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ABSTRACT Advanced understanding of Alzheimer’s disease (AD) and several tauopathies over the past decades indicates 
the pathological importance of tau aggregation in these diseases. Herein, we demonstrated that adenosine triphosphate 
(ATP), a highly charged anionic molecule abundant in the cytosol of cells, catalyses tau fibrillation via supramolecular 
complexation with basic residues of tau. Our results showed that ATP attracts multiple lysine residues of four-repeat do-
main of tau (K18), thereby immediately forming dimers which convert to nuclei to accelerate fibril elongation. However, 
ATP was not directly incorporated in the K18 fibrils suggesting a catalytic role of ATP in K18 fibrillation. We also character-
ized the correlation between ATP dyshomeostasis and tau aggregation in the cellular environment. Our multiple biophys-
ical approaches, including native mass spectrometry (MS), small-angle X-ray scattering (SAXS), and molecular dynamics 
(MD) simulation, provided insights into the molecular-level influence of ATP on the structural change and fibrillation of 
tau. 

INTRODUCTION  

Alzheimer’s disease (AD) and several other neuro-
degenerative diseases are characterized by accumulation of 
the microtubule-binding protein tau into aggregates, in-
cluding oligomers1-2 and neurofibrillary tangles (NFTs).3-5 
As the correlation between tau aggregates and cognitive 
decline in AD have been reported,1-2,6-8 tau aggregates are 
considered as a key pathogen of AD. The discovery of 
prion-like cell-to-cell propagation property of tau aggre-
gates further strengthens the importance of tau in AD 
pathogenesis.9-11 However, despite the pathological im-
portance of tau aggregates, the aetiology and mechanism 
of tau aggregation are not completely understood. 

One widely accepted hypothesis regarding tau aggrega-
tion is associated with the abnormal hyperphosphorylation 
of tau.12-13 The abnormal activities of protein kinases and 
protein phosphatases are known to induce tau hyperphos-
phorylation and aggregation, although factors altering ac-
tivities of the enzymes are not fully understood.12,14-16 Alter-
natively, tau aggregation is suspected to be induced by in-
teraction with biomolecules; in vitro studies suggested that 
tau aggregation could be induced by polyanionic mole-
cules (e.g., glycosaminoglycans, nucleic acids, acidic pep-
tides, and polyphosphate).17-23 Among those anionic mole-
cules, adenosine triphosphate (ATP) can interact with tau 

to affect its aggregation due to its high abundance in cyto-
sol (1–10 mM). It has been reported that mitochondria un-
dergo alterations, resulting in reduced generation of ATP 
as AD is developed.24 It has been reported that pro-inflam-
matory cytokine levels increased in AD patients25-28 and 
that the high levels of cytokines induced the increase of in-
tracellular ATP level.29-30 These results imply that ATP lev-
els may be dysregulated in AD patients, and then affect the 
stability of monomeric tau via intermolecular interactions. 
However, it was unclear whether the tau fibrillation is ac-
celerated or hindered when ATP level increased because 
the role of ATP in amyloid fibrillation had been controver-
sial.22,31-34 

Herein, we characterized the catalytic role of ATP in 
the accelerated self-assembly of tau, using the four-repeat 
domain of tau (K18 construct consisting of residues 244–
368) (Figure 1a), which is an essential region for tau fibril-
lation35 with a high proportion of basic residues (18 Lys and 
1 Arg residues) (Full sequence is available in Figure S1). Our 
fibrillation kinetics study using ATP segments provided in-
sights into the mechanistic details of the molecular inter-
action and ATP-catalysed tau fibrillation. Our comprehen-
sive study on the influence of ATP on the aggregation of 
various amyloidogenic intrinsically disordered proteins 
(IDPs) suggested the importance of intermolecular electro-
static interactions on amyloid fibrillation. Our study em-



 

ployed multiple biophysical techniques, including syn-
chrotron small-angle X-ray scattering (SAXS), native mass 
spectrometry (MS), and molecular dynamics (MD) simula-
tion which provided the detailed mechanism of accelerated 
fibrillation by the structural transition of K18 upon ATP 
binding. We also observed the physiological relevance of 
ATP dyshomeostasis on tau aggregation in cells cultured in 
vitro. Overall, our study provides a molecular understand-
ing of ATP-directed tau aggregation and novel insights 
about the pathological role of ATP dyshomeostasis on tau 
aggregation. 

RESULTS AND DISCUSSION 

Tau K18 fibrillation mediated by ATP. First, the fi-

brillation kinetics of tau K18 (10 M) in the presence of ATP 
was examined using thioflavin T (ThT) fluorescence assay 
(Figure 1b). Fibrillation of K18 (10 μM) was accelerated by 
0.1–10 mM of ATP (10–1,000 fold molar ratio) in a concen-
tration-dependent manner, whereas fluorescence intensity 
of the control (K18 in the absence of ATP) only increased 
slightly after 60 h of incubation under our experimental 
conditions (20 mM Tris-HCl, pH 7.4, 37˚C, 200 rpm). In 
addition, the final ThT fluorescence intensity was in-
creased as the molar ratio of ATP increased (Figure 1b). 
This implies that the conversion ratio of monomeric tau to 
fibrils and aggregation rate increases with the amount of 
ATP. We also examined the critical amount of ATP re-
quired to increase the K18 aggregation rate. Our experi-

ments with low amount of ATP (20 and 60 M) with K18 

(20 M) indicate that a molar ratio of ATP that is higher 

than 3-fold is required for significant acceleration of K18 
fibrillation under our experimental conditions (Figure S2). 

Then, the morphology of K18 aggregates were observed 
using TEM (Figure 1c). K18, which was incubated with ATP, 
showed bundles of thin K18 fibrils with short lengths (< 0.5 
μm), whereas few aggregates were observed in the control 
(K18 without ATP). The IR spectra showed that K18 had a 
random coil conformation at day 0 (maximum at ~1,660 
cm-1), but the band was shifted to 1,630 cm-1 after 7 days of 
incubation with a 10-fold molar ratio of ATP, indicating an 
increased level of β-sheet structure (Figure S3). Our multi-
ple biophysical analysis with ThT fluorescence assay, IR 
spectroscopy, and TEM images clearly suggest that appro-
priate amount of ATP promotes the self-assembly of K18 in 
a concentration-dependent manner. 

To understand the molecular interactions between ATP 
and K18 that accelerate the aggregation of K18, we per-
formed ThT fluorescence assay of K18 with ATP segments, 
adenosine (ADE), and sodium triphosphate (TP) (Figures 
1d and 1e). The results showed that TP accelerated K18 fi-
brillation to a similar extent as did ATP, whereas ADE did 
not induce the fibrillation. TEM images and IR spectra also 
supported that K18 aggregation was mainly promoted by 
triphosphate moiety (Figures 1c and S3). These results im-
ply that the electrostatic interactions between triphos-
phate moiety in ATP and basic residues rich in K18 are as-
sociated with the enhanced fibrillation of K18. 

Influence of basic residues on ATP-mediated amy-
loid fibrillation. ATP-mediated enhancement in fibrilla-
tion of amyloidogenic proteins has been reported previ-
ously22,31-32. However, there have also been reports on the 
suppression of amyloid fibrillation by a high concentration 
of ATP.33-34 To understand the exact role of electrostatic in-
teractions between ATP and K18 that enhance the fibrilla-
tion, effects of ATP on the fibrillation kinetics of a number 
of amyloidogenic IDPs with different isoelectric points (pI) 
were examined (Figure 2a). Human islet amyloid polypep-
tide (hIAPP, pI 8.9) along with K18 was investigated as a 
representative basic IDP. Three acidic IDPs, amyloid-β 1–
40 (Aβ40, pI 5.1), amyloid-β 1–42 (Aβ42, pI 5.1), and α-synu-
clein (αSyn, pI 4.6) were also investigated. 

ThT fluorescence assay showed that a positively 
charged protein, hIAPP, was promoted to undergo fibrilla-
tion by ATP in a concentration-dependent manner, simi-
larly to K18 under our experimental conditions (Figure 2b). 
The fibrillation of hIAPP was also accelerated by TP but not 
affected by ADE (Figure 2c). In contrast, ATP did not affect 
the fibrillation kinetics of negatively charged proteins, 
αSyn, Aβ40, and Aβ42 (Figure 2d–f). It was thus hypothe-
sized that those proteins with lower pI values (pI < 7) did 
not favour interaction with ATP due to the low abundance 
of basic amino acid residues and the net negative charges 
of those proteins. Taken together, the fibrillation kinetic 
study of various amyloidogenic IDPs indicates that the 
high proportion of basic residues in K18 might play a key 
role in the ATP-mediated acceleration of amyloid fibrilla-
tion of K18. 

Figure 1. Aggregation of K18 mediated by ATP. (a) Domains of 
full-length tau. (b) ThT assay for measuring the fibrillation ki-
netics of K18 (10 μM) with ATP (10–1,000 fold molar ratio). (c) 
TEM images of K18 aggregates. (d) Segments of ATP. (e) ThT 
assay for measuring the fibrillation kinetics of K18 (10 μM) with 
10-fold molar ratio of ATP segments, TP and ADE.  



 

Nonspecific electrostatic interactions between K18 
and ATP. To characterize the molecular interaction be-
tween K18 and ATP, native ESI-MS was performed. The 
ESI-MS spectrum of K18 (10 μM) in the absence of ATP 
showed fully protonated and ammoniated K18 peaks with 
a total charge of +9, with the highest abundance of four 
ammoniated peaks (Figure 3a). The high concentration of 
ammonium acetate (20 mM, pH 7.4) added for native MS 
caused the ammonium adduction of K18.36-37 The ESI-MS 
spectra of K18 with ATP (K18:ATP = 1:1 and 1:10) indicated 
that the number of ATP molecules bound to a K18 ion in-
creased with increase in the ATP concentration (Figure 3a). 
The property of K18–ATP binding was investigated from 
the relative abundance of K18 and K18–ATP complex peaks 
in the mass spectrum of K18:ATP = 1:10 (Figure 3b). For the 
analysis, the probability distribution of the number of ATP 
molecules bound to K18 at the same charge state was plot-
ted using the relative abundance of K18 and K18–ATP com-
plex peaks (0–3 ATP). Then, each plot was fitted using a 
Poisson distribution which describes nonspecific binding 
between a protein and ligands in native MS (Figure 3b).38-

39 The relative abundances of the four ammoniated K18 and 
K18–ATP complex peaks were used to plot the probability 
distributions. Figure 3b shows that the probability distri-
bution of the number of ATP bound to K18 was well fitted 
by a Poisson distribution with high R2 value for all charge 
states analysed (the least R2 value > 0.995). This finding in-
dicated that the K18–ATP binding was driven by nonspe-
cific electrostatic interactions. Because K18 has a highly 
positive net charge (+9 at pH 7.4) (Figure 2a), negatively 

charged ATP molecules were considered to non-specifi-
cally bind to basic residues in K18 (i.e. 18 Lys and 1 Arg res-
idues). In addition, we observed that a single ATP molecule 
could form complex with up to three Lys molecules from 
ESI-MS (Figure S4). This indicated that ATP attracted mul-
tiple Lys residues through the large surface area of its tri-
phosphate moiety with a high charge density (-3.9 per mol-
ecule at pH 7.4, pKa = 6.540). Therefore, it was considered 
that supramolecular complexes formed by multiple inter-
actions between ATPs and Lys residues from proteins 
might be linked to the self-assembly of K18.  

Subsequently, we examined whether ATP directly par-
ticipates as a component in K18 fibrillation using induc-
tively coupled plasma mass spectrometry (ICP-MS, Figure 
3c). The K18 sample solution incubated with ATP was dia-
lyzed to remove the supernatant ATP and K18 monomers 
in the solution. ATP concentrations in the K18 fibrils were 
measured using the 31P intensity of ICP-MS, and the protein 
concentrations in the fibrils were determined by the bicin-
choninic acid (BCA) protein assay. ICP-MS results indi-
cated that ATP was not incorporated in the fibrils. Only 
3.5%, 0.9%, and 0.4% of ATP per K18 was found in the fi-
brils from K18:ATP = 1:10, 1:100, and 1:1,000, respectively 
(Figure 3c). ATP concentrations measured in the superna-
tants of the incubated samples, using the extinction coeffi-
cient of ATP (ε260 = 15,400 M-1 cm-1), also indicated that most 
of the ATP remained (93.4%, 98.2%, and 98.5% of ATP for 
K18:ATP = 1:10, 1:100, and 1:1,000, respectively) in the super-
natant (Figure S5). Taken together, these results implied 
that ATP was not directly incorporated in the K18 fibrils 
but catalysed the K18 fibrillation.  

Figure 2. Influence of ATP on the fibrillation kinetics of amyloidogenic IDPs. (a) Theoretical isoelectric points (pI) of five proteins. 
The net charges of proteins at pH 7.4 are also written in parenthesis. ThT fluorescence assay of 10 μM hIAPP (b) in the presence of 
ATP (c) and 10-fold molar ratio of ATP segments. (d) ThT fluorescence assay of 20 μM αSyn, (e) 10 μM Aβ40, (f) 10 μM Aβ42 
incubated with or without 10 and 100-fold molar ratio of ATP. Curves were fitted by Boltzmann distribution equation. 



 

Structural change of K18 induced by ATP binding. 
To understand the molecular role of ATP on the acceler-
ated K18 fibrillation, we examined the structural change of 
K18 monomer upon ATP binding using solution SAXS. The 
1D SAXS profiles (scattering intensity 𝐼(𝑞) vs. momentum 
transfer 𝑞 = 4𝜋 𝑠𝑖𝑛 𝜃/𝜆  where 𝜆  is the beam wavelength 
and 2𝜃 is the scattering angle)41 showed that the extrapo-
lated scattering intensity at zero angle 𝐼(0) of K18 (200 μM) 
with a 10-fold molar ATP (200 μM) was about two times 
higher than that of K18 without ATP (Figure 4a). Because 
𝐼(0) is proportional to the concentration and molecular 
weight of particles,42 the two-fold increase of 𝐼(0) of K18 
sample with the same protein concentration indicates that 
ATP mediated the dimerization of K18. Using a calibration 
curve of protein standards (Figure S6), the average molec-
ular weight (MW) of solutes in K18:ATP = 1:0 and 1:10 were 
estimated to be 15.9±1.6 kDa and 32.0±1.6 kDa, respectively 
(Figure 4b). These values were close to the MW of K18 
monomer (14.1 kDa) and dimer (28.3 kDa), respectively. 
The SAXS examination of ATP segments showed that TP 
also induced dimerization of K18, while ADE did not affect 
K18 structure (Figure 4b). This, again, supports the im-
portance of triphosphate moiety of ATP for accelerated ag-
gregation of K18. The radius of gyration (Rg), obtained from 
the Guinier analysis, showed that the Rg of K18 (36.1±0.9 Å ) 

slightly increased by dimerization in the presence of 10-
fold molar ATP (Rg = 38.3±0.5 Å ) (Figure 4c). Kratky analy-
sis of SAXS profiles (I(q)·q2 as a function of q), which pro-
vides information about the degree of structural disorder 
of protein,43 show that the conformation of K18 is disor-
dered regardless of the presence of ATP (Figure 4d). Taken 
together, the SAXS results indicate that the electrostatic 
interactions between K18 and ATP immediately induce the 
formation of K18 dimers with disordered conformations. 
Because primary nucleation step in amyloid fibrillation (i.e. 
monomers to nuclei) is a process forming metastable spe-
cies,44 it was considered that ATP accelerates K18 fibrilla-
tion by directing K18 dimerization.  

Then, we investigated the structural details of K18 mon-
omers and K18 dimers formed in the presence of ATP by 
employing MD simulations with SAXS results. Because K18 
monomers and dimers have heterogeneous conformations, 
ensemble optimization method (EOM) analysis and replica 
exchange molecular dynamics (REMD) simulations were 
performed to find their conformational pools (Figures 4e–
g, S7, detailed methods are provided in the Supplementary 
Information).45-46 The Rg distribution of the optimized en-
semble for K18:ATP = 1:0 showed that K18 monomer had 
highly heterogeneous conformations with Rg values of 20–
65 Å  (average value of 39.2 Å ) (Figure 4e). The ensemble 
for K18:ATP = 1:10 had a distribution with Rg values of 30–
70 Å , particularly preferring compact dimeric confor-
mations (i.e. conformers within the Gaussian distribution 
with Rg of 34.4±7.5 Å ). This showed that ATP not only pro-
moted dimerization of K18 but also contributed to the 
structural compaction. From the conformers obtained 
from EOM analysis, we observed that more compact con-
formers tend to have increased interactions between hy-
drophobic residues (Figure S8) and resembled the struc-
ture of tau fibrils, in which well-folded hydrophobic resi-
dues are crucial for fibril elongation.35,47-48 Therefore, we 
expected that the faster alignment of hydrophobic residues 
in a compact volume after the immediate dimerization 
may further accelerate the K18 fibrillation. Overall, our 
SAXS and MD simulation results indicate that intermolec-
ular complexations between K18 and ATP immediately 
form K18 dimers and accelerate the fibrillation of K18 by 
reducing the barriers for nucleation. 

Molecular mechanism of K18 aggregation medi-
ated by ATP. In this study, we have demonstrated the 
ATP-mediated acceleration of fibrillation of tau K18. At the 
application of ATP, its triphosphate moiety nonspecifically 
binds to adjacent Lys residues of K18. Due to the multiple 
charges of the triphosphate moiety and its large surface 
area, ATP can have multiple interactions with Lys residues 
(Figure S4) from different K18 molecules, resulting in di-
merization of the protein (Figure 4h). It is further inferred 
that charge neutralization of K18 by ATP additionally en-
hances the self-assembly of K18. Recently, we reported that 
ion binding to amyloidogenic IDPs by electrostatic inter-
actions reduces repulsion between proteins by charge neu-
tralization, enhancing amyloid fibrillation.37 Similarly, it is 
expected that ATP–Lys interactions may reduce charge-

Figure 3. Characterization of interactions between K18 and 
ATP. (a) ESI-MS spectra of K18 (10 μM in 20 mM ammonium 
acetate, pH 7.4) in the 9+ charge state with an increasing ATP 
concentration (1:1 and 1:10 molar ratio). p and a indicate fully 
protonated ([M+mATP+9H]9+, m = 0–3) and the four ammoni-
ated ions ([M+mATP+4NH3+9H]9+, m = 0–3) of K18 and K18–
ATP complexes, respectively. (b) The probability distribution 
of the number of ATP bound to K18 at each charge state. The 
normalized abundances of four ammoniated K18 and K18–ATP 
complex peaks in ESI-MS spectrum were used to plot the dis-
tributions. (c) The %ATP in the K18 fibril samples dialyzed af-
ter incubation with ATP. The concentrations of ATP and pro-
tein were measured using ICP-MS and BCA assays, respec-
tively.  



 

charge repulsion between positively charged K18 mole-
cules, thereby increasing the probability of K18 aggregation 
in both nucleation and elongation steps. However, nonspe-
cific electrostatic interactions between ATPs and K18 pro-
teins become unstable, once the proteins are aligned to β-
sheet structures excluding ATP from the matured fibrils. 

Based on the relative abundances of complexes be-
tween K18 and multiple ATPs in our ESI-MS spectrum, the 
first, second, and third dissociation constants (Kd1, Kd2, Kd3) 
of K18–ATP complex were estimated to be 0.18 mM, 0.36 
mM, 0.54 mM, respectively (Supplementary Information 
and Figure S9). Considering the charge state of K18 (+9) 
and ATP (-3.9) in our experimental condition, the high Kd 
values of K18–ATP indicated that more than fifty times of 
ATP molecules were required for most K18 proteins 
([K18]total = 10 μM) to associate with two or more ATP mol-

ecules (i.e. charge neutralization). The charge neutraliza-
tion would effectively induce dimer formation of K18 and 
accelerate the protein fibrillation by reducing the barriers 
for nucleation. The accelerated protein fibrillation with a 
low ratio of ATP to K18 (e.g. 3 fold more molar ratio) (Fig-
ure S2) indicates that ATP acts repeatedly to induce charge 
neutralization and dimerization of K18. Taken together, 
our results indicate that ATP acts as the catalyst for K18 
fibrillation by accelerating the conversion of K18 mono-
mers to fibrils through fast K18 dimerization and elonga-
tion by nonspecific electrostatic interactions with K18. 

Our ThT fluorescence assay results with various amy-
loidogenic IDPs indicated that highly negatively charged 
triphosphate moiety in ATP interacts with basic proteins, 
enhancing their aggregation (Figure 2). A recent study by 
Patel et al. reported that ATP can prevent fibrillation of 
amyloidogenic IDPs33,49-50 by increasing protein solubility 
and inhibiting liquid-liquid phase separation (LLPS)33. We 
found that those IDPs investigated by Patel et al. have, in 
common, Gly-rich, low complexity domains (LCD) (Sup-
plementary Table 1). The abundant Gly residues in the do-
mains participate in LLPS formation via hydrophobic in-
termolecular interactions.51-53 However, for those basic pro-
teins, such as K18 and hIAPP with no Gly-rich LCD, the 
lowered net charge and inter-protein interactions medi-
ated by ATP enhance their aggregation. Therefore, it was 
anticipated that the effects of ATP on protein would be al-
tered depending on the physical and chemical properties 
of proteins. 

Tau aggregation by cellular ATP dyshomeostasis. 
We examined whether the increased level of ATP can affect 
tau aggregation in cellular environment using SH-SY5Y 
neuroblastoma cells and human embryonic kidney 293 
(HEK293) cells. First, we monitored the change of ATP 
amount in cells treated with a combination of tumour ne-
crosis factor α (TNFα) and cycloheximide (CHX), which re-
sulted in elevation of the intracellular ATP levels.29-30 The 
cells exposed to TNFα/CHX (10 ng/mL and 1 μg/mL, re-
spectively) showed a steady increase of intracellular ATP 
levels up to 24 h post-treatment (Figures 5a and S10). The 
ATP amount per cell after 24-h exposure to TNFα/CHX be-
came approximately twice higher than that of the control. 

To examine whether the intracellular ATP level affects 
tau aggregation, we performed bimolecular fluorescence 
complementation (BiFC) assay using SH-SY5Y-tau-BiFC  
and HEK293-tau-BiFC cells, which overexpress tau pro-
teins which are fused with two non-fluorescent compart-
ments of Venus protein (N-terminal fragment, VN, and C-
terminal fragment, VC) and emit fluorescence when tau as-
sembles together (Figure 5b), in the presence of 
TNFα/CHX.54. The representative fluorescence image of 
cells obtained after 24-h exposure to TNFα/CHX showed 
that intracellular tau aggregation was promoted (Figures 
5c and S10). The average fluorescence intensity at 24 h was 

61% and 72% higher upon exposure to TNFα/CHX in com-

parison to that of control in SH-SY5Y-tau-BiFC and 
HEK293-tau-BiFC cells, respectively (p value ≤ 0.01) (Fig-
ures 4d, S10 and S11). 

Figure 4. Structural change of K18 induced by ATP and its seg-
ments examined by SAXS analysis. (a) Change in 1D SAXS pro-
files of K18 (200 μM) by addition of 10-fold molar ratio of ATP. 
(b) Estimated MW of K18 samples in the absence and presence 
of ATP and its segments. (c) Guinier and (d) Kratky analysis of 
K18 samples. (e) Rg distribution of the conformers obtained us-
ing EOM analysis and the representative conformations of (f) 
K18:ATP = 1:0 and (g) K18:ATP = 1:10. (h) The schematic illus-
tration of ATP-directed K18 fibrillation mechanism. 



 

It was speculated that elevated intracellular ATP level 
may trigger the phosphorylation of tau, which is a plausible 
cause of tau aggregation.12-13 However, our immunoblotting 
(IB) assay using phosphorylated tau-specific antibodies 
showed that no significant phosphorylation occurred on 
tau by TNFα/CHX (Figures 5e–f and S10), while okadaic 
acid, which induced tau aggregation (Figure S11) by inhibi-
tion of protein phosphatase 2A,55-56 drastically increased 
tau phosphorylation extent (Figures 5e–f and S10).54 The IB 
assay in non-reducing condition also showed the signifi-
cantly facilitated tau aggregate formation in both SH-SY-
5Y-tau-BiFC and HEK293-tau-GFP cells treated with 
TNFα/CHX (Figures 5g, S10 and S12). Overall, the com-
bined results from cellular ATP measurement, BiFC, and IB 

assays indicate that increased intracellular ATP level is a 
potent route to promote the tau self-assembly via the in-
termolecular electrostatic interactions between ATP and 
tau protein. 

CONCLUSION 

We characterized the molecular mechanism of ATP-
catalysed tau fibrillation. We observed that the effect of 
ATP is predominantly driven by the electrostatic interac-
tions between its triphosphate moiety and Lys residues of 
tau K18. A change in the electrostatic environment caused 
by binding of ATPs induced a structural change in tau K18 
monomers to favour K18 dimerization. ATP-directed di-
merization reduced the time for nuclei formation, thereby 
accelerating the fibrillation of K18. We also observed that 
tau oligomerization was promoted in SH-SY5Y and 
HEK293 cells with elevated ATP level induced by 
TNFα/CHX stimulus. Overall, this study suggests that ATP 
dyshomeostasis is a potential pathway of tauopathy. Thus, 
the molecular details proposed herein would advance our 
understanding on tau pathology in AD. 
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Methods 

Materials. Recombinant human K18 was prepared as previously reported.(1) Briefly, K18 was 

produced using a previously described pET vector expressed in BL21 (DE3)(1) (See Figure 

S13, Figure S14 and Table S2 for information on sequence identification using tandem mass 

spectrometry (MS/MS)). 3K Amicon centrifugal filter (Millipore, USA, Bedford, MD) was 

utilized for changing buffers to 20 mM Tris-HCl (pH 7.4) (for fibril preparation and SAXS 

experiment) or 20 mM ammonium acetate (pH 7.4) (for ESI-MS experiment). The 

concentration of K18 in the stock solution was quantified using UV-Vis spectrometry (ε280 = 

1490 M−1 cm−1). Adenosine triphosphate was purchased from Tokyo Chemical Industry (Tokyo, 

Japan). Thioflavin T (ThT), adenosine (Ade) and sodium triphosphate (TP) was purchased from 

Sigma-Aldrich (St. Louis, MO, USA). Tris-HCl solution (1 M, pH 7.4) and HPLC-grade water 

were purchased from Biosesang (Daejeon, Republic of Korea), and JT Baker (Phillipsburg, NJ, 

USA), respectively.  

 

K18 fibril preparation. Stock solutions of ATP, Ade and TP were freshly prepared by 

dissolving the powders in 20 mM Tris-HCl (pH 7.4). pH was adjusted to 7.4 by titration with 

1 M NaOH or 1 M HCl. The K18 samples (10 μM in 20 mM Tris-HCl, pH 7.4) were incubated 

with constant agitation at 200 rpm in 37°C for 96 hours. All solutions were contained in 2.0-

mL microtubes (Axygen, CA, USA) during incubation. 

 

Preparation of other amyloid fibrils. Human islet amyloid polypeptide (hIAPP) was 

synthesized by Peptron (Daejeon, Korea). To remove preformed aggregates, hIAPP powder 

was dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) at a concentration of 100 µM.(2) 

After 2 h treatment with HFIP at the room temperature, HFIP was evaporated from the hIAPP 
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solutions. Then, the obtained hIAPP film was stored at −20 °C until use. The hIAPP film was 

dissolved in 20 mM Tris-HCl (pH 7.4). 10 μM hIAPP samples in 20 mM Tris-HCl were 

incubated in Eppendorf tube without agitation at 37°C. α-Synuclein (αSyn) was purchased from 

AlexoTech AB (Umeå, Sweden). To remove preformed aggregates, αSyn was dissolved in 20 

mM Tris-HCl (pH 7.4) and centrifuged at 18,000 ×g at 4°C for 10 min and the supernatant was 

taken from the solution. 20 μM αSyn samples were prepared in 0.3-mL borosilicate glass vials 

with a V-shaped bottom (Wheaton, USA, Millville, NJ, cat. no. 03-410-020) and incubated 

with agitation of 200 rpm at 37 °C. Amyloid-β 1–40 (Aβ40, AGP-8124) and amyloid-β 1–42 

(Aβ42, AGP-8338) were purchased from Anygen (Gwangju, Korea). Aβ peptide (1 mg) was 

dissolved in 1% NH4OH aqueous solution (v/v) and any insoluble aggregates were removed by 

centrifugation (18,000 ×g at 4°C for 10 min).(3) The solution was divided into 50 μg aliquots 

and lyophilized at −84 ◦C. The lyophilized feather-like Aβ powder was stored at −20°C until 

use. The lyophilized 50 μg Aβ peptide was dissolved in 10 μL of 1% NH4OH and diluted to 

200 μL with water. After centrifugation of 18,000 ×g at 4°C for 10 min, the supernatant was 

taken. Aβ samples were prepared at a concentration of 10 μM in 20 mM Tris-HCl (pH 7.4). 

The pH was adjusted to 7.4 by the titration with 1 M HCl. The Aβ samples were transferred in 

2.0-mL microtubes (Axygen, CA, USA) and incubated with constant agitation at 200 rpm in 

37°C. 

 

Thioflavin T (ThT) fluorescence assay. ThT solution was freshly prepared at a concentration 

of 50 µM in HPLC water. ThT concentration was determined using UV-Vis spectroscopy (ε412 

= 36,000 M−1 cm−1). For ThT fluorescence assay of K18, hIAPP, Aβ40, and Aβ42, 110 µL of 

50 µM ThT solution was mixed with 40-µL aliquots of protein samples at each time point. For 

ThT fluorescence assay of αSyn, 146 µL of 50 µM ThT solution was mixed with 4-µL aliquots 
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of αSyn samples. The change in the fluorescence intensity was measured using a FluoroMate 

FS-2 (Scinco, Seoul, Korea) with the excitation wavelength at 446 nm and emission 

wavelength at 490 nm. 

 

Transmission electron microscopy (TEM). Aliquots of K18 solution (10 µM), incubated for 

7 days, were transferred to a 400-mesh formvar/carbon Cu(II) grid (Electron microscopy 

science, USA, Hatfield, PA), and then removed with a pipette after 3 min. Then, 0.5% uranyl 

acetate solution (5 µL), pre-filtered using 0.22 µM disposable syringe filter,(4) was transferred 

to the grid and removed after 1 min. The TEM grids were dried under ambient condition. The 

analysis was performed using a field-emission transmission electron microscopes (Tecnai G2 

F30ST, FEI Co., USA and JEM-F200(TFEG)(JEOL Ltd, Japan)) at the Korea Basic Science 

Institute (KBSI) in Seoul and Seoul National University, Republic of Korea. 

 

Infrared (IR) spectroscopy. To remove ATP interference, all incubated K18 samples (10 μM) 

were dialyzed with 3.5K molecular weight cut-off (MWCO) tube (Pur-A-LyzerTM
 MiDi 3500 

Dialysis Kit, Sigma-Aldrich, St. Louis, MO, USA) at room temperature with three buffer 

exchanges (after 3, 6, and 9 h) using 20 mM Tris-HCl before subjecting to IR spectroscopy. 

The K18 samples were dropped onto calcium fluoride windows, and dried at 37 °C. Then, the 

samples were analyzed using a Bruker Alpha Fourier transform infrared (FTIR) spectrometer 

(Bruker Optik GmbH, Ettlingen, Germany) with a resolution of 4 cm-1. For all IR absorbance 

spectra, the linear baseline between the spectrum point of 1700 and 1600 cm-1 was subtracted 

from the spectra, and the spectra were normalized within 1600~1700 cm-1. 

 

UV/Vis Spectroscopy. The ATP concentration in the incubated K18 samples was determined 
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using UV/Vis spectroscopy. Incubated samples were centrifuged at 18,000 ×g for 20 min at 

25°C. The ATP concentrations in the supernatants were determined using the extinction 

coefficient of ATP (ε260 = 15,400 M-1 cm-1). Since ATP concentration we used was 10 times 

higher than K18 and extinction coefficient of K18 at 260 nm (ε260 ~ 900 M-1 cm-1; The 

absorbance ratio of 260 nm/280 nm for protein correspond to ~ 0.6(5)) is more than one-order 

magnitude smaller than ATP, it is anticipated that the absorbance at 260 nm of remaining 

protein was negligible. 

 

Dialysis. To separate the protein aggregates from the incubated solutions, 500 μL of the 

incubated samples was dialyzed with 100 kDa MWCO tube (Spectra-Por® Float-A-Lyzer® 

G2 1 mL, Spectrum Europa, Breda, The Netherlands) at room temperature with three buffer 

exchanges (after 3, 6, and 9 h) using 20 mM Tris-HCl. After dialysis, samples were collected 

and lyophilized. The lyophilized powder was used for protein and ATP quantification. 

 

BCA assay. For protein quantification in the K18 fibrils, protein aggregates were denatured 

using 6 M guanidine hydrochloride (GdnHCl) at 95°C for 20 min. Then, the protein 

concentration in the solutions was measured using Pierce BCA Protein Assay Kit (Thermo 

Fisher Scientific, Waltham, MA, USA) following the manufacturer’s instructions. 

 

Inductively Coupled Plasma-Mass Spectrometry (ICP-MS). The ATP concentration in the 

incubated K18 samples was measured using Agilent 7700 ICP-MS (Agilent Technologies, 

Santa Clara, CA, USA). The dialyzed and lyophilized samples were digested with 70% HNO3 

at 70°C for 1 h. Then, H2O2 was added to the samples, which were incubated for an additional 

3 h. The digested samples were diluted to 1.5 mL using HPLC water to adjust the final HNO3 
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concentration to 3%. The amount of ATP in the fibrils was quantified by analysing the amount 

of phosphorus (31P). The ATP concentration of the sample was determined using a calibration 

curve obtained using the ATP standard. 

 

Small angle X-ray scattering (SAXS). SAXS experiment was performed at 4C SAXS II 

beamline of the Pohang Accelerator Laboratory (PAL). The experiments were performed at 

20°C with the sample-to-detector distance of 2 m. 200 µM of K18 in 20 mM Tris-HCl (pH 7.4) 

with or without 10-molar fold ATP and its segments, adenosine and sodium triphosphate (ADE, 

TP), were freshly prepared and analysed immediately. SAXS profiles were recorded six times 

for 5 seconds and averaged after excluding profiles of damaged proteins. MW of solutes in 

K18 samples were estimated by equation (1)(6) 

𝑀𝑊𝑝 =
𝐼(0)𝑝

𝑐𝑝

𝑀𝑊𝑠𝑡

𝐼(0)𝑠𝑡 𝑐𝑠𝑡⁄
    (1) 

where 𝐼(0) is the extrapolated scattering intensity at zero angle, 𝑐 is the protein concentration 

in mg/mL, and p and st denote protein and standard, respectively. 

 

MD simulation for the generation of a conformational pool of K18. Molecular dynamics 

(MD) simulation was performed using Gromacs 4.5.5.(7) The initial structure of K18 for the 

simulation was built using the program HyperChemTM 8.0.8. All acidic residues (Asp, Glu) 

were deprotonated, and all basic residues (Lys, Arg) were protonated (net charge = +9) for 

simulation at solution in neutral pH (~7.4). Then, the structures were equilibrated at 460 K for 

1 ns using CHARMM36 all-atom force field.(8) The generalized Born implicit solvent model 

was used to describe electrostatics of water-solvated proteins.(9, 10) The 1-ns simulated 

structures were utilized as initial structures for replica-exchange molecular dynamics (REMD) 
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simulations.(11) Five replicas (Temperatures of 433, 446, 460, 474, 489 K, exchange 

probability ~ 0.13) were simulated for 20 ns, respectively. 10,000 conformations were extracted 

from the five replicas as a conformational pool to perform ensemble optimization method 

(EOM) analysis. For conformational pool generation of K18 dimer, the initial structure of K18 

dimer was obtained from the units within solid-NMR structures of tau fibril core from the 

protein data bank (pdb code: 5O3O). The missing residues in the N-terminal region were added 

to the pdb file using the program HyperChemTM 8.0.8. The structures were equilibrated at 300 

K for 1 ns, and REMD simulations with five replicas (temperatures of 422, 431, 440, 450, 460 

K, exchange probability ~ 0.13) were performed. Each replica was simulated for 1 ns; longer 

simulation time induces dissociation of dimers into monomers. Five independent MD 

simulations were performed and ~1,000 conformations were obtained, with the exclusion of 

dissociated dimers during the simulation. 

 

Ensemble optimization method (EOM) analysis. Ten thousand conformations of K18 

monomer and ~1,000 conformations of K18 dimer extracted from REMD simulations were 

converted into the theoretical SAXS profiles and the ensembles that matched the experimental 

profiles were sought using the program GAJOE(12-14) in the program suite ATSAS 2.7.0.(15) 

Fifty ensembles, twenty curves per ensemble (fixed), and one hundred genetic algorithm 

repetitions were used for EOM analysis. To obtain the average number of interactions between 

hydrophobic residues in K18 dimer conformers (Figure S8), the distances between centres of 

mass of hydrophobic residues (Gly, Ala, Phe, Val, Leu, Ile, Met, Pro) were calculated. The pairs 

which had a distance < 1 nm were counted and the total number of pairs were divided by the 

number of hydrophobic residues in the dimer. For the comparison with fibril structure, dimers 

(chain A, C, residues 306–368) were extracted from tau fibril structure (pdb code: 5O3O) and 
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examined in the same manner. 

 

Native electrospray ionization mass spectrometry (ESI-MS). ESI-MS was performed using 

Agilent 6560 DTIMS-Q-TOF (Agilent Technologies, Santa Clara, CA, USA). The sample was 

sprayed into the nano-ESI source at a flow rate of 0.2 μL/min. The source temperature of 60 °C, 

sheath gas temperature of 60 °C, capillary voltage of 1.5 kV were used. Instead of N2, He gas 

was introduced into the drift tube, and the three radio frequency (RF) voltages (high-pressure 

funnel RF, trap funnel RF, and rear Funnel RF) were set to 100 V. 

 

Determination of dissociation constant ratios of K18–ATP binding using ESI-MS 

spectrum. To estimate the dissociation constant ratio of K18–ATP binding from the ESI-MS 

spectrum of K18 and ATP mixture, we adopted some assumptions which had been used for 

characterizing dissociation constants of molecular complexation using ESI-MS;(16, 17) first, 

we assumed that the measured MS responses (areas under the peaks of both free K18 and its 

complexes) are directly proportional to their equilibrium concentrations in the solution. 

Secondly, we assumed that free K18 and K18–ATP complexes share similar ionization 

efficiencies. For the system that multiple ATP binds to K18 with many binding sites, 

K18 ∙ ATP ⇌ K18 + ATP, 𝐾d1    𝐾d1 =
[K18][ATP]

[K18 ∙ ATP]
 

K18 ∙ 2ATP ⇌ K18 ∙ ATP + ATP, 𝐾d2    𝐾d2 =
[K18 ∙ ATP][ATP]

[K18 ∙ 2ATP]
⋯ 

K18 ∙ 𝑛ATP ⇌ K18 ∙ (𝑛 − 1)ATP + ATP, 𝐾d𝑛   𝐾d𝑛 =
[K18 ∙ (𝑛 − 1)ATP][ATP]

[K18 ∙ 𝑛ATP]
 

The dissociation constant ratios are described as: 
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𝐾d2

𝐾𝑑1
=

[K18 ∙ ATP]2

[K18][K18 ∙ 2ATP]
=

α1
2

α0α2
 

𝐾d3

𝐾𝑑2
=

[𝐾18 ∙ 2ATP]2

[K18 ∙ ATP][𝐾18 ∙ 3ATP]
=

α2
2

α1α3
⋯ 

𝐾d𝑛

𝐾d(𝑛−1)
=

[𝐾18 ∙ (𝑛 − 1)ATP]2

[K18 ∙ (n − 2)ATP][𝐾18 ∙ 𝑛ATP]
=

α𝑛−1
2

α𝑛−2α𝑛
    (2) 

where  

α𝑖 =
[K18 ∙ 𝑖ATP]

∑ [K18𝑛
𝑗=0 ∙ 𝑗ATP]

 

According to the assumptions, we could replace the concentration terms in α𝑖 with the 

sum of the areas under all peaks of K18 ∙ 𝑖ATP, AreaK18∙𝑖ATP, in the MS spectra. Therefore, 

α𝑖 =
AreaK18∙iATP

∑ AreaK18∙𝑗ATP
𝑛
𝑗=0

    (3) 

The sum of the area under the all K18 peaks, AreaK18 , with different charge states 

([K18+aNH3+(9-a)H]n+, a = 0–9, n = 7–19) were obtained from the ESI-MS spectra of K18(10 

μM):ATP = 1:10 using the software Origin 8.5. The sum of the areas under the peaks of K18–

mATP (m = 1–3) were obtained in the same manner (Figure S9). The dissociation constant 

ratios were calculated using equation (2) and (3). 

 

ATP measurement in cells. SH-SY5Y cells and HEK293 cells obtained from Korean Cell 

Line Bank (Seoul, Korea) were cultured in DMEM (supplemented with 10% fetal bovine serum 

(FBS) and 1% penicillin-streptomycin) and seeded at 96-well plate (15,000 cells per well). 

After 24 h, cells were treated with 10 ng/mL tumour necrosis factor α (TNFα) and 1 μg/mL 

cycloheximide (CHX). TNFα (ACROBiosystems, Newark, DE, USA) and cycloheximide 

(CHX) (Sigma-Aldrich, St. Louis, MO, USA) mixture was prepared by dissolving each powder 
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in PBS and diluting them with DMEM. Then, the relative ATP level was measured using ATP 

determination kit (Thermo Fisher Scientific, Waltham, MA, USA) following manufacturer’s 

instruction. For cell lysis, freshly prepared lysis buffer (25 mM Tris-HCl, pH 7.8, 2 mM EDTA, 

1% Triton X-100, protease inhibitor) was used. To compare ATP amount per cells for each 

condition, the cell numbers were estimated by CCK-8 assay (Dojindo, Tokyo, Japan) following 

manufacturer’s instruction and used for normalization of ATP amount. Briefly, CCK-8 solution 

was added to each well; after 3.5 h, the absorbance at 450 nm was measured using a microplate 

reader. The ATP measurement and CCK-assay experiments were performed in three replicates.  

 

Bimolecular fluorescence complementation (BiFC) assay. SH-SY5Y-tau-BiFC and 

HEK293-tau-BiFC cells were cultured in DMEM (supplemented with 10% FBS and 1% 

penicillin-streptomycin) and seeded at 384-well plate (5,000 cells per well). After 24 h, cells 

were exposed to TNFα/CHX for 24 h. Then, the fluorescence response in tau-BiFC cells was 

imaged by Operetta (PerkinElmer, Norwalk, CT, USA). Excitation wavelength of 430 nm and 

emission wavelength of 480–610 nm was used. The intensities of tau-BiFC fluorescence were 

analysed using Harmony 3.1 software (PerkinElmer, Norwalk, CT, USA). 

 

Immunoblotting (IB) assay. SH-SY5Y-tau-BiFC cells and HEK293-tau-GFP cells were 

cultured in DMEM (supplemented with 10% FBS and 1% penicillin-streptomycin) and seeded 

at 6-well plate. After 24 h, cells were exposed to TNFα/CHX for 24 h. Then, the cells were 

lysed with RIPA buffer (150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 50 

mM Tris-HCl, pH 8.0). Cell lysate with equal amount of proteins (measured by Bradford assay) 

were separated on 15% handmade polyacrylamide gels (15 wells). For IB assay in non-

reducing condition, cell lysates was incubated in ice bath for 15 min and centrifuged at 14,000 
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rpm at 4°C for 20 mi and the supernatant was taken from the solution and mixed with 2X 

sample buffer (160 mM Tris-HCl pH6.8, 12.6% Glycerol, 100 uM Bromophenol Blue, 2% 

SDS). The remaining insoluble pellet was diluted with 1X sample buffer. Both soluble and 

insoluble lysates were mixed with sample buffer was heating at 100˚C for 5 min and separated 

on 10% handmade polyacrylamide gels. The following antibodies were used: tau antibody 

(TAU-5, Santa Cruz Biotechnology, Santa Cruz, CA, USA), phospho Tau (S199 and S396) 

antibody (Abcam, Cambridge, MA, USA), anti-mouse IgG HRP (EMD Millipore, AP124P, 

1/10,000), anti-β-actin (Sigma-Aldrich, St. Louis, MO, A1978, 1/10,000), and anti-GAPDH 

antibody (Thermo Fisher Scientific, Waltham, MA, USA). Relative band intensities were 

quantified using ImageJ software (National Institutes of Health).  

 

Time-resolved ATP measurement in buffer solutions. To confirm ATP hydrolysis during 

37°C incubation, we performed ATP luminescence assay after incubation of 1 mM ATP at 37°C 

in 20 mM Tris-HCl for 24, 48, 72, 96 h (Figure S16). The relative ATP level was determined 

using ATP determination kit used in measurement of cellular ATP level. 
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Additional Discussion 

Dissociation constant ratios. The dissociation constants of complexes with n identical 

independent binding sites are described as: 

𝐾d𝑖 = 𝐾d

𝑖

𝑛 − 𝑖 + 1
,   𝑖 = 1,2,3, ⋯ , 𝑛    (4) 

where 𝐾d𝑖 and 𝐾d are macroscopic and microscopic dissociation constants, respectively. In 

this complexation system, the ratios of the macroscopic dissociation constants are  

𝐾d2

𝐾𝑑1
=

2
𝑛 − 1

1
𝑛

=
2𝑛

𝑛 − 1
    (5) 

𝐾d3

𝐾𝑑2
=

3
𝑛 − 2

2
𝑛 − 1

=
3(𝑛 − 1)

2(𝑛 − 2)
    (6) 

When 𝑛 is large enough (𝑛 ≫ 2), the 𝐾d2/𝐾d1, 𝐾d3/𝐾d2 would be approximately 2 and 

1.5, respectively. In our ESI-MS study, the ratios were calculated to be 1.94 and 1.51, 

respectively (Figure S9). This indicates that the complexation between K18 and ATP molecules 

can be described as binding with many identical independent binding sites at least up to three 

ATP molecules. 
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Figure S1. Full sequence of four-repeat domain of tau, K18 construct. Identical or similar 

amino acids in R1–4 domains are marked by a line.(26) 18 Lys residues and 1 Arg residue are 

highlighted in blue and red colours, respectively. 
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Figure S2. ThT assay for measuring the fibrillation kinetics of K18 (20 μM) without ATP and 

with 20 μM and 60 μM of ATP. 
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Figure S3. The IR spectra of K18 samples (10 μM in 20 mM Tris-HCl, pH 7.4) before 

incubation (day 0) and after incubation (day 7) in the presence or absence of ATP, TP, and ADE. 

The IR spectra of K18 (day 0), K18 (day 7) and K18+ADE (day 7) shows mainly random coil 

structure, but the K18+ATP (day 7) and K18+TP (day 7) shows a strong peak at 1,630 cm-1, 

indicating that the assembled fibril detected in TEM image (Figure 1c) have significant β-sheet 

structure. 
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Figure S4. ESI-MS spectra of mixture of ATP (20 μM) and lysine (Lys) in 20 mM ammonium 

acetate (pH 7.4) with different molar ratios of ATP:Lys (1:0, 1:1, 1:2, 1:5, and 1:10). 
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Figure S5. The %ATP in the supernatant of K18 fibril samples (10 μM) which are prepared by 

incubation with ATP. The concentration of ATP was measured using ε260 of ATP (15,400 M-1 

cm-1).  
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Figure S6. The calibration curve of MW versus I(0)/c of standard proteins, where I(0) is the 

extrapolated scattering intensity at zero angle, c is the protein concentration expressed in 

mg/mL. Bovine ubiquitin (Ubq), hen egg white lysozyme (Lyz), and human serum albumin 

(HSA) were used as standards. 
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Figure S7. Comparison of the experimental SAXS profiles with the theoretical SAXS 

profiles of the optimized ensemble. 
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Figure S8. The average number of interactions between hydrophobic residues (distance 

< 1 nm) of 20 dimer conformers obtained using EOM analysis of SAXS profile of K18 

(200 μM):ATP = 1:10. For the comparison, the average number of interactions of the 

four-repeat domain of high-resolution tau fibril structure (pdb code: 5O3O) was also 

presented. 
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Figure S9. Fraction of K18·iATP to total K18, 𝛼𝑖 (𝑖 = 0–3) obtained from the analysis 

of ESI-MS spectrum of K18 (10 μM):ATP = 1:10. From 𝛼𝑖 values, Kd2/Kd1 and Kd3/Kd2 

were calculated. The dissociation constant ratios Kd2/Kd1 and Kd3/Kd2 were similar to the 

theoretically predicted ratios of the molecular complexation with many identical independent 

binding sites (2.0 and 1.5, respectively) (See Additional Discussion). 
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Figure S10. Cellular ATP dyshomeostasis and tau aggregation by TNFα/CHX. (a) Time-

resolved quantification of intracellular ATP of HEK293 cells after TNFα/CHX treatment (10 

ng/mL, 1 μg/mL, respectively). (b,c) The results of tau-BiFC assay after 24-h exposure to 

TNFα/CHX. Excitation wavelength of 430 nm and emission wavelength of 480–610 nm was 

used. ** indicates p-value < 0.01. (d) IB assay in reducing condition of lysates of HEK293-

tau-GFP cells exposed to TNFα/CHX for 24 h. Triton X-100 soluble fraction of cell lysates 

were used for the assay. Okadaic acid (15 nM), which was reported to increase tau aggregation 

by hyperphosphorylation, (Tak et al., 2013) was used as a positive control for tau 

phosphorylation. (e) The normalized ratio of blot intensity of phosphorylated tau (p-Tau (S199)) 

to that of nonphosphorylated tau (TAU-5). (f) IB assay in non-reducing condition of lysates of 

HEK293-tau-GFP cells exposed to TNFα/CHX for 24 h. Triton X-100 soluble fraction of cell 

lysates was used for the assay.  
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Figure S11. The results of tau-BiFC assay after 24-h exposure of 15 nM okadaic acid and 

TNFα/CHX (10 ng/mL and 1 μg/mL, respectively) to SH-SY5Y-tau-BiFC cells. Nuclei were 

stained with Hoechst 33342 (blue). 
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Figure S12. IB assay in non-reducing condition of (A) soluble lysates and (B) insoluble lysates 

of SH-SY5Y-tau-BiFC cells exposed to TNFα/CHX for 24 h. 
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Figure S13. The sequence of K18 covered by reverse phase liquid chromatography-tandem 

mass spectrometry (RP-LC-MS/MS). Trypsin and chymotrypsin were utilized for protein 

digestion prior to MS analysis. The sequence coverage of K18 was 89%. 
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Figure S14. ESI-MS/MS spectra of intact K18 used in this study (MH6-tagged Tau244-368). 

Singly and doubly protonated b and y fragments were formed by collision-induced dissociation 

(CID). The detailed assignments are available in Table S2. For the experiment, 20 μM K18 in 

0.1% formic acid was directly injected to Bruker Compact Q-TOF mass spectrometer (Bruker 

Daltronik GmbH, Bremen, Germany) by using a syringe pump at a flow rate of 5 μL/min. 
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Figure S15. TEM images of K18 aggregates formed in the presence of a 1000-fold molar ratio 

of ATP. 
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Figure S16. Time-resolved ATP measurement in buffer solutions. To confirm ATP hydrolysis 

during 37°C incubation, ATP concentration was determined by ATP luminescence assay. 1mM 

ATP samples were incubated at 37°C in 20 mM Tris-HCl, and relative ATP level was measured 

after 24, 48, 72, 96 h incubation. This results indicates that ATP is not significantly hydrolysed 

in our incubation conditions. 
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Table S1. Some properties of IDPs used in the previous study by Patel et al. (2017) 

and tau K18. The Gly residues in the sequence are highlighted in red  colour. Protein 

lengths, the number of Gly residues (# Gly), MW, isoelectric point (pI), and the total 

charge (z) at pH 7.4 are summarized in the table. 

  
 Sequence 

Length/ 

# Gly 

MW 

pI 

z (pH7.4) 

FUS 

(35637-1) 

MASNDYTQQATQSYGAYPTQPGQGYSQQSSQPYGQQSYSGYSQSTDTSGYGQSSYSSYGQ 
SQNTGYGTQSTPQGYGSTGGYGSSQSSQSSYGQQSSYPGYGQQPAPSSTSGSYGSSSQSS 
SYGQPQSGSYSQQPSYGGQQQSYGQQQSYNPPQGYGQQNQYNSSSGGGGGGGGGGNYGQD 
QSSMSSGGGSGGGYGNQDQSGGGGSGGYGQQDRGGRGRGGSGGGGGGGGGGYNRSSGGYE 
PRGRGGGRGGRGGMGGSDRGGFNKFGGPRDQGSRHDSEQDNSDNNTIFVQGLGENVTIES 
VADYFKQIGIIKTNKKTGQPMINLYTDRETGKLKGEATVSFDDPPSAKAAIDWFDGKEFS 
GNPIKVSFATRRADFNRGGGNGRGGRGRGGPMGRGGYGGGGSGGGGRGGFPSGGGGGGGQ 
QRAGDWKCPNPTCENMNFSWRNECNQCKAPKPDGPGGGPGGSHMGGNYGDDRRGGRGGYD 
RGGYRGRGGDRGGFRGGRGGGDRGGFGPGKMDSRGEHRQDRRERPY 

526/  

152 

53,426 

9.4 

14+ 

TAF 

(Q92804-1) 

MSDSGSYGQSGGEQQSYSTYGNPGSQGYGQASQSYSGYGQTTDSSYGQNYSGYSSYGQSQ 
SGYSQSYGGYENQKQSSYSQQPYNNQGQQQNMESSGSQGGRAPSYDQPDYGQQDSYDQQS 
GYDQHQGSYDEQSNYDQQHDSYSQNQQSYHSQRENYSHHTQDDRRDVSRYGEDNRGYGGS 
QGGGRGRGGYDKDGRGPMTGSSGGDRGGFKNFGGHRDYGPRTDADSESDNSDNNTIFVQG 
LGEGVSTDQVGEFFKQIGIIKTNKKTGKPMINLYTDKDTGKPKGEATVSFDDPPSAKAAI 
DWFDGKEFHGNIIKVSFATRRPEFMRGGGSGGGRRGRGGYRGRGGFQGRGGDPKSGDWVC 
PNPSCGNMNFARRNSCNQCNEPRPEDSRPSGGDFRGRGYGGERGYRGRGGRGGDRGGYGG 
DRSGGGYGGDRSSGGGYSGDRSGGGYGGDRSGGGYGGDRGGGYGGDRGGGYGGDRGGGYG 
GDRGGYGGDRGGGYGGDRGGYGGDRGGYGGDRGGYGGDRGGYGGDRSRGGYGGDRGGGSG 
YGGDRSGGYGGDRSGGGYGGDRGGGYGGDRGGYGGKMGGRNDYRNDQRNRPY 

592/ 

175 

61,830 

8.0 

2+ 

hnRNPA3 

(P51991) 

MEVKPPPGRPQPDSGRRRRRRGEEGHDPKEPEQLRKLFIGGLSFETTDDSLREHFEKWGT 
LTDCVVMRDPQTKRSRGFGFVTYSCVEEVDAAMCARPHKVDGRVVEPKRAVSREDSVKPG 
AHLTVKKIFVGGIKEDTEEYNLRDYFEKYGKIETIEVMEDRQSGKKRGFAFVTFDDHDTV 
DKIVVQKYHTINGHNCEVKKALSKQEMQSAGSQRGRGGGSGNFMGRGGNFGGGGGNFGRG 
GNFGGRGGYGGGGGGSRGSYGGGDGGYNGFGGDGGNYGGGPGYSSRGGYGGGGPGYGNQG 
GGYGGGGGYDGYNEGGNFGGGNYGGGGNYNDFGNYSGQQQSNYGPMKGGSFGGRSSGSPY 
GGGYGSGGGSGGYGSRRF 

378/ 

103 

39,595 

9.1 

8+ 

PGL3 

(G5EBV6-1) 

MEANKRQIVEVDGIKSYFFPHLAHYLASNDELLVNNIAQANKLAAFVLGATDKRPSNEEI 
AEMILPNDSSAYVLAAGMDVCLILGDDFRPKFDSGAEKLSQLGQAHDLAPIIDDEKKISM 
LARKTKLKKSNDAKILQVLLKVLGAEEAEEKFVELSELSSALDLDFDVYVLAKLLGFASE 
ELQEEIEIIRDNVTDAFEACKPLLKKLMIEGPKIDSVDPFTQLLLTPQEESIEKAVSHIV 
ARFEEASAVEDDESLVLKSQLGYQLIFLVVRSLADGKRDASRTIQSLMPSSVRAEVFPGL 
QRSVFKSAVFLASHIIQVFLGSMKSFEDWAFVGLAEDLESTWRRRAIAELLKKFRISVLE 
QCFSQPIPLLPQSELNNETVIENVNNALQFALWITEFYGSESEKKSLNQLQFLSPKSKNL 
LVDSFKKFAQGLDSKDHVNRIIESLEKSSSSEPSATAKQTTTSNGPTTVSTAAQVVTVEK 
MPFSRQTIPCEGTDLANVLNSAKIIGESVTVAAHDVIPEKLNAEKNDNTPSTASPVQFSS 
DGWDSPTKSVALPPKISTLEEEQEEDTTITKVSPQPQERTGTAWGSGDATPVPLATPVNE 
YKVSGFGAAPVASGFGQFASSNGTSGRGSYGGGRGGDRGGRGAYGGDRGRGGSGDGSRGY 
RGGDRGGRGSYGEGSRGYQGGRAGFFGGSRGGS 

693/ 

61 

74,844 

5.1 

20- 

K18 

(Tau244-368) 

QTAPVPMPDLKNVKSKIGSTENLKHQPGGGKVQIINKKLDLSNVQSKCGSKDNIKHVPGGG
SVQIVYKPVDLSKVTSKCGSLGNIHHKPGGGQVEVKSEKLDFKDRVQSKIGSLDNITHVPG
GGN 

125 

/17 

13,184 

9.7 

9+ 
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Table S2. Peptide fragments detected in the ESI-MS/MS spectra of K18. 

Fragment 

(m/z) 
z Identification Sequence 

Expected 

mass 
Δ 

401.18 1 y5 PGGGN 401.18 0 

738.37 1 y8 THVPGGGN 738.35 0.02 

725.85 2 y15 IGSLDNITHVPGGGN 1450.73 -0.03 

627.78 2 b10 MHHHHHHQTA 1254.54 0.02 

516.59 3 b13 MHHHHHHQTAPVP 1547.72 0.05 

839.90 2 b14 MHHHHHHQTAPVPM 1678.76 0.04 

945.94 2 b16 MHHHHHHQTAPVPMPD 1890.84 0.04 

760.01 5 b33 
MHHHHHHQTAPVPMPD

LKNVKSKIGSTENLKHQ 
3795.92 0.13 
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