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 ABSTRACT 

 

A study on novel inhibitor of Tau aggregation and 

membrane binding of Tau aggregates 

 

Ji-Hyeon Choi 

School of biological science 

Seoul National University 

 

Tau is an intracellular microtubule-associated protein that stabilizes 

microtubules. Under normal physiological conditions, Tau is a 

naturally unfolded and highly soluble protein. However, in Alzheimer’s 

disease, Tau is hyperphosphorylated and aggregated into intracellular 

neurofibrillary tangles (NFT). Aggregated Tau can transmit into 

adjacent cells and induce aggregation. This prion-like Tau propagation 

is an important mechanism for disease progression. Therefore, 

inhibition of aggregation and transmission of Tau can provide an 

important strategy for therapeutic agents of Alzheimer’s disease. In 

this study, we screened six novel inhibitors for Tau aggregation and 

designed one novel inhibitor based on the screened compounds 

structures. A total of 62 compounds were synthesized and 32 
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compounds efficiently inhibited Tau aggregation. Additionally, we 

developed a new measuring method for membrane binding of 

aggregated Tau. To measure aggregation-dependent membrane binding, 

fluorescence labeled Tau was utilized. Tau bound to living cell 

membranes by aggregation in a dose-dependent manner. In addition, 

using aggregation inhibitor, we confirmed that this method could be a 

convenient cell-based approach for validation or screening of 

membrane binding inhibitors. 
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Screening a novel inhibitor of  

Tau aggregation
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INTRODUCTION 

 

Alzheimer’s disease (AD) is the leading cause of dementia and afflicts 

approximately 44 million people worldwide in the middle-aged and 

elderly population. In the brains of AD patients, Tau is aggregated into 

paired helical filaments that appear as intracellular neurofibrillary 

tangles and whose densities are directly related to disease severity and 

dementia 1-3. Tau is a microtubule-associated protein that is expressed 

as six isoforms in the human brain. These six isoforms of Tau differ 

from one another in containing 0N, 1N, or 2N amino-terminal inserts, 

and the presence of 3R or 4R microtubule-binding domain repeats 4-5. 

Tau stabilizes microtubules, promotes the assembly of microtubules, 

and regulates the dynamic instability of microtubules, which allows 

reorganization of the cytoskeleton 5-7. However, in AD patients, Tau 

dissociates from the microtubules and becomes prone to aggregate into 

paired helical filaments by abnormal hyperphosphorylation. This 

dissociation and aggregation suppresses microtubule regulation by Tau 

and leads to disruptions in cellular membranes, mitochondrial function, 

and protein homeostasis regulation 7-10. Additionally, aggregated Tau 

can be transmitted to adjacent neurons in a variety of ways and induce 
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misfolding and aggregation of Tau similar to prion-like propagation 11-

13. Recently, four main therapeutic approaches have been proposed as 

follows: inhibition of Tau hyperphosphorylation, stabilizing 

microtubules, inhibition of Tau aggregation, and clearance of 

pathological Tau 4-5. Among these approaches, the inhibition of 

hyperphosphorylation and aggregation of Tau are the more fundamental 

approaches for inhibiting the propagation of pathological Tau. To 

inhibit Tau hyperphosphorylation, kinase inhibitors have been tested in 

AD patients; however, these kinases have different substrates to Tau. 

Inhibiting hyperphosphorylation of these other substrates can cause 

side effects. Tideglusib, which is an inhibitor of glycogen synthase 

kinase 3β and is a typical kinase for Tau, has been tested in mild-to-

moderate AD patients but produced no clinical benefit 5, 14. Conversely, 

a derivative of Methylene blue that is a Tau aggregation inhibitor did 

produce treatment benefits 5, 15. Additionally, various substances such 

as compounds 16-17, peptides 18-19 and nanoparticles 20-21 are being 

studied to assist in inhibition of Tau aggregation, which is a more 

promising therapeutic approach for AD patients.  

In the present study, we screened a novel inhibitor of Tau aggregation. 

In vitro screening based on thioflavin T (ThT) was performed for a 10K 

compound library and various analogs were synthesized based on the 
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screened compounds. Synthesized analogs were characterized by 

secondary structure analysis (ThT and Bis-ANS), cytotoxicity assay of 

Tau aggregates, and transmission electron microscopy (TEM).  

 



5 

 

MATERIALS AND METHODS 

 

Tau K18 purification 

The Tau K18 fragment, comprising the Tau repeat domain and tagged 

with a N-terminal His6-tag, was cloned into pET-16b. The plasmid was 

transformed in BL21(DE3)/RIL. Transformants were grown in LB 

media at 37°C until OD600 reached 0.8. Recombinant Tau K18 

expression was induced with 1 mM isopropyl-D-thiogalactopyranoside 

(IPTG) and further incubated for 2 hours at 37°C. Then, cells were 

harvested by centrifugation at 4,000 × g for 15 min and re-suspended in 

PBS buffer (5 mM DTT and 1 mM PMSF). Re-suspended cell pellets 

were sonicated and centrifuged at 16,000 × g for 15 min. Cleared lysate 

was passed through Ni Sepharose 6 Fast Flow resin (GE healthcare) 

and the bound recombinant Tau K18 was eluted with 250 mM 

imidazole. Finally, the purified recombinant protein was dialyzed using 

a Snakeskin dialysis tube (ThermoFisher) overnight against PBS buffer 

at 4°C with constant stirring to remove imidazole and degrade the 

fragment. The purified Tau K18 concentration was determined by 

OD280 using an extinction coefficient of 4,080 M-1cm-1. 
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In vitro compound screening  

For initial screening, recombinant Tau K18 (10 µM) and a library 

compound (20 µM) were incubated in a 96-well plate (#32296, SPL) 

with constant shaking aggregation buffer (PBS, pH 7.4, 2 mM 

dithiothreitol, 50 µM octadecyl sulfate). A second screening was 

conducted in Tau K18 (100 µM) and compounds (10 µM) in previously 

described buffer.  

 

Thioflavin T (ThT) fluorescence assay 

ThT was dissolved in PBS buffer to 1 mM and stored at 4°C. A total 

of 5 µM of ThT was added to the aggregated sample and the 

fluorescence was measured in triplicate in white 96-well plates (31296, 

SPL) using a multilabel plate reader (EnVisoin, Perkin Elmer) at 

excitation and emission wavelengths of 440 and 485 nm, respectively.  

 

Bis-ANS fluorescence assay 

Bis-ANS was dissolved in PBS buffer to a concentration of 10 mM 

and stored at 4°C. A total of 5 µM of Bis-ANS was added to the 

aggregated sample and the fluorescence was measured in triplicate in 

white 96-well plates (31296, SPL) using a multilabel plate reader 

(EnVisoin, Perkin Elmer) at excitation and emission wavelengths of 
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380 and 485 nm, respectively.  

 

Transmission electron microscopy (TEM) 

Aggregated Tau K18 was observed by TEM using a LIBRA 120 

electron microscope (Carl Zeiss). Tau aggregation reaction mixtures 

containing Tau K18 (100 µM), ODS (50 µM), and compounds (10 µM) 

were incubated at 37°C for 24 hours and applied to carbon grids 

followed by staining with 1% uranyl acetate. The electron microscope 

was operated at 100 kV and the grid was observed at 20,000× 

magnification.  

 

MTT reduction assay 

SH-SY5Y cells (neuroblastoma cell line) were cultured in DMEM 

with 10% fetal bovine serum (FBS) in a 5% CO2 incubator at 37°C. 

Cells were inoculated at a density of 10,000 cells/well in 96-well plates. 

After 24 h, Tau K18 (100 µM) aggregated with compounds (100 µM) 

was presented to cells for 24 h. Then, 20 µL of MTT solution (5 

mg/mL) was added to each well and incubated for 2 hours. 

 

Transmission electron microscopy (TEM) 

Aggregated Tau K18 was observed by TEM using an electron 



8 

 

microscope LIBRA 120 (Carl Zeiss). Tau aggregation reaction mixtures 

containing Tau K18 (100 μM), ODS (50 μM) and compounds (10 μM) 

were incubated at 37°C for 24 hours, and applied to carbon grids 

followed by staining with 1% uranyl acetate. Electron microscope was 

operated at 100 kV and the grid was observed at a ×20,000 

magnification.  

 

MTT reduction assay 

 SH-SY5Y cells (neuroblastoma cell line) were cultured in DMEM 

with 10% FBS, in a 5% CO2 incubator 37℃ . Cells were inoculated at 

density of 10,000 cells/well in 96-wll plates. After 24H, Tau K18 

(100μM) aggregated with compounds (100μM) was treated to cell for 

24 hours. Then, 20ul of MTT solution (5mg/ml) was added to each well 

and incubated for 2 hours. 
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RESULTS 

 

Screening inhibitor for Tau K18 aggregation 

A 9,770 compound library consisting of 5,000 CNS penetrable 

compounds and 4,770 random compounds was prepared and screening 

of individual compounds to inhibit Tau aggregation was conducted 

using a ThT fluorescence assay. The ThT fluorescence assay is a 

representative method for confirming amyloidosis by reflecting the β-

sheet structure formed during aggregation 22-23. During the first 

screening, 106 compounds were identified that inhibited β-sheet 

formation by less than 70% compared to Tau K18 with DMSO (Figure 

1). These 106 compounds were grouped into 15 clusters based on their 

substructure (Figure 2). A second screening was performed under more 

stringent conditions to exclude false and weak positives. A total of 17 

compounds in clusters A, B, D, E, L, and N that inhibited β-sheet 

formation of Tau K18 below 50% successfully passed through the 

screening (Figures 3 and 4).  

 

Compound scaffold for analog synthesis 

Four compounds (D2, L1, L2, and N2) were finally selected as the 
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chemical scaffold for analog synthesis. Additionally, we designed de 

novo scaffolds (DN) based on the screened compounds (Figure 5). 

However, compounds in clusters A and B had high similarity to 

resveratrol, benzothiazole, and benzohydrazide, which are known to be 

effective aggregation inhibitors 24-26 and the other two compounds (E1 

and N1) were not suitable for synthesis of analogs. 

 

Neutral red (NR) analogs 

Based on the structure of NR, six analogs were synthesized by 

modifying the amines site to six residues (Figure 6). Among these 

analogs, NR, NR-1, and NR-2 modified with amines, trimethylamine, 

and N-ethyl-N-methylethanamine, respectively, significantly inhibited 

β-sheet formation and had similar IC50 values (Figures 7 and 8). 

However, NR-3, NR-4, NR-5, and NR-6 modified with dimethylamine, 

N-methylethanamine, N-methylacetamide, and N-

methylcyclopropanecarboxamide, respectively, did not inhibit β-sheet 

formation compared to DMSO (Figure 7). These results indicate that 

the amine site was one of the key sites for the inhibition of Tau 

aggregation. 
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Phenylenediamine (PED) analogs 

Seven analogs were synthesized by modifying four sites in PED with 

four residues (Figure 9). Amines of R3 were important sites for 

inhibition and the analog modified with nitromethane did not inhibit 

the β-sheet formation (PED-4, 5, 6, and 7) (Figure 10). In addition, 

inhibition by the PED analog decreased as the number of modified 

methyl groups increased. The difference in IC50 values between PED 

and PED-1 was due to one methyl group difference (Figure 11). 

 

Thiazolidine (Thi) analogs 

Thi analogs were synthesized in two groups. The first group changed 

five sites to six residues (Figure 12) and the second group changed six 

sites to six residues (Figure 14). Thi, Thi-2, Thi-6, and Thi-10 in the 

first group effectively inhibited the formation of the Tau K18 β-sheet 

structure. This result indicated that modification of the hydroxy 

residues in R1 and R3 was important, whereas the other site was not 

significant for inhibition (Figure 13). Similar trends were observed in 

the second group. Thi-13, Thi-14, Thi-15, and Thi-16, in which the 

hydroxyl residue was modified at two positions, showed efficient 

inhibitory effects in β-sheet formation (Figure 15). Thi-2, Thi-6, Thi-

10, Thi-14, and Thi-15, in which the hydroxyl residue was modified in 
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two positions, had IC50 values lower than those of Thi and Thi-13 

(Figure 16). This result suggests that the hydroxyl group residue plays 

a role in improving the inhibitory effect of the Thi scaffold.  

 

Dimethylphenazine (DMP) analogs 

Seven analogs were synthesized by changing two sites to five residues 

in DMP (Figure 17). Modification of DMP residues reduced the 

inhibitory effect of Tau K18 β-sheet formation (Figure 18). IC50 

values of DMP-3 and DMP-5 were higher than those of DMP (Figure 

19). Therefore, two amine residues of DMP were not suitable as 

modification sites. 

 

De novo scaffold (DN) analogs 

DN was derived based on 17 compounds found through screening and 

18 analogs were synthesized based on this scaffold (Figure 20). 

However, there was no significant difference in the inhibitory effect 

between synthesized analogs (Figure 21), which was reproduced in 

comparison with the IC50 value (Figure 22). These results suggest that 

the inhibitory effect of the DN analogs was most affected by their 

scaffold structure and that the residue modification could not interfere 

with it. 
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Bis-ANS fluorescence assay and transmission electron microscopy 

(TEM) as a complementary assay 

To better validate inhibition by analogs, it was necessary to combine 

other methods with the ThT fluorescence assay. We used the Bis-ANS 

fluorescence assay, TEM, and cell viability assay. The exposure of the 

hydrophobic regions and fibril formation during Tau aggregation were 

another important structural feature. Such exposures could be 

monitored by Bis-ANS fluorescent dye and has been widely utilized to 

monitor protein aggregation 22-23. Tau K18 with analogs showed 

inhibited exposure at approximately 60%–70% compared with DMSO 

during aggregation and the different inhibition efficiencies between 

analogs was not significant except for Thi, Thi-13, and Thi-16 (Figures 

23 and 24). Thi, Thi-13, and Thi-16 were also reduced by 

approximately 40% compared to DMSO. As a result, 24 analogs 

inhibited exposure of the hydrophobic region as well as ThT-based 

assay results. Next, the ultrastructure of Tau K18 aggregates was 

confirmed by TEM. TEM images showed the effect of analogs on fibril 

formation that occurred during Tau K18 aggregation. Tau K18 with 

DMSO formed fibrils after 24 h incubation; however, Tau K18 with NR, 

PED, Thi, and DMP significantly inhibited fibril formation (Figure 25).  
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Cytotoxicity of Tau aggregates 

The cellular response by Tau K18 aggregates was validated. 

Extracellular aggregates such as synuclein, ß-amyloid, and Tau 

displayed cytotoxicity by reducing mitochondrial activity and 

increasing ROS of cells 27-28. Cell viability with Tau K18 aggregates 

was determined by the MTT assay. Tau K18 with DMSO reduced cell 

viability by approximately 30% (Figure 26). Thi, NR, PED, and DMP 

analogs, apart from Thi-13, reduced the toxicity of Tau aggregates. 

Additionally, DN analogs reduced toxicity except for five analogs (DN-

10, DN-12, DN15, DN-16, and DN-17). Structure analysis using a 

fluorescent probe showed that inhibition by DN analogs was 

approximately 10 times higher than that of other derivatives such as 

NR, PED, Thi, and DMP (Figures 8, 11, 16, 19, and 22). However, 

reducing cytotoxicity by analogs was not significantly different. This 

difference showed that DN analogs inhibit cell viability or 

mitochondrial activity. 

 

Disruption of Tau K18 aggregates by analogs 

Resveratrol and benzothiazole were selected in our screening and can 

inhibit the aggregation of amyloid proteins as well as disrupt 
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aggregates 26, 29. We speculated that our screened inhibitors would also 

have such disruption effects. To verify this disruption, various 

concentrations of NR, PED-1, and DMP were treated to Tau K18 

aggregates. NR, PED-1, and DMP efficiently disrupted Tau K18 

aggregates with the disruption efficiency not being significantly 

different to inhibition. IC50 values of NR, PED, and DMP were 2 to 5 

µM and DC50 values were also 2 to 5 µM (Figure 27). 

 

Kinetics of inhibition and disruption of Tau K18 by analogs 

Similar IC50 and DC50 values indicated that the inhibition and 

disruption by analogs occurred via similar processes. To validate this 

process, the aggregation of Tau K18 with analogs over time was 

monitored. Tau aggregation typically displays sigmoidal growth 

kinetics 30-31. Analogs reduced overall aggregation by approximately 

55% compared to DMSO (Figures 28 and 29); however, similar to 

DMSO, Tau K18 aggregation with analogs rapidly increased from 0 

hour to 4 hours without a lag phase (Figures 28 and 29). This tendency 

shows that analogs did not affect either the lag phase or the elongation 

phase. When analogs were treated to Tau K18 aggregates, aggregates 

instantly induced structural changes and remained constant (Figures 30 

and 31).  
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Figure 1. Initial compound screening from 10K library 

Each compounds (20μM) in compound library were incubated with Tau 

K18 (10μM) for 6 hours. β-sheet formation of Tau K18 was measured 

by Thioflavin T(ThT) fluorescence assay. Each ThT fluorescence 

intensity was normalized by DMSO treated Tau K18. Dotted line 

represented inhibition cutoff indicating 70% inhibition. Compounds 

with value of less than 70% cutoff were used as targets for further 

screening 
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Figure 2. Categorized initial screened compound 

Primary compounds (n = 106) from the initial screening were 

categorized by their chemical substructure. 
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Figure 3. Second screening for 106 compounds 

A second screening was performed under more stringent conditions for 

106 primary compounds. Tau K18 (100 µM) and 100 compounds (10 

µM) were incubated and Tau K18 aggregation was analyzed by ThT 

fluorescence.  

Each ThT fluorescence intensity was normalized by DMSO-treated Tau 

K18. The dotted line represents the inhibitory cutoff, which showed 

50% inhibition. Compounds with inhibition lower than the cutoff were 

selected as the final compounds for the aggregation inhibitors. 
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Figure 4. Compound structure of final compounds 

Seventeen compounds were selected as the final compounds from 2nd 

screening   
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Figure 5. Scaffold compounds for analog synthesis 

 (A) Four compounds were selected as the scaffold for synthesis 

analogs.  

 (B) De novo scaffold was designed based the 17 final compound 

compounds. 
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Figure 6. Synthesis scheme for neutral red (NR) analogs  
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Figure 7. ThT fluorescence intensity of incubating Tau K18 with 

NR analogs 

(A) To compare inhibition effects, neutral red (NR) analogs (10μM) 

were incubated with Tau K18 (100μM) for 6 hours and Tau K18 

aggregation was measured ThT fluorescence assay. Each independent 

experiment was performed in triplicate; data are expressed as means ± 

S.D 

(B) Measured fluorescence intensity was normalized by DMSO treated 

Tau K18 
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Figure 8. Dose-dependent inhibition by neutral red (NR) analogs 

Tau K18 (100μM) were incubated with various concentration of NR 

analogs (0.01, 0.1, 1, 10 and 100μM) and inhibition effect was 

measured by ThT assay. Measured fluorescence intensity was 

normalized by DMSO treated Tau K18. 
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Figure 9. Synthesis scheme for phenylenediamine (PED) analogs 
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Figure 10. ThT fluorescence intensity of incubating Tau K18 with 

PED analogs 

(A) To compare inhibition effects, phenylenediamine (PED) analogs 

(10μM) were incubated with Tau K18 (100μM) for 6 hours and Tau 

K18 aggregation was measured ThT fluorescence assay. Each 

independent experiment was performed in triplicate; data are expressed 

as means ± S.D 

(B) Measured fluorescence intensity was normalized by DMSO treated 

Tau K18 
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Figure 11. Dose-dependent inhibition by PED analogs 

Tau K18 (100μM) were incubated with various concentration of PED 

analogs (0.01, 0.1, 1, 10 and 100μM) and inhibition effects were 

measured by ThT assay. Measured fluorescence intensity was 

normalized by DMSO treated Tau K18. 
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Figure 12. Synthesis scheme for thiazolidine (Thi) analogs  
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Figure 13. ThT fluorescence intensity of incubating Tau K18 with 

Thi analogs 

(A) To compare inhibition effects, Thi analogs (10μM) were incubated 

with Tau K18 (100μM) for 6 hours and Tau K18 aggregation was 

measured ThT fluorescence assay. Each independent experiment was 

performed in triplicate; data are expressed as means ± S.D 

(B) Measured fluorescence intensity was normalized by DMSO treated 

Tau K18 

. 
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Figure 14. Synthesis scheme for thiazolidine (Thi) analogs 
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Figure 15. ThT fluorescence intensity of incubating Tau K18 with 

Thi analogs 

(A) To compare inhibition effects, thiazolidine (Thi) analogs (10μM) 

were incubated with Tau K18 (100μM) for 6 hours and Tau K18 

aggregation was measured with ThT fluorescence assay. Each 

independent experiment was performed in triplicate; data are expressed 

as means ± S.D 

(B) Measured fluorescence intensity was normalized by DMSO treated 

Tau K18 

. 
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Figure 16. Dose-dependent inhibition by thiazolidine (Thi) analogs 

Tau K18 (100μM) were incubated with various concentration of Thi 

analogs (0.01, 0.1, 1, 10 and 100μM) and inhibition effect was 

measured by ThT assay. Measured fluorescence intensity was 

normalized by DMSO treated Tau K18. 
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Figure 17. Synthesis scheme for dimethylphenazine (DMP) analogs 
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Figure 18. ThT fluorescence intensity of incubating Tau K18 with 

DMP analogs 

(A) To compare inhibition effects, DMP analogs (10μM) were 

incubated with Tau K18 (100μM) for 6 hours and Tau K18 aggregation 

was measured by ThT fluorescence assay. Each independent 

experiment was performed in triplicate; data are expressed as means ± 

S.D 

(B) Measured fluorescence intensity was normalized by DMSO treated 

Tau K18 

 

 

 

 

 

 



51 

 

(A) 

 

(B) 

 

 

 

 

 



52 

 

 

 

 

 

 

 

 

Figure 19. Dose-dependent inhibition by DMP analog 

Tau K18 (100μM) were incubated with various concentration of DMP 

analogs (0.01, 0.1, 1, 10 and 100μM) and inhibition effect was 

measured by ThT assay. Measured fluorescence intensity was 

normalized by DMSO treated Tau K18. 
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Figure 20. Synthesis scheme for De novo (DN) scaffold analogs 
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Figure 21. ThT fluorescence intensity of incubating Tau K18 with 

DN analogs 

(A) To compare inhibition effects, DN analogs (10μM) were incubated 

with Tau K18 (100μM) for 6 hours and Tau K18 aggregation was 

measured by ThT fluorescence assay. Each independent experiment 

was performed in triplicate; data are expressed as means ± S.D 

(B) Measured fluorescence intensity was normalized by DMSO treated 

Tau K18 
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Figure 22. Dose-dependent inhibition by DN analog 

Tau K18 (100μM) were incubated with various concentration of DN 

analogs (0.01, 0.1, 1, 10 and 100μM) and inhibition effect was 

measured by ThT fluorescence assay. Measured fluorescence intensity 

was normalized by DMSO treated Tau K18. 
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Figure 23. Bis-ANS fluorescence intensity of incubating Tau K18 

with NR, PED, Thi analogs 

(A) Analogs (10μM) were incubated with Tau K18 (100μM) for 6 hours 

and surface hydrophobicity was measured by Bis-ANS fluorescence 

assay. Each independent experiment was performed in triplicate; data 

are expressed as means ± S.D 

(B) Measured fluorescence intensity was normalized by DMSO treated 

Tau K18 
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(A) 

 

(B) 

(DMSO : 100%) 

Compounds NR NR-1 NR-2 PED-1 Thi Thi-2 

Normalized 

fluorescence 
34.18 ± 0.59 31.32 ± 1.48 39.73 ± 1.62 46.19 ± 1.16 66.40 ± 1.27 28.81 ± 0.72 

Compounds Thi-6 Thi-10 Thi-13 Thi-14 Thi-15 Thi-16 

Normalized 

fluorescence 
24.10 ± 0.26 29.67 ± 1.14 62.53 ± 4.59 26.14 ± 0.56 26.38 ± 0.73 60.57 ± 1.95 
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Figure 24. Bis-ANS fluorescence intensity of incubating Tau K18 

with DN analogs 

(A) Analogs (10μM) were incubated with Tau K18 (100μM) for 6 hours 

and surface hydrophobicity was measured by Bis-ANS fluorescence 

assay. Each independent experiment was performed in triplicate; data 

are expressed as means ± S.D 

(B) Measured fluorescence intensity was normalized by DMSO treated 

Tau K18 
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Figure 25. Observing Tau aggregates with analogs by TEM  

Tau K18 aggregates (100uM) with DMSO or analgos (10uM) were 

incubated 37℃  for 24 hours and stained with 1% uranyl acetate. 
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Figure 26. Reducing cytotoxicity of Tau K18 aggregates by analogs 

Tau K18 (100μM) was aggregated with DMSO or analogs (100μM) 

and these aggregates treated to SH-SY5Y cells at a ratio of 1:1000. 

After 24 hours, cell viability was measured by using MTT assay and 

normalized by PBS only. *Statistically significant difference (P < 0.05 

by Dunnett’s test) compared with DMSO control group (n = 6) 
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Figure 27. Dose-dependent disruption aggregates by analogs 

Tau K18 (100μM) were aggregated for 6 hours and various 

concentration analogs (0.01, 0.1, 1, 10 and 100μM) were treated to 

aggregated Tau K18. Disruption effect was measured by ThT 

fluorescence assay. Measured fluorescence intensity was normalized by 

DMSO treated Tau K18. DC50 concentrations were re-assessed for 

aggregation line using dose-response curves generated by GraphPad 

Prism software 
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Figure 28. Time course of inhibition by NR, PED, DMP and Thi 

analogs 

Tau K18 aggregation were measured by ThT fluorescence intensity 

every 2 hours for 12 hours at low concentration of analogs (5 μM). 

Each independent experiment was performed in triplicate and 

normalized by 8 hours DMSO treated Tau K18; data are expressed as 

means ± S.D.  
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Figure 29. Time course of inhibition by DN analogs 

Tau K18 aggregation were measured by ThT fluorescence intensity 

every 2 hours for 12 hours in low concentration of analogs (1 μM). 

Each independent experiment was performed in triplicate and 

normalized by 8 hours DMSO treated Tau K18; data are expressed as 

means ± S.D.  
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Figure 30. Time course of disruption by NR, PED, DMP and Thi 

analogs 

 Tau K18 that had been aggregated for 6 hours to make pre-aggregates 

and analogs (5 µM) was treated to pre-aggregated Tau K18 (100 µM). 

Disruption by analogs was measured by ThT fluorescence intensity for 

0, 5, 30, and 60 min. Each independent experiment was performed in 

triplicate and normalized by DMSO-treated Tau K18; data are 

expressed as means ± S.D. 
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Figure 31. Time course of disruption by DN analogs 

Tau K18 that had been aggregated for 6 hours to make pre-aggregates 

and analogs (1 µM) was treated to pre-aggregated Tau K18 (100 µM). 

Disruption by analogs was measured by ThT fluorescence intensity for 

0, 5, 30, and 60 min. Each independent experiment was performed in 

triplicate and normalized by DMSO-treated Tau K18; data are 

expressed as means ± S.D.  
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Figure 32. Working model of analogs on Tau K18 aggregation 

Step 1 to step 3 represent the primary aggregation pathway, including 

misfolded pathway (step 1), oligomerized pathway (step 2), and 

fiberization pathway (step 3). Step 4 to Step 5 showed fibril-catalyed 

secondary aggregation pathway. Analogs acted on improperly folded 

Tau and inhibited oligomerization (stage 2), rather than suppressing 

miss-folding process (step 1). Also, analogs acted on oligomerized or 

proto-fiber Tau, inhibiting fiberization (step 3), and disrupted Tau 

seeds which could promote aggregation (step 5).  
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DISCUSSION 

 

Tau aggregates can propagate by an autocatalytic mechanism such as 

prion-like replication. This replication is considered the major process 

for spreading Tau aggregates in cellular tissue 2, 32-33. Therefore, it is 

important for a therapeutic agent to inhibit or reduce aggregates. In the 

present study, we performed screening based on ThT fluorescence 

assays to determine compounds that inhibit Tau aggregation and 

screened eight novel compounds (Figure 4). For analog synthesis, four 

compounds (NR, PED, DMP, and Thi) were selected as the scaffold 

and a DN compound was designed based on screening results (Figure 

5). A total of 57 analogs were synthesized and their inhibitory effects 

on Tau K18 aggregation based on scaffolds and modified residues were 

characterized. NR, PED, and DMP were scaffolds with restrictions 

whose inhibitory effects decreased as the size of the modified residue 

increased (Figures 7, 10, and 18). However, the Thi scaffold inhibited 

Tau K18 aggregation more efficiently as hydroxyl groups increased 

(Figures 13 and 15). The number of hydroxy groups was an important 

variable for the inhibitory effect; however, some sites also had 

increased cytotoxicity (Figure 26). Finally, all of the analogs 

synthesized based on the DN compound showed excellent inhibitory 
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effects (Figure 21); however, the toxicity of Tau K18 aggregates was 

reduced to a similar degree as that of other scaffold-based analogs 

(Figure 26). This difference was presumed to be caused by higher 

compound cytotoxicity of DN analogs than that of other analogs. 

Therefore, DN analogs presented limitations in that they reduced the 

compound cytotoxicity of analogs. 

Tau K18 aggregation is a very complex process involving the 

sequential formation of various Tau aggregates, including oligomers, 

proto-fibers, and fibrils. Previous studies have stated that Tau 

aggregation occurs via a lag phase, elongation phase, and saturation 

phase 30, 34. During the lag phase, Tau monomers are altered from a 

random coil into a solvent exposed hydrophobic ß-sheet-rich structure. 

Then, during the elongation phase, the misfolded Tau forms proto-

fibrils through the oligomer by self-assembly and proto-fibrils 

maturing into fibrils during the saturation phase. In addition, oligomers 

and proto-fibrils act as seeds for inducing misfolding and aggregation 

of Tau. IC50 and DC50 values predicted that analogs would inhibit 

aggregation and disrupt aggregates via a similar process (Figures 8, 11, 

19, and 27). This prediction has been confirmed in other aggregation 

inhibitors in previous studies. Inhibitors such as brazilin 35, resveratrol 

26, and epigallocatechin gallate (EGCG) 36-37 induce structural changes 
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in Tau aggregates and inhibit aggregation. Tau K18 aggregation with 

analogs rapidly increased from 0 hour to 4 hours without a lag phase 

(Figures 29 and 30). This tendency indicated that analogs did not affect 

the lag phase and initial elongation phase, and that Tau K18 aggregates 

with analogs were instantly decreased below 50% compared to DMSO 

and remained constant (Figures 31 and 32). From these results, it is 

expected that analogs could not inhibit misfolding by inducer and low 

n-oligomerization. However, we predicted that the Tau aggregation that 

was inhibited by inducing structural changes at a certain level of Tau 

aggregates can serve as seeds (Figure 33).  

Finally, in ThT-based screening, we showed that inhibitors such as 

resveratrol and EGCG were more likely to be screened than compounds 

that inhibit misfolding or block Tau-Tau interactions. 
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Chapter 2 

Measurement of membrane 

binding in Tau aggregates using 

fluorescence
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INTRODUCTION 

 

Soluble and unstructured protein Tau binds to microtubules in the 

central nervous system to stabilize and promote their assembly 6. 

However, under pathological conditions, Tau dissociates from 

microtubules and aggregates into neurofibrillary tangles 4-5 . Aberrant 

aggregation and deposition of Tau is one of the major causes of several 

neurodegenerative diseases including Alzheimer’s disease (AD), 

Parkinson’s disease, and frontal temporal dementia linked to 

chromosomes 1, 38-39. Accumulation evidence has shown that Tau 

aggregates are not only cytotoxic, but also propagate in neurons 2, 24, 40. 

Tau propagation, such as prion-like propagation, is recognized as an 

important pathogenesis mechanism of Tau-related diseases in the brain. 

Tau propagation has been demonstrated by injecting brain lysates from 

late-stage disease mice into young AD model mice 32. When injected 

into the hippocampus and cerebral cortex, brain lysate extracts induced 

Tau pathology in non-symptomatic young AD model mice and Tau 

aggregates spread from the injection site to synaptic connected areas. 

In addition, synthetic fibrils can also induce native Tau into forming 

pathological aggregates in transgenic mice 12 and cultured cells 11, 41-42. 
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However, the mechanism behind Tau propagation has not been 

elucidated to date. Recently, endocytosis or micropinocytosis through 

the cell membrane has been predicted as playing an important role in 

Tau propagation 43-44. When membrane binding is inhibited by 

neutralizing the Tau aggregates through antibodies, Tau propagation is 

inhibited 45-46. In the present study, we focused on developing a 

measuring method for membrane binding of Tau aggregates. To 

measure membrane binding of Tau that was dependent on aggregation, 

Tau was fluorescently labeled. This allowed the measurement of 

membrane binding in living cells. Various Tau aggregates were 

prepared and membrane binding was compared by fluorescence 

measurement.  
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MATERIALS AND METHODS 
 

Purification and labeling of recombinant Tau K18 

A Tau K18 fragment (containing the microtubule-binding domain) 

was subcloned into pET-16b for tagging N-terminal 6xHis. Constructed 

plasmid was transformed into BL21(DE3)/RIL. Transformants were 

grown in LB media at 37°C until OD600 reached 0.8. Expression of 

recombinant Tau K18 was induced with 1 mM IPTG and further 

incubated for 2 h at 37°C. Then, cells were harvested by centrifugation 

at 4,000 × g for 15 min and re-suspended in PBS buffer (5 mM DTT 

and 1 mM PMSF). Re-suspended cell pellets were sonicated and 

centrifuged at 16,000 × g for 15 min. Cleared lysate was passed 

through Ni Sepharose 6 Fast Flow resin (GE healthcare) and bound 

protein was eluted with 250 mM imidazole. Finally, purified protein 

was dialyzed using a Snakeskin dialysis tube (ThermoFisher) overnight 

against PBS buffer at 4°C under constant stirring to remove imidazole 

and degrade the fragment. The purified recombinant Tau K18 

concentration was determined by OD280 using an extinction coefficient 

of 4,080 M-1cm-1. Purified Tau K18 was conjugated to a Flamma 496 

NHS ester (Bioact) in PBS buffer following the manufacturer’s 

instructions. Excess dye was removed with a Snakeskin dialysis tube 

(Thermofisher). The labeling concentration was 2.7 mol dye per mole 
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of protein for recombinant Tau K18.  

 

In vitro Tau K18 aggregation 

 Recombinant Tau K18 containing 20% labeled Tau K18 (100 µM) was 

incubated with agitation in PBS buffer (2 mM DTT) for up to 6 h in the 

presence of aggregation inducer ODS (50 µM). After incubation, 

reactions were immediately subjected to SDS-PAGE analysis, ThT 

fluorescence assay, or membrane binding assay as described below. 

 

SDS-PAGE analysis 

 To separate soluble from insoluble Tau K18, samples were 

centrifuged at 16,000 × g for 15 min. Pellets were re-suspended in PBS 

buffer. The supernatant and re-suspended pellets were boiled for 10 

min in the presence of the sample buffer, then applied to 15% 

polyacrylamide gels. Following SDS-PAGE analysis, Tau K18 was 

visualized by Coomassie blue staining and imaged by a luminograph II 

(ATTO). Additionally, trypsinized Tau K18 was visualized by 

processing as previously described.  

 

Thioflavin T (ThT) fluorescence assay 

 ThT was dissolved in PBS buffer to 1 mM and stored at 4°C. A total 

of 50 µM ThT was added to the aggregated sample and fluorescence 
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was measured in triplicate in white 96-well plates (31296, SPL) using a 

multilabel plate reader (EnVisoin, Perkin Elmer) at excitation and 

emission wavelengths of 440 and 485 nm, respectively.  

 

Cell culture 

 HT22, SH-SY5Y, B103, and HEK293T cells were cultured in DMEM 

supplemented with 10% FBS and 1% antibiotics/antimycotic solution. 

Cells were maintained in a 5% CO2 humidified atmosphere at 37°C and 

grown until 80% confluence.  

 

Membrane binding analysis  

 HT22, SH-SY5Y, B103, and HEK293T cells were treated with 0.25% 

trypsin for 3 min and re-suspended in PBS buffer. Aggregated Tau K18 

was treated for up to 1 h at 4°C in 300,000 cells and unbounded Tau K18 

was washed twice with cold PBS buffer solution. Treated cells were 

counted in a flow cytometer (FACSCanto, BD bioscience), each 

experiment was conducted three times, and 20,000 cells were counted in 

each individual experiment. To remove membrane bound Tau K18, Tau 

cells were treated with 0.125% trypsin for 3 min at 37°C and washed 

twice with PBS buffer solution.  
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RESULTS 

Aggregation with fluorescence labeled Tau K18  

We used a mixture containing 20% labeled Tau K18 and 80% 

unlabeled Tau K18 in all experiments to minimize possible interference 

with the fluorescence label. This mixture was incubated with ODS 

inducer to obtain aggregation 47-48. To validate aggregation of this 

mixture, aggregation kinetics were measured by ThT fluorescence 

assay and SDS-PAGE analysis. ThT fluorescence assay analysis 

represented the formation of the β-sheet structure during aggregation 

that is one of the key features of amyloid proteins 49-50. Unlabeled Tau 

K18 showed an exponential phase after a 1-h lag phase and a stationary 

phase after 4 h. This tendency was also observed in the aggregation 

mixture containing labeled Tau K18 (Figure 33). Additionally, it was 

found that the amount of insoluble aggregates in the mixture increased 

over time (Figure 34). These results show that the 20% fluorescence 

labeled Tau K18 did not interfere with the aggregation of Tau K18. 

 

Membrane binding of Tau K18 aggregates  

To measure binding, cells were treated with Tau K18 aggregates at 

low temperature (4°C) over various times (0, 15, 30, 45, and 60 min), 
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and cells containing Tau K18 were analyzed with a FACSCanto. Low 

temperature incubation was an important process for observing 

membrane binding because the transport pathway is inhibited at low 

temperatures 44, 51. A significant amount of Tau K18 aggregates were 

found to bind to cells within a relatively short time (15 min) and the 

binding of Tau K18 continuously increased until 60 min (Figure 35A, 

B). Additionally, membrane binding of Tau K18 aggregates was not 

significantly different in PBS or DMEM (with 10% FBS) (Figure 36A, 

B). Next, Tau K18 bound to membranes was removed with trypsin to 

confirm Tau K18 uptake. Tau K18 on cell membranes was reduced by 

more than 50%, but still 20% remained (Figure 37A, B). This 

remaining 20% was less degraded Tau K18 than cellular uptake (Figure 

38). In the presence of Tau K18 alone, 3 min was a sufficient time for 

complete degradation (Figure 39). However, complete degradation was 

difficult because membrane proteins of cells act as competitors for the 

degradation of Tau K18. Tau K18 aggregates become bound to cell 

membranes within 1 h at low temperatures and they were not taken up 

by cells. 

 

Aggregation-dependent membrane binding of Tau K18 



91 

 

Aggregated Tau was more easily taken up by cells than monomer Tau 

43, 52. This tendency was also observed in membrane binding. Various 

Tau K18 aggregates were generated over different times (0, 2, 4, and 6 

h) and aggregates were presented to cells. After aggregating for 2 h, a 

significant amount of Tau K18 was bound to membranes and, as 

aggregation progressed, the amount of membrane bound Tau K18 

increased (Figure 40A, B). Next, to investigate the dynamic range of 

membrane binding, several concentrations (0.5, 1, 5, and 10 µM) of 

Tau K18 aggregates were presented to cells. Tau K18 bound to 

membranes in a dose-dependent manner (Figure 41A, B). At 0.5 and 

0.1 µM, less than 20% of Tau-bound cells were observed, but above 5 

µM, more than 50% of cells were bound to Tau. Finally, we confirmed 

the effect of the aggregation inhibitor on membrane binding. Several 

compounds were identified that inhibited Tau aggregation. Among 

them, EGCG, a well-known aggregation inhibitor, was used to measure 

membrane binding changes in Tau aggregates 53-55. EGCG efficiently 

inhibited Tau K18 aggregation (Figure 42) and reduced membrane 

binding of Tau K18 aggregates as the treatment dose increased 35, 37, 54 

(Figure 43A, B) 

 

Membrane binding of Tau K18 in various cell lines 
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Membrane binding of Tau K18 aggregates appeared to occur 

throughout the cell and not at a specific location (Figure 44). We 

speculated that membrane binding of Tau K18 aggregates might occur 

in other cell lines. To confirm this hypothesis, hippocampal neuronal 

cell (HT22), glial cell (B103), bone marrow neuroblastoma (SH-SY5Y), 

and embryonic kidney cell (HEK293T) were treated with Tau K18 

aggregates. Tau K18 aggregates bound to membranes in a dose-

dependent manner in all cells regardless of the cell line (Figures 41 and 

45). Binding affinity of Tau K18 aggregates to membranes was 

between 3 and 7 µM and there was no significant difference between 

cell lines (Figure 46). Based on these results, it was expected that 

membrane binding of Tau K18 is a common phenomenon occurring in 

all cells rather than just binding to neuronal-specific cells. 

 

Membrane binding of α-synuclein aggregates 

α-synuclein is another well-known amyloid protein similar to Tau 13, 56 

57. α-synuclein aggregates can transmit into adjacent cells and induce 

misfolding and aggregation of α-synuclein similar to Tau propagation 

58-60. Owing to these similar features between α-synuclein and Tau, we 

suspected that α-synuclein would also bind to membranes based on 

aggregation. To verify this hypothesis, fluorescence labeled α-
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synuclein aggregates were generated in the same manner as the Tau 

K18 mixture (Figure 47A, B). α-synuclein aggregates were treated with 

various concentrations (1, 5, and 10 µM). α-synuclein bound to 

membranes as the amount of aggregates increased (Figure 48). Binding 

was observed in more than 40% of cells at 1 µM and saturation of 

binding occurred at 5 µM or more. These results showed that α-

synuclein bound to membranes dependent on the amount of aggregates, 

which was similar to the Tau binding results.
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Figure 33. Thioflavin T (ThT) fluorescence intensity of Tau K18 

during aggregation 

Tau K18 only and a mixture with labeled Tau K18 (100 µM) were 

aggregated with 50 µM ODS inducer. At each time point, samples were 

incubated with 50 µM ThT and florescence measured. 
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Figure 34. Sedimentation fraction of Tau K18 aggregates 

(A) Aggregated mixtures with labeled Tau K18 (100 µM) were 

centrifuged at 16,000 × g for 15 min to generate a pellet fraction (P) 

and supernatants (S) every 2 hours. Separated samples were analyzed 

and visualized by 15% SDS-PAGE and Coomassie blue staining. 

(B) Quantification of band intensities were measured with ImageJ 

software. 
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Figure 35. Flow cytometer histogram of the membrane bound Tau 

K18 by incubation time 

(A) HT22 cells were treated at various times (15, 30, 45, and 60 min) 

with Tau K18 (10 µM) aggregated for 6 hours. Each cell was washed 

with PBS buffer twice and membrane bound Tau K18 was detected by 

FACS analysis (approximately 20,000 cells per sample in three 

independent experiments). 

(B) Percentage of Tau K18 bound cells in each population. The graph 

represents the cells bound with Tau K18 and untreated cells were used 

as a negative control. Data shown are the means ± S.D. of three 

different experiments 
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Figure 36. Membrane binding of Tau K18 in different buffer 

solutions 

(A) Flow cytometer histogram of the membrane bound Tau K18 in 

different buffer solutions. Tau K18 aggregates (10 µM) were incubated 

with HT22 cells for 1 hour in PBS or DMEM containing 10% FBS. 

Each cell was washed with PBS buffer twice and the Tau K18 

remaining on membranes was detected by FACS analysis 

(approximately 20,000 cells per sample in three independent 

experiments). 

(B) Percentage of Tau K18 bounded cells in each population. The graph 

represents cells bound with Tau K18 in different buffer solutions. 
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Figure 37. Flow cytometer histogram of membranes with remaining 

Tau K18 after trypsin treatment 

(A) Tau K18 aggregates (10 µM) were incubated with cells for 1 h and 

then 0.125% trypsin was added for 1 and 3 min at 37°C. Each cell was 

washed with PBS buffer twice and the remaining Tau K18 on the 

membranes was detected by FACS analysis (approximately 20,000 cells 

per sample in three independent experiments). 

(B) Percentage of remaining Tau K18 on the cell membrane after the 

treatment time. The graph represents the remaining Tau K18 on the cell 

membrane.  
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Figure 38. Fluorescence microscopy images showing the remaining 

Tau aggregates  

Cells were treated Tau K18 aggregates (10µM) for 1 hour, and then, 

0.125% trypsin was added for 3 mins at 37 °C. Treated cells were 

washed with PBS buffer twice. 
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Figure 39. Degradation of Tau K18 aggregates with trypsin 

An aggregated mixture with 20% labeled Tau K18 was treated with 

0.125% trypsin for 1, 3, and 5 min and treated samples were visualized 

by 15% SDS-PAGE and Coomassie blue staining.  

 

 

 

 

 



107 

 

 

 

 

 

 

 



108 

 

 

 

 

 

 

Figure 40. Flow cytometer histogram of membrane bound Tau K18 

by aggregation time 

(A) Tau K18 aggregates were collected every 2 hours and HT22 cells 

were treated with these aggregates (10 µM) for 1 hour. Each cell was 

washed with PBS buffer twice and membrane bound Tau K18 was 

detected by FACS analysis (approximately 20,000 cells per sample in 

three independent experiments). (B) Percentage of Tau K18 bounded 

cells in each population. The graph represents cells bound with Tau 

K18 by aggregation time. 

 

 

 

 

 

 



109 

 

(A) 

 

(B) 

PBS 0 2 4 6
0

20

40

60

80

100

Aggregation time (hour)

T
a

u
 K

1
8

 b
o

u
n

d
 c

e
ll 

(%
)

 

 



110 

 

 

 

 

 

 

 

Figure 41. Flow cytometer histogram of membrane bound Tau K18 

by treatment dose 

(A) HT22 cells were treated with various concentrations (0, 0.5, 1, 5, 

and 10 µM) of Tau K18 aggregated for 6 hours. Each cell was washed 

with PBS buffer twice, and membrane bound Tau K18 was detected by 

FACS analysis (approximately 20,000 cells per sample in three 

independent experiments). (B) Percentage of Tau K18 bound cells in 

each population. The graph represents cells bound with Tau K18 

according to the treatment dose. 
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Figure 42. ThT fluorescence of the inhibitor treated Tau K18 

(A) Structure of epigallocatechin gallate (EGCG) 

(B) Tau K18 (100 µM) was aggregated with various concentrations of 

EGCG (10, 100, and 1000 µM) and immediately added to ThT to 

measure fluorescence. 
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Figure 43. Reducing membrane binding by EGCG 

 (A) Flow cytometer histograms of the membrane bound Tau K18 

treated with inhibitor. Tau K18 (100 µM) were aggregated with various 

concentrations of EGCG (10, 100, and 1000 µM) and these aggregates 

(5 µM) were mix with HT22 cells for 1 hour. The treated cells were 

washed with PBS twice and membrane bound Tau K18 was detected by 

FACS analysis (approximately 20,000 cells per sample in three 

independent experiments). (B) Percentage of Tau K18 bound cells in 

each population. The graph represents the degree of Tau K18 binding 

based on the concentration of inhibitor used. 
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Figure 44. Fluorescence microscope images showing the membrane 

bound Tau K18 

Cells were treated with various concentrations of Tau K18 aggregates 

(0, 0.5, 1, 5, and 10 µM). Treated cells were washed with PBS buffer 

twice. 



117 

 

 

 

 

 

 

 

 

 



118 

 

 

 

 

 

 

Figure 45. Cell line independent membrane binding of Tau K18 

Flow cytometer histograms of membrane bound Tau K18 for SH-SY5Y, 

B103, and HEK293T. Each cell lines were was treated with Tau K18 

aggregates for 1 hour. Each cell was washed with PBS buffer twice, 

and membrane bound Tau K18 was detected by FACS analysis (about 

approximately 20,000 cells per sample in three independent 

experiments). 
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Figure 46. Comparing Kd values of Tau aggregates and cells 

Change in ratio of Tau K18 aggregate -bound cells was plotted as a 

function of the ligand concentration to yield a comparable Kd value.  
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Figure 47. Aggregation kinetic α-synuclein in the presence of 

fluorescence labeled α-synuclein 

ThT fluorescence intensity during aggregation. α-synuclein (80 µM) 

was aggregated with 20 µM labeled α-synuclein. At each time point, 

samples were incubated with 5 µM ThT and florescence was measured. 
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Figure 48. Membrane binding of aggregated α-synuclein by treated 

dose 

(A) Flow cytometer histograms of membrane bound α-synuclein by 

treatment dose. HT22 cells were treated with various concentrations (0, 

1, 5, and 10 µM) of α-synuclein aggregated for 24 h. Each cell was 

washed with PBS buffer twice and membrane bound Tau K18 was 

detected by FACS analysis (approximately 20,000 cells per sample in 

three independent experiments). (B) Percentage of α-synuclein bound 

cells in each population. The graph represents the cells bound with α-

synuclein based on the treatment dose. 

. 
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DISCUSSION 

 

Membrane mediated Tau transmission is an important factor in 

disease progression 42, 61-62. Measuring the membrane binding of Tau 

aggregates provides an important method for studying disease 

progression. We conventionally measured membrane binding under 

various conditions using fluorescence labeled Tau aggregates (Figures 

33 and 34). As aggregation progressed, the amount of membrane bound 

Tau increased (Figure 35). This might be one factor that allowed cells 

to more easily uptake Tau 43, 52 63. In addition, Tau aggregates did not 

bind to cell membranes at specific locations and could bind to 

membranes in various neuronal cells (HT22, HEK293T, SH-SY5Y, and 

B103) (Figures 45 and 46). This non-specific binding suggests that the 

binding of Tau might not be cell or receptor specific. Recent studies 

have shown that heparan sulfate proteoglycans play an important role 

in the uptake of Tau aggregates 43, 61. Heparan sulfate proteoglycans are 

distributed in membranes of all cells, bind many ligands, regulate 

numerous cellular activities, and assist with tissue structure and 

physiology 43, 64-65. However, this non-specific binding still has 

important implications. Tau propagation was reduced when the uptake 

of Tau aggregates was inhibited via the use of antibodies 42, 45, 66 and, 
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unlike other tissue cells, neuronal cells were more vulnerable to Tau 

aggregates because of higher levels of Tau expression than that in other 

cell lines 67-68. Finally, it was shown that measuring membrane binding 

could be extended not only to Tau but also to other amyloid proteins 

such as α-synuclein 69-71. As the amount of α-synuclein aggregates 

increased, the proportion of membrane-bound cells increased.  

In the present study, we were able to effectively measure membrane 

binding of Tau using fluorescently labeled Tau K18 as a probe. 

Binding of Tau was confirmed in several cells and this binding 

indicated that various cells could be platforms for measuring membrane 

binding. This method might be a good tool to screen or verify more 

efficient compounds or antibodies. It is also expected that this 

approach would be applicable to other amyloid proteins. 
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국 문 초 록  

 

Tau 응집체의  새로운  억제제와  막  결합에  관한  연구  

 

Tau는  미세  소관을  안정화시키는  세포  내  미세  소관  관련  단백

질입니다 . 생리  조건에서 , Tau는  본래  펼쳐진  단백질  및  높은  수

용성  단백질입니다 . 그러나  알츠하이머  병에서  Tau는  과인산화

되어  NFT로  응집됩니다 . 이  응집된  Tau는  인접한  세포로  전달

되어  응집을  유도할  수  있습니다 . 이  프리온과  같은  타우  증식

은  질병  진행의  중요한  메커니즘으로  간주됩니다 . 따라서 , Tau의  

응집  및  전달의  저해는  AD에  대한  치료제의  중요한  전략을  제

공할  수  있다 . 여기 , 우리는  타우  (Tau) 응집을  위한  6 가지의  

새로운  억제제를  선별하였고  선별된  화합물  구조에  기초한  1 

개의  새로운  억제제를  디자인하였다 . 이를  기반으로  62 개의  화

합물이  합성되었고  32 개의  화합물이  타우  응집을  효과적으로  

억제하였다 . 또한 , 우리는  응집된  Tau의  막  결합을  위한  새로운  

측정  방법을  개발했습니다 . 응집  의존적인  세포막  결합을  측정

하기  위해 , 형광  표지  된  타우가  사용되었다 . Tau는  응집과  용량  

의존적으로  살아있는  세포막에  결합합니다 . 또한 , EGCG 같은  

응집  억제제를  사용함으로써 , 본  방법은  막  결합  억제제의  확인  

또는  스크리닝을  위한  편리한  세포  기반  접근법  일  수  있다는  

것을  확인했다 . 

 

Keywords : 타우 , 응집 , 알츠하이머  질환 , 저해제 , 세포막  결함 , 

FACS, 측정  
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