin is an amyloid beta (Aβ) aggregation inhibitor 

[2], reduces Aβ level and benefits memory ability in AD transgenic mouse models [3, 4]. 

In addition, recent publications support that curcumin also works as tau aggregation 

inhibitor in vitro [5] and reduces tau hyperphosphorylation level in a mouse model [6]. 

Curcuminoid are derivatives of curcumin with high solubility [1], which may contribute to 

better efficacy in AD therapeutics development. To examine whether curcuminoid#21 

itself exhibits p-tau aggregation inhibitor (PTAI) activity, 12.5 – 50 µM of the compound 

or DMSO as control was added into the thioflavin S aggregation assay for 6-µM p-tau. 

The result of ThS net change indicates that the curcuminoid #21 prevents p-tau 

aggregation in a dose-dependent manner (Fig 5.1B). The curcuminoid #21 also 

presents protection against p-tau cytotoxicity (Fig 5.1C). 8 µM of this compound can 

increase SH-SY5Y cell viability to 40% after 0.8-µM p-tau treatment. After mixing this 
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curcuminoid#21 with R-(–)-apomorphine, the viability curve under 0.8-µM p-tau shows a 

left shift (blue curve shifts to red curve in Fig 5.1 D). This indicates adding 

curcuminoid#21 reduces cell death in the presence of R-(–)-apomorphine, even though 

the compound itself shows no protection at 1 µM. More experiments are needed to test 

the active curcuminoid species and the active concentration range. This work suggests 

that the dosage of R-(–)-apomorphine or other compound for AD treatment may be 

reduced by taking food that contains certain curcuminoids.  
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Figure 5.1 Mixture of R-(–)-apomorphine and curcuminoid reduces the EC50 of 

R-(–)-apomorphine. (A) Structure of Curcumin and Curcuminoid #21. (B) 

Curcuminoid #21 is a PTAI. 12.5, 25, 50 µM curcuminoid #21 or DMSO was added 

into the aggregation of 6-µM p-tau. The ThS net change shows a dose-dependent 

reduction. (C) Viability curve of SH-SY5Y cells treated by 0.8 µM p-tau in the 

presence of 0 – 10 µM Curcuminoid #21. (D) Viability curve of SH-SY5Y cells treated 

by 0.8-µM p-tau in the presence of 0 – 17 µM R-(–)-apomorphine or the mixture of R-

(–)-apomorphine and 1 µM Curcuminoid #21. 

 

 

(A) (B) 

(C) (D) 
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APPENDIX B 

 
Bimolecular fluorescence complementation orthogonal testing 

 

METHODS  

Plasmids and Recombinant Genes. The plasmids and primers used in this work are 

listed in Tables 5.1 and 5.2. Venus (1-210) or Venus (211-238) was inserted at the N-

terminal or C-terminal of the 1N4R tau in the pMK1013-GSK-3β-tau plasmid by ligation 

independent cloning (LIC). A LIC sequence including Not I restriction site was inserted at N-

terminal of the 1N4R tau in the pMK1013-GSK 3β-tau plasmid by QuikChange mutagenesis 

using oligos oXD266 and oXD267, or inserted at C-terminal of the 1N4R tau in the 

pMK1013-GSK 3β-tau plasmid using oligos oXD268 and oXD269. The Venus(1-210) 

amplified using oXD270 and oXD271, or Venus(1-210) amplified using oXD272 and 

oXD273 was inserted to the N-terminal of the 1N4R tau by LIC. The Venus(1-210) 

containing a stop codon amplified using oXD270 and oXD274, or Venus(1-210) 

containing a stop codon amplified using oXD272 and oXD275 was inserted to the C-

terminal of the 1N4R tau by LIC. 
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Table 5.1 Plasmid constructs used in this study 

Plasmid Main features 
Source or 
reference 

pMK1013-GSK-3β-
tau 

His6-Fos-thrombin-GSK-3β + Jun-TEV-tau 7 

pXD37 pUC57-VENUS, E. coli codon opt This study 

pNK05 
His6-Fos-thrombin-GSK-3β + Jun-Vneus(1-210)-
TEV-tau 

This study 

pNK06 
His6-Fos-thrombin-GSK-3β + Jun-Vneus(211-238)-
TEV-tau 

This study 

pNK07 
His6-Fos-thrombin-GSK-3β + Jun-TEV-tau-Vneus(1-
210) 

This study 

pNK08 
His6-Fos-thrombin-GSK-3β + Jun-TEV-tau-
Vneus(211-238) 

This study 
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Table 5.2 Oligos used in this study 

Oligo Sequence 

oXD266 
CAG GGT TCT AGT CCA GAG CGG CCG CTG TTT ATT GCT GAG 
CCC CGC CAG GAG TTC 

oXD267 
GAA CTC CTG GCG GGG CTC AGC AAT AAA CAG CGG CCG CTC 
TGG ACT AGA ACC CTG 

oXD268 
TCC CTG GCC AAG CAG GGT TTG AGT CCA GAG CGG CCG CTG 
TTT A TC GAG TCT GGT AAA GAA 

oXD269 
TTC TTT ACC AGA CTC GA T AAA CAG CGG CCG CTC TGG ACT 
CAA ACC CTG CTT GGC CAG GGA 

oXD270 CCAGAGCGGCCTGTGAGCAAAGGCGAGGAAC 

oXD271 AAACAGCGGCCTGTCTTTGCTCAGCTTGCTC 

oXD272 CCAGAGCGGCCTCCGAACGAGAAGCGTGAT 

oXD273 AAACAGCGGCCTTTTGTACAGCTCGTCCATACC 

oXD274 AAACAGCGGCCTTCAGTCTTTGCTCAGCTTGCTC 

oXD275 AAACAGCGGCCTTCATTTGTACAGCTCGTCCATACC 
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Recombinant Protein Expression and Purification. P-tau-VN and VC-p-tau were 

expressed using the same protocol as PIMAX p-tau (Chapte II) but were present in the 

inclusion bodies. For purification, the inclusion bodies were collected and rinsed using 

20 ml Buffer A. The sample was centrifuged again at 10,000 x g for 5 min at 4°C, and 

the supernatant was removed. The pellets were resuspended using 20 ml 8 M Urea, 10 

mM DTT in Buffer A and rocked for 1hr at 4°C. The mixture was then centrifuged at 

10,000 x g for 10 min at 4°C, the supernatant was transferred to a 14 kD cutoff dialysis 

tube and dialyzed against 500 ml of 6 M, 4 M, 2 M, 1 M, 0.5 M and 0 M Urea in Buffer A 

sequentially. Each dialysis lasted for 4 hours at 4°C. The final solution containing 

refolded protein was transferred to a new tube. 0.5 mM DTT and 1 mM EDTA were 

supplied. The sample was then purified by TEV protease digestion and gel filtration 

chromatography using the same protocol as p-tau. 

Aggregation assay.  Before aggregation assays, proteins were removed from the 

freezer and thawed on ice. P-tau-VN and VC-p-tau was diluted to 3 µM in aggregation 

buffer containing 20 mM Tris (pH 7.4), 1 mM DTT, 20 µM thioflavin S (ThS), and a 

compound of interest as the aggregation modulator. Typically, the assays were 

assembled in a 384-well low-volume plate. The plate was covered by an Optical 

Adhesive Film to minimize evaporation during the assay. The plate was set at room 

temperature briefly before placing to a BioTek Synergy Neo Plate reader. Fluorescence 

was measured every 10 min (excitation 440 nm, emission 490 nm for ThS signal and 

excitation 505 nm, emission 545 nm for Venus signal) for 16 hrs and collected using 

Gen5 software bundled with the BioTek plate reader.   
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RESULTS 

In addition to cytotoxicity, I developed another dye-free, Bimolecular fluorescence 

complementation (BiFC) [8, 9] orthogonal testing to study how a compound may affect 

p-tau aggregation. P-tau is fused to complementary fragments (VN and VC) of a GFP 

derivative fluorescent reporter protein called Venus. The fusion proteins do not 

fluoresce when expressed separately. When p-tau interacts with each other during 

aggregation, the two complementary fragments are brought together, permitting the 

reconstruction of a fluorescent Venus (Fig 5.2A). 6.25 - 150 µM R-(–)-apomorphine or 

DMSO as control was added into the aggregation assay of the mixture of 3-µM p-tau-

VN and 3-µM VC-p-tau. R-(–)-apomorphine presents a dose-dependent inhibition and a 

consistent biphasic pattern on both ThS and Venus signal (Fig 5.2B, C). In the case of 

raloxifene, the compound at high concentrations (75 and 150 µM) shows prevention on 

the reconstitution of Venus till 16 hrs after the onset of aggregation (Figure 5.2D). The 

different behaviors of R-(–)-apomorphine and raloxifene in the BiFC assay indicate the 

two compounds inhibit p-tau aggregation via distinct mechanisms. 
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Figure 5.2 (cont’d) 

  

Figure 5.2 R-(–)-apomorphine and raloxifene inhibit p-tau aggregation in BIFC 

orthogonal assay. (A) Schematic mechanism for Bimolecular Fluorescence 

Complementation (BiFC) system. VN and VC are the N’ (residues 1 - 210) and C’ 

(residues 210 – 238) portions of Venus. (B) ThS and (C) Venus fluorescence 

changes of 3-µM p-tau-VN and 3-µM VC-p-tau aggregation under the influence of 

6.25 – 150 µM R-(–)-apomorphine or DMSO as control. (D) Venus fluorescence 

changes of 3-µM p-tau-VN and 3-µM VC-p-tau aggregation under the influence of 75 

or 150 µM of raloxifene or DMSO as control. 
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