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Abstract

Neurodegeneration leads to variety of diseases which are linked to aberrant protein or peptide 

aggregation, as a one possible mechanism. Hence, small drug molecules targeting aggregation 

are of interest. Tau protein aggregation is one of the biomarkers of neurodegenerative diseases 

and is a viable drug target. Toward multifunctional inhibitors, we aim to incorporate structural 

elements in a potential drug in order to preserve dopamine agonist activity, which elevates disease 

symptoms associated with motor skills, and promote inhibitory activity against aggregation 

of the full-length tau (2N4R, tau441) protein. In our design, we introduced various moieties 

(catechol, non-catechol, biphenyl, piperazine, and thiazole) to determine which functional group 

leads to the greatest aggregation inhibition of tau. In vitro, tau aggregation was induced by 

heparin and monitored by using fluorescence aggregation assay, transmission electron microscopy 

and 4,4′-Dianilino-1,1′-binaphthyl-5,5′-disulfonic acid dipotassium salt (Bis-ANS) fluorescence 

spectroscopy. The catechol containing compounds, D-519 and D-520, prevented aggregation of 

tau. By contrast, non-catechol and thiazole containing compounds (D-264 and D-636) were 

poor inhibitors. The Bis-ANS studies revealed that the potent inhibitors bound solvent-exposed 

hydrophobic sites. Based on the density functional theory calculations on inhibitors tested, the 

compounds characterized with the high polarity and polarizability were more effective aggregation 

inhibitors. These findings could lead to the development of small multifunctional drug inhibitors 

for the treatment of tau-associated neurodegeneration.
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1. Introduction

Tau is a structural neuronal protein which stabilizes microtubules (MT) and maintains cell 

integrity and viability. Due to post-translational modifications of tau, tau detaches from MT, 

and MT subsequently disaggregate, leading to neuronal cell death.1 In turn, modified tau is 

prone to aggregation into a variety of structures, including oligomers, fibrils, paired-helical 

filaments and neurofibrillary tangles. In addition, cytotoxic tau oligomers are involved in 

cell-to-cell spreading of tau resulting in aggregation of endogenous tau and toxicity. Hence, 

tau protein aggregation is a feature of the diseased state in Alzheimer’s Disease (AD) and 

other tauopathies, rather than normal state, and is a viable drug target.

The nonpeptidic small molecule tau aggregation inhibitors (TAGIs) are promising drugs 

against AD and tauopathies. Several classes of small-molecules have been designed 

and tested as inhibitors of tau aggregation, and include benzothiazole, hydroquinoline, 

aminothienopyridazine, N-phenylamine, phenylthiazolylhydrazide, rhodanines, polyphenols, 

and phenothiazines.2–20 The common feature of these inhibitors is the presence of 

aromatic and hydrophobic groups which may bind hydrophobic region of tau protein 

and prevent its aggregation. The hydrophobic aromatic rings or heteroaromatic rings may 

bind protein, prevent conformational change from random coil to β-sheet structure, and 

promote off-pathway aggregation. The molecular interactions between the hydroxyl groups 

in polyphenols and hydrophobic regions of tau may also prevent fibril formation. In addition 

to non-covalent interactions between tau and inhibitors, the irreversible inhibitor binding, 
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in some instances, suggests covalent bonding between tau protein and the inhibitor. Hence, 

both non-covalent and covalent interactions between tau and inhibitors are likely. In addition 

to molecular interactions with tau protein, the inhibitors (such as polyphenols) may also 

exhibit antioxidant and radical quenching properties. Hence, a number of aromatic hydroxyl 

or reactive groups in inhibitors, protein binding affinity and binding site, and inhibitor 

antioxidant activity may contribute to the effectiveness of the inhibitor on tau aggregation. 

We have shown that D2/D3 receptor agonists acted as aggregation inhibitors of α-synuclein, 

which is associated with Parkinson’s disease.21 In addition, therapeutic agents for the 

symptomatic treatment of Parkinson’s disease (levodopa or dopamine agonists) are used 

to improve motor symptoms in tau-related diseases, termed tauopathies.22 For example, 

compounds such as D2/D3 dopamine receptor agonists used to target Parkinson’s disease, 

have been prescribed to patients with tauopathies. The lower levels of dopamine, dopamine 

1 receptor and dopamine 2 receptors were observed in patients with AD compared to 

control.23 Other studies have suggested that targeting dopaminergic activity is a viable 

target in pharmacological development targeting AD.24,25 The DA-D2 agonist rotigotine, 

a dopaminergic drug, showed beneficial effects on cognitive domains in AD patients.26 

While the role of dopamine receptor agonists on motor symptoms in tauopathies has been 

identified, little is known about the role of such compounds on tau aggregation.

Herein, we describe the use of unique class of multivalent inhibitors which contain an 

aromatic core, thiazole moiety, and catechol group toward inhibition of heparin-induced 

aggregation of the longest isoform of tau protein (tau441, 2N4R). The efficiency of the 

inhibitors was compared to methylene blue as well to control for compounds which 

lacked the catechol or thiazole moieties. The fluorescence aggregation assay was used 

to screen inhibitory activity of all compounds and IC50 values were determined. The 

hydrophobicity of tau aggregates was evaluated using the Bis-ANS fluorescence probe. The 

aggregate morphologies were characterized using transmission electron microscopy. Density 

functional calculations were used to determine polarity, polarizability and electrostatic 

potentials of all compounds in order to shed light on the mechanisms of inhibition.

2. Results and Discussion

2.1. Design strategy

The in vitro aggregation of tau441 protein was induced by the anionic 

inducer heparin (72 h, 37 °C).27,28 The aggregate formation was detected 

by using fluorescence spectroscopy, including fluorescence aggregation assay 

and Bis-ANS assay, and transmission electron microscopy (TEM). The 

following multifunctional D2/D3 dopamine agonists were tested as potential 

aggregation inhibitors: (S)-4’-(4-(2-((2-amino-4,5,6,7-tetrahydrobenzo[d]thiazol-6yl) 

(propyl)amino)ethyl)piperazin-1yl)biphenyl-3,4-diol (D-519), (S)-4’-(4-(2-((5-

hydroxy-1,2,3,4-tetrahydronaphtalen-2-yl) (propyl)amino)ethyl)piperazin-1-yl)biphenyl-3,4-

diol (D-520), (S)-N6-(2-(4-(biphenyl-4-yl) piperazin-1-yl)ethyl)-N6-propyl-4,5,6,7-

tetrahydrobenzo[d]thiazole-2,6-diamine (D-264), and (S)-N6-(2-(4-(9H-carbazol-3-

yl)piperazin-1-yl)ethyl)-N6-propyl-4,5,6,7-tetrahydrobenzo [d] thiazole-2,6-diamine 

(D-636) (Fig. 1). The structural variation of compounds allows rank ordering inhibitors 
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based on their activity, and identification of key functional groups for inhibition. All 

compounds tested contain the central fragment, piperazine motif. Both compounds, D-519 

and D-520, contain the biphenyl linker with catechol terminal group. However, D-519 

contains the thiazole group which was replaced by a phenol moiety in D-520. Compound 

D-264 is a D-519 analogue which lacks the catechol moiety. Similarly, compound D-636 is 

an analogue of D-519 but contains carbazole group instead of biphenyl linker and catechol 

terminal group. We have previously reported on the synthesis and inhibitory activity of 

D-519 and D-520 as effective aggregation inhibitors of α-synuclein in vitro and in vivo 

Drosophila model.21 In addition, the compound D-264 was found to strongly activate GIRK 

channels and MAPK coupled to D2 and D3 dopamine receptors in AtT-20 cells. It is 

also a potent inducer of cell proliferation.29 In animal models of Parkinson’s Disease, 

D-264 strongly prevented neurodegeneration caused by the selective neurotoxin 1-methyl-4-

phenyl-1,2,3,6-tetrahydropyridine (MPTP) and the ubiquitin-proteasome system (UPS) 

inhibitor lactasyn.30 The 3,7-bis(dimethylamino)phenothiazine-5-ium chloride (Methylene 

blue, MB) is a known inhibitor of tau aggregation and was used as a control for comparison 

with D2/D3 agonists.19,31–33

2.2. Evaluation of inhibitor activity on β-sheet formation during tau aggregation

The Amyloidogenic aggregation of peptides or proteins, including tau protein, is 

characterized by the β-sheet formation which can be detected using fluorescence 

aggregation probes.34,35 In order to monitor the β-sheet formation in heparin-induced 

aggregation of tau441, the Proteostat fluorescence aggregation assay was employed.36 The 

non-aggregated tau441 protein exhibited low fluorescence intensity due to the lack of β-

sheet structure in the highly disordered protein (~1000 a.u.) even after 72 h of incubation 

at 37 °C (Figure S1). The increase in the fluorescence intensity (~8000 a.u.) was indicative 

of heparin-induced tau441 aggregation via β-sheet after 72 h of ageing. Next, the heparin-

induced tau441 aggregation (for 72 h at 37 °C) was carried out with the specific inhibitor 

compound at various concentrations (Fig. 2A). The decrease in fluorescence intensity was 

observed with increasing MB concentrations as seen in Figure 2A, indicating that MB is an 

effective tau aggregation inhibitor. Previous studies with tau have shown similar effects with 

MB in vitro.37 Compounds D-519 and D-520 reduced fluorescence intensity to a similar 

extent as MB (Fig. 2A). By contrast, the compounds lacking catechol moiety, D-264 and 

D-636, were ineffective in inhibiting tau aggregation at the concentrations tested.

At the highest inhibitor concentration (120 μM), the fluorescence intensities for all samples 

were compared. Fig. 2B shows that MB, D-520 and D-519 produced low fluorescence 

intensities which was similar to that of non-aggregated tau (~1000 a.u.) indicating almost 

complete reduction in β-sheet formation and aggregation. Compound D-264 produced 

high fluorescence (~9000 a.u.) indicating high content of β-sheet due to tau aggregation. 

Similarly, D-636 induced high fluorescence intensity (~7000 a.u.) which was similar to that 

of aggregated tau in the absence of inhibitor.

The fluorescence aggregation assay indicated inhibition of β-sheet formation during heparin-

induced tau aggregation in the presence of catechol-containing inhibitors, D-519 and D520, 
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while the inhibitors which lacked this critical functional group were ineffective in inhibiting 

aggregation.

From the fluorescence aggregation data, the IC50 values were determined for all 

compounds: MB (31 μM), D-519 (21 μM), and D-520 (25 μM). The D-264 and D-636 

compounds were non-inhibitors. The IC50 values were largely equimolar to tau protein (21 

μM) used in the assay. Other inhibitors, such as aminothienopyridazine, were also reported 

to be in the range of stoichiometric equivalence with tau.5 At 100 μM, D-520 inhibited 

aggregation of α-synuclein, which was similar to the efficacy to reference drug rifampicin.21 

The D-520 also inhibited cytotoxicity of aggregated of α-synuclein, but D-520 was not 

cytotoxic at 20 μM after longer cell incubation.21

2.3. Bis-ANS hydrophobicity assay

Bis-ANS probe is used to determine hydrophobicity content of a protein in solution. The 

fluorescence intensity at λem = 510 nm for Bis-ANS in the absence of protein is low. 

However, in the presence of a protein which contains solvent exposed hydrophobic site, the 

Bis-ANS-associated fluorescence increases. ANS-based fluorescence probes have been used 

for evaluation of tau protein aggregation, and in increase in fluorescence was observed for 

heparin-induced aggregation of tau compared to the non-aggregated tau which exhibited low 

fluorescence intensity.38

The Bis-ANS fluorescence intensity was measured in the 400–600 nm range. The Bis-ANS 

spectra collected in the presence of non-aggregated tau and aggregated tau in the presence of 

inhibitors are depicted in Fig. 3A. The fluorescence intensity associated with the Bis-ANS 

and non-aggregated tau was much greater (~2200 a.u.) (Fig. 3A) than the tau-free Bis-ANS 

solution which exhibited low fluorescence (~80 a.u.). The high fluorescence due to the 

non-aggregated tau indicates the presence of solvent-exposed hydrophobic pockets. The 

aggregated tau exhibited a slight increase in Bis-ANS fluorescence (~2800 a.u.) (Fig. 3A). 

Notably, the addition of MB, D-519, and D-520 compounds during heparin-induced tau 

aggregation resulted in a reduction of Bis-ANS signal intensity which was lower than that of 

non-aggregated tau. By contrast, compounds D-264 and D-636 resulted in intensities similar 

to that of non-aggregated tau. The intensity of Bis-ANS fluorescence band at λmax = 510 

nm was also plotted as a function of inhibitor type at the highest inhibitor concentration (120 

μM) (Fig. 3B). The highest fluorescence was observed for heparin induced tau aggregation 

(~2800 a.u.). In the presence of MB, the fluorescence dramatically decreased (~400 a.u.). 

Similar reduction in the fluorescence was seen with D-519 (~1000 a.u.) and D-520 (~1500 

a.u.). Addition of other compounds (D-264 and D-636) had little effect on Bis-ANS 

fluorescence intensity. In the absence of Bis-ANS, all compounds tested did not exhibit 

fluorescence at 510 nm and were unlikely to contribute to fluorescence observed in the 

Bis-ANS assay.

The lowering of fluorescence with certain compounds, such as MB, D-519 and D-520, 

may be due to inhibition of tau aggregation as well as due to competitive displacement of 

Bis-ANS from hydrophobic sites in non-aggregated tau. In order to probe if compounds 

act as Bis-ANS competitors for binding to tau hydrophobic sites, the control studies were 

carried out with non-aggregated tau and the specific inhibitors in the absence of heparin. 
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The Bis-ANS fluorescence associated with non-aggregated tau was much greater than that of 

non-aggregated tau with MB. The drop in fluorescence (95%) with MB, indicates that MB 

interacts and binds tau protein at similar site as Bis-ANS. Similarly, D-519 and D-520 when 

co-present with non-aggregated tau induced a significant decrease in fluorescence compared 

to the non-aggregated tau. The lowering of Bis-ANS fluorescence in the presence of these 

inhibitors may indicate that they bind to sites on tau protein and compete with Bis-ANS. 

In this context, Bis-ANS may serve as a probe of tau interactions with other ligands, 

including potential inhibitors. The use of ANS probe for competition studies with other 

protein and ligands has been previously reported.39 Hence, Bis-ANS probe has allowed for 

determination of the inhibitor binding sites on tau by MB, as well as catechol containing 

inhibitors, D-519 and D-520. The inhibitor binding mode via hydrophobic solvent exposed 

sites on tau may contribute to the anti-aggregation properties of such compounds. Hence, the 

inhibitor binding to hydrophobic sites of tau monomer may prevent further tau fibrillization. 

This is further supported by non-inhibitory compounds, such as D-264 and D-636, which 

did not displace hydrophobic probe as evidenced by the high fluorescence when mixed with 

non-aggregated tau. The Bis-ANS data show that monomeric and aggregated tau exhibited 

similar hydrophobicity. The Bis-ANS probe is known to bind monomeric proteins, rather 

than aggregates, due to steric hindrance.40 However, if the binding sites are similar between 

monomeric and aggregated protein then Bis-ANS will bind to both and produce similar 

fluorescence. The potential binding site of MB and catechol inhibitors was determined to be 

similar to that of Bis-ANS probe, predominantly, solvent exposed hydrophobic sites. Unlike 

Bis-ANS which binds surface (solvent exposed) hydrophobic sites on protein including 

β-sheet if accessible, the proteostat fluorescence dye binds β-sheet which make up the 

fibrils. Hence, an increase in proteostat fluorescence dye, which is analogues to rotational 

Thioflavin T dye, was observed upon β-sheet formation and protein aggregation. Bis-ANS 

does not bind solely to β-sheet of fibrils and hence is much less sensitive to aggregation.

2.4. TEM imaging of aggregates

The heparin-induced tau aggregation produces the short fibrils and network of filaments 

which can be imaged by TEM.41,42 TEM was used to monitor inhibitor effectiveness 

and characterize aggregate morphologies as a function of inhibitor concentrations. In the 

absence of compounds, the heparin-induced aggregated tau was characterized by short 

and long fibrils and fibrillar networks (100–1000 nm length, and 25–35 nm diameter) 

(Fig. 4). Notably, no aggregates were observed for the non-aggregated tau as expected for 

the highly soluble and disordered protein. After heparin-induced tau aggregation in the 

presence of inhibitors, the aggregate morphologies were also characterized by TEM. The 

short and long fibrils and fibrillar networks were observed in the presence of D-264 and 

D-636 at the highest inhibitor concentration (120 μM) (Fig. 4). However, the addition of 

catechol-containing compounds D-519 and D-520 induced a significant reduction in fibril 

formation, indicating their ability as aggregation inhibitors. Notably, some residual shorter 

filaments were still observed even at highest inhibitor concentration. Similarly, MB inhibitor 

reduced fibrilization of tau. TEM analysis clearly shows reduction in fibril formation by tau 

in the presence of potent inhibitors such as MB, D-519 and D-520. The reduction in fibril 

formation observed by TEM is in agreement with the fluorescence aggregation data.
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2.5. Theoretical calculations of inhibitors

Density-functional theory (DFT) has been successfully applied in drug design for modeling 

interactions between drug and receptor, to determine stability of drug/receptor complex, 

to elucidate drug action mechanisms, among other applications. Herein, DFT was used 

to calculate electronic properties of inhibitors tested. HOMO and LUMO energy levels, 

electrostatic surface potentials, and dipole moments were determined from optimized 

structures. The B3LYP with a 6–311++G(d,p) basis set was employed for DFT calculations. 

In MB, both HOMO and LUMO levels are delocalized over the entire MB molecule. 

D-519, D-520 and D-264 all have the HOMOs and LUMOs localized on the aromatic 

biphenyl portion of the molecule. In addition, the catechol moieties of D-519 and D-520 also 

contribute to the HOMOs and LUMOs. In D-636, the HOMO and LUMO are localized on 

the aromatic thiazine moiety.

Electrostatic potential maps were generated by mapping the potential energy and density 

surfaces of each structure (Fig. 5). Compounds D-264 and D-636 exhibited electron 

depletion (electropositive: blue) at the exocyclic amine group only, while the electropositive 

regions in D-519 and D-520 included the exocyclic amine as well as the catechol. Both 

compounds also possess an electron accepting hydroxyl groups (electronegative: red) at the 

catechol moiety. By contrast, MB was largely electropositive across its structure. Hence, 

electrostatic potentials may forecast the reactive sites for electrophilic and nucleophilic 

attack. Red color area is indicative of favorable site for electrophilic attach, and blue color 

represents the favorable sites for nucleophilic attack.

The chemical hardness, softness, and potential values depend on the energy gap of HOMO-

LUMO.43 The difference between the orbital energies of HOMO and LUMO is an important 

parameter that can determine the reactivity or stability of molecules.43 The HOMO-LUMO 

gap values for all inhibitors were calculated to be ~ 4.5 eV, with the exception of MB (~ 2.5 

eV). The lowest gap for MB may indicate highest softness and higher chemical reactivity. 

The dipole moments were rank ordered from the highest to the lowest: D-519, D-636, 

D-520, D-264, and MB. The most effective inhibitors, D-519 and D-520, were characterized 

by larger dipole moments compared to non-inhibitors (non-catechol compounds). The size 

of dipole moment may influence the solubility of the compound in polar environments, 

such that compounds with greater dipole moment will exhibit greater interactions with 

polar groups (such as those in tau protein).44 Polarizability is the ability of a molecule 

to form an instantaneous dipoles in the presence of an external fields. The polarizability 

is an ideal factor for promoting van der Waals interactions with aromatic side chains of 

proteins.45 Other non-ionic compounds may also exhibit high polarizability due to the 

highly conjugated network of π electrons. The catechol inhibitors were characterized by 

greater polarizability compared to non-catechol analogues (Fig. 5). Recent DFT on tau-

amyloid sequence VQIVYK revealed that potent inhibitors of tau aggregation participate in 

H-bonding with Q amino acid side chain within this sequence.46 Hence, inhibitors with H-

bonding ability, such as catechol compounds, may interfere with intermolecular interactions 

within amyloidogenic structure and lead to disaggregation. The topological polar surface 

area (TPSA) and partition coefficient (log P) are useful parameters for prediction of 

drug transport properties and molecular hydrophobicity, respectively. Hydrophobicity of a 
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compounds affects drug absorption, bioavailability, drug-receptor interactions, metabolism, 

and toxicity. These parameters are used in Structure Activity Relationships studies and 

rotational drug design. The interactive molecular calculator was used to predict TPSA and 

log P values of all compounds in this study. The reference compound used was aspirin for 

which TPSA and log P were predicted to be 63 and 1.4, respectively, which matched well 

with the Pubchem reported values. The log P values for D-519, D-520, D-264, D-636, and 

MB were calculated to be 4.8, 5.9, 5.8, 5.5, and 3.3, respectively. The positive value of log P 

indicates a higher compound concentration in the lipid phase due to its greater lipophilicity. 

The TPSA parameters for D-519, D-520, D-264, D-636, and MB were calculated to be 90, 

70, 48, 65, and 19, respectively. For the molecule to penetrate the blood-brain barrier, a 

TPSA should be less than 90. To improve log P and TPSA values of this class of molecules 

further chemical modifications are required.

3. Conclusions

Catechol-based compounds were effective in inhibiting in vitro heparin-induced aggregation 

of full-length tau441 protein. The inhibitory activity with such molecules was similar to 

that of a well-known aggregation inhibitor MB. The greater electron polarizability, dipole 

moment and hydrogen bonding may contribute to the efficacy of catechol-based compounds.

Inhibition mechanisms based on non-covalent electrostatic interactions have been 

demonstrated for other phenols, such as tolcapone, ventacapone, and nitrocatechol, 

which inhibited tau-derived hexapeptide 306VQIVYK311 aggregation.47 The tolcapone 

and entacapone participated in the electrostatic interactions with Lys (K) residues of 

tau, and prevented β-sheet formation.47 The catechol-containing compound, such as 3,4-

dihydroxy-5-nitrophenol, formed polar contacts with Lys residues of tau hexapeptide β-

sheet, and subsequently inhibiting aggregation.48 Hydrogen bonding interactions between 

procyanidins family of compounds and Thr residues of tau peptide also contributed to 

inhibition.48

The disulfide crosslinking was proposed to be a necessary step in tau oligomerization 

and ultimate aggregation. Tau441 contains Cys291 and Cys322 residues which can form 

intermolecular disulfide bonds with neighboring tau molecules leading to aggregation.49 

The mechanism of tau aggregation inhibition by MB was ascribed to the chemical 

modification of tau, specifically to an oxidation of native Cys residues.9,50–51 Other 

aminothienopyridazine molecules produced oxidation of Cys residues of tau which may 

have contributed to their inhibitory efficacies.9,52 Inhibitors which contain the catechol 

motif may bind to and cap Cys residues of tau and prevent its aggregation by hindering 

interactions between tau molecules.53

The catechol/quinone containing compounds may covalently bind to proteins and inhibit 

fibrillization.48,53–56 For example, quinone analogs formed adducts with α-Synuclein 

peptide, thereby inhibiting fibrillization. Some quinones may form covalent bonds with 

nucleophilic residues, including Cys, Lys or N-terminal NH2 group of the protein. The (−)-

epigallocatechin gallate (EGCG), a green tea polyphenol, covalently bound to tau peptide 

K18ΔK280 and prevented its aggregation.48 However, EGCG was a poor inhibitor of tau 
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protein aggregation (IC50>200 μM), despite the presence of multiple phenolic moieties. The 

reduced EGCG inhibitory activity was attributed to its greater binding affinity to regions of 

tau outside the R repeat domain which do not participate in aggregation.

Similar mechanisms mentioned above may be proposed for D-519 and D-520 with tau 

protein presented in this work. The non-inhibitory compounds, such as D-264 and D-636, 

which lack hydroxyl groups, were ineffective as tau aggregation inhibitors. In addition, 

the compound (N6-propyl-4,5,6,7-tetrahydro-benzothiazole-2,6-diamine (S-pramipexole), 

which contains only thiazolyl unit without biphenyl or carbazoyl group, was a non-inhibitor 

as well. By contrast, the compound 6-propylamino-5,6,7,8-tetrahydro-naphthalen-1-ol 

(D-686), which lacks biphenyl or catechol moieties, was a promoter of tau aggregation. The 

compound D-519 also contained a thiazine moiety, in addition to the catechol group, and 

was an effective tau aggregation inhibitor. However, the compounds with a thiazine group 

(D-264 and D-636) were non-inhibitors due to the lack of catechol functionality. Hence, data 

indicate that catechol containing compounds are promising inhibitors of in vitro aggregation 

of tau protein. Given their dopamine activity and aggregation inhibition properties D2/D3 

molecules are viable drug candidates and need to be explored further. Additional studies 

are required to evaluate activity of such compounds in preventing cytotoxicity of tau 

oligomers and aggregates. For these promising compounds to become therapeutics, further 

chemical functionalization and optimization are required to improve their bioavailability and 

ultimately their ability to cross the blood-brain barrier and target tauopathies.

4. Experimental section

4.1. Chemicals

Tau441 protein (recombinant tau441, 2N4R) was purchased as a lyophilized powder from 

rPeptide (GA, USA). It was hydrated with deionized (DI) water to a concentration of 1 

mg/mL prior to use. A stock solution of tau buffer, pH 6.8, was prepared using 0.5 mM 

ethylene glycol-O, O’- bis (2-aminoethyl)-N, N, N’, N’-tetraacetic acid (EGTA), obtained 

from Alfa Aesar (Heysham, England), 50 mM 2-(N-5-morpholino) ethanesulfonic acid 

(MES) and 100 mM sodium chloride (NaCl), purchased from Fisher Scientific (NY, USA). 

The pH was adjusted using sodium hydroxide (NaOH) obtained from Fisher Scientific 

(NY, USA). Dimethyl sulfoxide (DMSO) was purchased from J. T. Baker Chemical 

Co. (Phillipsburg, NJ, USA). Heparin sodium salt from porcine intestinal mucosa was 

purchased from Sigma-Aldrich (St. Luis, MO, USA). A stock solution of Tris buffer, pH 

7.4, was prepared using Tris ultrapure from Amresco (Solon, OH, USA) in DI water. 

4,4´-dianilino-1,1´-binaphtyl-5,5´-disulfonic acid dipotassium salt (Bis-ANS) and MB were 

purchased from Sigma Aldrich (St. Louis, MO, USA). Proteostat Protein Aggregation Assay 

kit was purchased from Enzo Life Sciences, Inc (Farmingdale, New York, USA). Uranyl 

acetate (1 %), glutaraldehyde (2 %), and Formvar carbon film on 200 mesh nickel grids were 

purchased from Electron Microscopy Science (Hatfield, PA, USA). Compounds tested were 

dissolved in DMSO, then diluted to various concentrations in tau buffer, pH 6.8.

Ziu et al. Page 9

Bioorg Med Chem. Author manuscript; available in PMC 2024 February 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



4.2. Aggregation of tau with heparin

Tau protein aggregation was induced with heparin, in the absence of potential inhibitors. 

30 μL of tau (1 mg/mL = 21.79 μM) were mixed with 1.5 μL heparin (108.9 μM) and 

DMSO (instead of potential inhibitor) (% of DMSO solution depended on potential inhibitor 

concentration and ranged from 0.11– 5.5 % initial DMSO solution in tau buffer). Tau final 

tau concentration was 909 μg/mL (19.8 μM) and heparin final concentration was 4.95 μM). 

Samples were incubated for 72 h at 37 °C. After 72 h, 10 μL aliquots were taken for 

Proteostat aggregation assay, Bis-ANS assay and TEM.

4.3. Aggregation inhibition studies

Tau protein aggregation was induced with heparin in the presence of potential inhibitors. 30 

μL of tau (1 mg/mL = 21.79 μM) were mixed with 1.5 μL heparin (108.9 μM) and 1.5 μL 

potential inhibitor (110 μM, 880 μM, 2.64 mM, 5.5 mM). Tau final tau concentration was 

909 μg/mL (19.8 μM), heparin final concentration was 4.95 μM and potential inhibitor final 

concentration was 5 μM, 40 μM, 120 μM or 250 μM. Samples were incubated for 72 h at 37 

°C. After 72 h, 10 μL aliquots were taken for Proteostat aggregation assay, Bis-ANS assay 

and Transmission Electron Microscopy imaging.

4.4. Proteostat fluorescence aggregation assay

The fluorescence aggregation assay was carried out using the Proteostat aggregation assay 

kit. The sample-to-detection reagent ratio was 10:1 % v/v. The positive and negative controls 

(aggregated and native lysozyme, respectively) were used as per the Proteostat aggregation 

protocol. The sample solutions were loaded (3 μL onto each well) onto a Take3 micro-

volume plate. Fluorescence was acquired using the H1 synergy microplate reader from 

Biotek at an excitation of 550 nm and emission of 600 nm. Each condition was repeated in 

triplicate. The IC50 values were determined by fitting the experimental data to a Non-linear 

curve fit (growth/sigmoidal) and dose response curve by using OriginPro 8 software.

4.5. Bis-ANS fluorescence assay

The following control samples were prepared for fluorescence analysis: a) 10 μL tau protein 

at a final concentration of 909 μg/mL with 0.5 μL tau buffer and 0.5 μL DMSO (at various 

%, as described above), b) 10.5 μL tau buffer with 0.5 μL DMSO, c) 10 μL tau buffer with 

0.5 μL heparin and 0.5 μL DMSO, d) Bis-ANS 100 μM, e) 10 μL tau buffer with 0.5 μL 

heparin and 0.5 μL potential inhibitor in DMSO. A stock solution of 200 μM Bis-ANS was 

prepared in 20 mM Tris buffer (pH 7.4). The fluorescence associated with Bis-ANS was 

measured by H1 synergy Biotek microplate reader and Take3 micro-volume plate. Samples 

were incubated for 72 hours at 37 °C. To 10 μL of each sample were added 10 μL of 

Bis-ANS, producing a final concentration of Bis-ANS at 100 μM. The mixture was mixed 

and incubated at room temperature for 60 minutes. Measurements were carried out at 25 °C 

using excitation wavelength at 350 nm and emission spectra were recorded between 400 and 

600 nm.
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4.6. Transmission electron microscopy

Transmission electron microscopy (TEM) was carried out on the FEI Morgagni M268D 

transmission electron microscope (Eye Research Institute, Oakland University) or JEOL 

2200FS (Japan Electron Optics Laboratories) (Michigan State University). 10 μL of each 

sample were deposited on a Formvar-carbon coated 200 mesh nickel grids and allowed to 

absorb for 2 hours in ambient light. The grids were washed with DI water and blotted dry, 

then loaded with 2 % glutaraldehyde solution for 5 minutes. The grids were washed again 

with DI water, blotted dry and loaded with 1 % Uranyl Acetate solution for 5 minutes. 

Finally, they were washed with DI water and examined at 22000x, 56000x, and 140000x 

magnification to obtain an overall evaluation of the samples. Duplicate grids were made for 

each sample.

4.7. Theoretical calculations

Calculations were performed using Density Functional Theory (DFT) with the B3LYP 

functional and 6–311++G(d,p)basis set using the Gaussian 09 suite of programs. The highest 

occupied molecular orbital (HOMO), lowest unoccupied molecular orbital (LUMO), and 

electrostatic potential maps were generated for all compounds using the cubegen utility. The 

prediction of log P and TPSA was carried out by using Molinspiration software available 

freely online (https://www.molinspiration.com/). For 50.5% of molecules logP is predicted 

with error < 0.25, for 80.2% with error < 0.5 and for 96.5% with error < 1.0. Only for 3.5% 

of structures logP is predicted with error > 1.0.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Chemical structures of aggregation inhibitors tested.
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Fig. 2. 
Plot of fluorescence aggregation intensity (A) as a function of inhibitor concentrations 

([inhibitor] = 0 – 120 μM), (B) as function of inhibitor type ([tau441] = 21 μM; [inhibitor] 

= 120 μM; ageing time = 72 h; ageing temperature = 37 °C; error bars represent standard 

deviation associated with the triplicate measurements).
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Fig. 3. 
Bis-ANS (A) fluorescence (average curves) and (B) fluorescence intensity at 510 nm of 

heparin-induced aggregated tau441 in the absence or presence of inhibitors ([tau441] = 21 

μM; [inhibitor] = 120 μM; ageing time = 72 h; ageing temperature = 37°C; [Bis-ANS] = 

100μM; error bars represent standard deviation associated with the triplicate measurements).
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Fig. 4. 
TEM images of heparin-induced tau441 aggregates in the absence or presence of MB, 

D-520, D-519, D-264, and D-636 ([compound] = 120 μM; ageing time = 72 h; ageing 

temperature = 37 C°).
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Fig. 5. 
Semi-transparent electrostatic potential maps for all inhibitors tested (color-coded red to 

blue).
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