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Abstract
Background

Alzheimer’s disease (AD) is an irreversible neurodegenerative disease without a cure or prevention to date.
The de�ning features of AD include neuro�brillary tangles (NFTs) of hyperphosphorylated tau �brils, and
the senile plaques of β amyloid (Aβ) aggregates. In addition to AD, aggregation of hyperphosphorylated
tau underlies approximately 20 neurodegenerative disorders collectively known as tauopathies,
suggesting a pathogenic role of tau �brils. The majority of AD disease-modifying drug trials targeted Aβ
control, which have yet to produce satisfactory outcomes. The interest of developing anti-NFT drugs has
been increasing. However, an effective method that produces hyperphosphorylated tau with disease
relevant characters to support drug discovery is lacking.

Methods

We previously reported the PIMAX system for the production of recombinant proteins bearing a desired
post-translational modi�cation. Here we use PIMAX to express hyperphosphorylated tau (p-tau) in E. coli,
and subjected this p-tau to mass spectrometry mapping of phosphorylation, to biochemical and
biophysical assays of �brillogenesis, and to cell culture treatment for the effects of hyperphosphorylation
on tau molecular characters.

Results

Mass spectrometry mapped p-tau phosphorylation to phosphoepitopes linked to AD pathological
progression. In stark contrast to the unmodi�ed tau that required an inducer for e�cient aggregation, and
which had only mild effects on cell functions, p-tau formed �brils in an inducer-free and redox-
independent manner. Immediately after the puri�cation, a disease-speci�c conformation recognized by
the MC-1 monoclonal antibody was readily detectable, which continued to increase during the
�brillization reaction. When applied to cultured cells, p-tau triggered a spike of mitochondrial superoxide,
induced apoptosis, and caused cell death at sub-micromolar concentrations. In both aggregation and
cytotoxicity assays, p-tau exhibited seeding activities that converted the unmodi�ed tau into a cytotoxic
species with increased propensity for �brillization, consistent with the emerging view that
hyperphosphorylated tau spreads in a prion-like fashion.

Conclusions

Hyperphosphorylation potentiates tau �brillization and cytotoxicity. These characters are consistent with
the model that abnormally phosphorylated tau plays a direct role in neurodegeneration in tauopathies.
We suggest that p-tau produced by PIMAX affords a feasible tool for drug discovery and disease
mechanistic studies for Alzheimer's disease and other tauopathies.

Background
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Thirty million people in the world suffer from Alzheimer's disease (AD). This number is expected to triple
by 2050, according to the Alzheimer's Disease International. While regimens for AD treatment and
prevention remain to be developed, tremendous efforts have been devoted to dissecting the mechanisms
of pathogenesis. It is hopeful that better understanding of key pathological players will eventually lead to
e�cacious means to �ght this devastating disease.

Both genetic and acquired risk factors for AD have been identi�ed. Approximately 5% of all AD cases are
classi�ed as early onset, affecting primarily people in their mid-�fties, that is linked to mutations in genes
involved in b-amyloid (Ab) genesis (1). Frontotemporal dementia and Parkinsonism with link to
chromosome 17 (FTDP-17) is associated with mutations in tau protein (2) that is also a key contributing
factor in AD. For the majority of AD cases that are late-onset and sporadic, the ApoE4 allele is the most
pronounced risk factor (3). A recent large genome-wide association meta-analysis con�rmed 20 and
identi�ed 5 new risk loci (4). Aside from these predisposing genetic loci, acquired risk factors may be
targets for AD prevention. These include viral infection (5), cerebrovascular diseases, type 2 diabetes,
hypertension, obesity, dyslipidemia, as well as environmental factors such as metals, pesticides,
industrial chemicals and air pollutants (6). Physical injuries to the brain, e.g., traumatic brain injury and
chronic traumatic encephalopathy also predispose patients to AD and AD-related dementia (ADRD) (7).
Lastly, certain prescription drugs have been linked to increased risks for AD and dementia. Some of these
drugs include selective benzodiazepines (8), anticholinergic drugs (9), and DMARD (disease-modifying
anti-rheumatic drugs) (10). Compared with genetic and other acquired predisposing factors,
pharmaceutical risks for AD appear to be the most easily manageable, and therefore warrant more
scrutiny.

Major biomarkers for AD include the senile plaques of Ab peptide precipitates, and the neuro�brillary
tangles (NFTs) of �brillar hyperphosphorylated tau protein. The discovery of mutations in the Ab pathway
associated with familial early onset Alzheimer’s disease led to the hypothesis that Ab is directly
responsible for neurodegeneration (11). However, recurring failures of anti-Ab drug trials argue strongly
against the notion that dementia involves solely Ab (12). The effort of developing NFT-centric AD drugs is
expanding. Unlike senile plaques, the spatiotemporal distribution of NFTs correlates with the
advancement of cognitive impairments (13, 14). NFTs consist of �brils of abnormally phosphorylated tau
protein. Tau is encoded by the MAPT gene on chromosome 17 (15). Besides the central nervous system,
MAPT also is expressed in the skeletal muscles, heart, pancreas, kidney, peripheral nervous system, and
others (16). The CNS tau is a microtubule-binding protein possibly involved in controlling the axonal
transport (17), but Mapt-/- homozygous knockout mice do not show signi�cant neurodevelopmental
defects (18). The physiological function of human tau therefore remains to be fully elucidated.  In AD and
other neurodegenerative tauopathies, the overall tau abundance and its phosphoryl content per molecule
increase by several fold (19). At least 46 of the 85 Ser/Thr/Tyr residues of tau have been found to be
phosphorylated in AD (20). GSK-3b (glycogen synthase kinase 3b) and CDK5 (cyclin-dependent kinase 5)
are among the prime suspects for tau hyperphosphorylation (21). Animal studies, in particular
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intracerebral injection of tau puri�ed from AD or tauopathy brains (22-25), support a pathogenic role of
hyperphosphorylated tau even in the absence of Ab (26).

Tau isolated from the brain may be monomers, soluble oligomers, or insoluble polymeric species (26).
The terminal deposits of NFTs was once thought to overwhelm the functions of the underlying neurons,
but accumulating evidence suggests that the pre-tangle, oligomeric hyperphosphorylated tau causes AD
pathology in a prion-like fashion (27, 28). The enrichment of a 140 – 170 kDa oligomer was associated
with memory loss in transgenic mice (29). Intermediates of tau aggregation impaired membrane and
caused cytotoxicity, but longer aggregation period reduced the cytotoxicity (30, 31), suggesting that a
window of cytotoxicity may be de�ned by the state of aggregation of tau. A pore-like structure of tau
annular proto�brils was found on the membrane of human tauopathy brain samples (32). In tissue
cultures, hyperphosphorylated tau can be secreted by cells in vesicle-free mechanisms (33, 34).
Exocytosis has also been postulated to be a route by which cytosolic toxic tau species spread from one
to another cell (26, 35, 36). Animal and tissue culture studies showed that pre-tangle aggregates of
hyperphosphorylated tau propagated to and damaged neighboring cells (25, 37-40). Intracerebral
injection of AD brain homogenates to mice caused the endogenous tau to form �brils at distal areas
anatomically connected to the injection site (22-24). A �y model presented many transgenic tau-
dependent pathological features without signi�cant accumulation of neuro�brillary tangles (41). The
hypothesis of cytotoxic aggregation intermediates therefore is gaining momentum (42).

If the pre-tangle intermediates are a critical pathogenic factor, studies of the genesis of this species will
likely shed light on the development of therapeutic and preventative measures. There have been many
such studies thus far. However, most of these works shared one limitation, that is, the nearly exclusive
use of unmodi�ed tau lacking altogether the pathological feature of phosphorylation. Unlike
hyperphosphorylated tau that aggregates spontaneously (43), unmodi�ed tau relies on an arti�cial
inducer such as heparin or micelles of fatty acids to accelerate �brillization (44, 45). The
pathophysiological signi�cance of these inducers has not been fully explored. Moreover, heparin-induced
tau aggregates presented different biophysical characters from those of hyperphosphorylated tau
isolated from the AD brain (46). Another de�ciency of the unmodi�ed tau is its substantially weaker
potency in nucleating the aggregation of monomeric tau molecules (46). These shortcomings of the
unmodi�ed tau may have hindered the progression of AD drug discovery targeting NFT genesis (47).

To facilitate mechanistic studies of the molecular mechanisms underlying neurodegeneration of
tauopathies, and to enable neuro�brillary tangle-based drug development, we report here the procurement
of hyperphosphorylated tau (p-tau) via the use of the PIMAX system (Protein Interaction Modules-
Assisted function X) (43). This p-tau exhibited multiple disease-relevant molecular characters. The
prospect of applying these biochemical and cell-based assays to the screening and tests of potential
therapeutics and risk factors for AD and is discussed.

Methods
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Materials
Fluorescein diacetate, propidium iodide and thio�avin S were purchased from Sigma Aldrich (St. Louis,
MO). Gibco Dulbecco’s Modi�ed Eagle Medium (DMEM), HyClone™ Fetal Bovine Serum, Optical Adhesive
Film and FITC-Annexin V were purchased from Thermo Fisher Scienti�c (Waltham, MA). All other
chemicals for common buffers and solutions were from Sigma Aldrich. MC-1 antibody was a generous
gift by Dr. Peter Davies.

Plasmids and Recombinant Genes
The plasmids pMK1013-GSK-tau(1N4R) and pMK1013-tau(1N4R) for the expression of the 1N4R tau and
p-tau were previously described (43). This p-tau was used throughout the main portion of this study. The
four isoforms shown in Supplemental Fig. 1 and Supplemental Table 1 were from pMK1013-sGSK-tau,
where "sGSK" refers to the swapping of the human GSK-3β cDNA a synthetic sequence with codons
optimized for E. coli expression. However, this modi�cation did not result in signi�cantly higher levels of
p-tau expression (data not shown). K18 was constructed via deletion of the DNA regions corresponding to
amino acid residues (1-243) and (369–441) from pMK1013-tau(1N4R) by QuikChange mutagenesis. Cys-
to-Ser mutations were generated using QuikChange mutagenesis. Mutagenic primer sequences are
available upon request. All constructs were veri�ed by DNA sequencing. The �nal tau and p-tau expressed
from the PIMAX system contained a 7-residue remnant from cloning: GSSPEQP at the N' end.

Recombinant Protein Expression and Puri�cation
P-tau, p-tau carrying the Cys-to-Ser mutations, tau, and K18 were expressed as the following: overnight
cultures of BL21 codon plus bearing the desired plasmid were diluted to 0.03 OD600 in fresh LB medium
with ampicillin. Cells were grown at 37 °C until OD600 reached between 0.3 and 0.5 when 0.1–0.5 mM
IPTG was added to the culture for induction for 1–2 hours. Cells were then collected by centrifugation.
For puri�cation, bacterial pellets from each liter of cultures were suspended in 10-ml cold puri�cation
buffer (20 mM Tris-HCl pH 5.8, 100 mM NaCl, 1 mM PMSF, 0.2 mM orthovanadate) and treated with
1 mg/ml lysozyme at 30 °C for 30 min. The mixture was then sonicated (Branson Digital Soni�er 450;
30% amplitude; total process time 3 min; pulse-ON time 5 sec; pulse-OFF time 5 sec) and centrifuged at
17,000 x g for 40 min at 4 °C. The supernatant was left in a boiling water bath for 30 min and left on ice
for 30 min with occasional and gentle shaking in both steps. After centrifugation at 17,000 x g for 50 min
at 4 °C, the supernatant was transferred to another tube before 0.5 mM DTT and 1 mM EDTA were
supplied. One OD280 of puri�ed recombinant TEV protease was added to digest each 100 OD280 of the
sample, and the reaction was incubated at 4 °C for overnight. The digestion mixture was then centrifuged
at 17,000 x g for 30 min at 4 °C, and the supernatant was transferred to another tube. The buffer was
adjusted to gel �ltration buffer (20 mM Tris-HCl pH 7.4, 100 mM NaCl) by the use of a spin column
(Amicon Centrifugal Filter Unit, Ultra-15, 10K) at 5,000 x g at 4 °C until the volume reduced to less than
1 ml. 3 ml of gel �ltration buffer was added to the column. The centrifugation and buffer change were
repeated twice. The �nal gel �ltration buffer equilibrated solution was injected to a Superdex 200 10/300
GL column (GE Healthcare Life Sciences, USA). Size exclusion chromatography was done on an AKTA
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explorer FPLC unit at 4 °C. The �ow rate was set at 0.3 ml/min, and the fractions containing the desired
protein were pooled and concentrated by a spin column. After the concentration was completed, the
protein solution was collected and supplemented with 10% glycerol (v/v) before − 80 °C storage.

Mapping p-tau phosphorylation sites by LC-MS/MS
For in-gel digestion, the protein band of interest was excised from the gel for digestion with
endoproteinase trypsin, Lys-C, Arg-C or AspN (Roche, USA). The gel piece was soaked in 1 mL of 25 mM
NH4HCO3 for 10 min and dehydrated with 1 mL of 25 mM NH4HCO3/50% acetonitrile for 10 min. After
dried in a Speed-Vac (Savant, USA), the gel was incubated in 100 mL of 1% β mercaptoethanol/25 mM
NH4HCO3 for 20 min at room temperature and at dark. An equal volume of 5% 4-vinylpyridine in 25 mM
NH4HCO3/50% acetonitrile was added for cysteine alkylation. After a 20-min incubation, the gel piece was
washed in 1 mL of 25 mM NH4HCO3 for 10 min and in 1 mL of 25 mM NH4HCO3/50% acetonitrile for
another 10 min. The gel piece was dried and then incubated with 25 mM NH4HCO3 containing 500 ng of
endoproteinase at 37 °C or at room temperature overnight (~ 18 h). After the digest was saved, the
peptides remaining in gel piece were extracted sequentially with 300 mL of 25 mM NH4HCO3 and 300 mL
of 25 mM NH4HCO3/50% acetonitrile. The digest and the two extracts were combined together and then
dried in a Speed-Vac. The dried sample was kept at 20 °C for storage and resuspended in 0.1% formic
acid immediately before use.

For phosphorylation site mapping by LC-MS/MS, electrospray mass spectrometry was performed using
LTQ-Orbitrap hybrid tandem mass spectrometer (ThermoFisher, USA) in-lined with Agilent 1200 nano�ow
HPLC system. The HPLC system was equipped with LC packing C18 PepMap100 (length: 5 mm; internal
diameter: 300 mm; bead size 5 mm) as the trap column and in house-made capillary column packed with
C18 beads (length: 105 mm; internal diameter: 75 mm; bead size: 5 mm) as the separating column. The
mobile phase consisted of (A) 0.1% formic acid in water and (B) 0.1% formic acid in acetonitrile. Mass
spectra for the elute were acquired as successive sets of scan modes. For the setting of LTQ-Orbitrap, full
scans with Orbitrap analyses were collected in the range of 200 ~ 2000. The Dynamic Exclusion function
in Data Dependent Settings was activated, with the Repeat Count as 1, Exclusion Duration as 180 s and
Exclusion List Size as 50. While those with + 1 or unassigned charge state were rejected, the top three
ions in the survey scan ful�lling the above criteria were examined for their MS/MS with LTQ mass
analyzer.

For informatics analysis, File Converter in Xcalibur 2.0.7 (ThermoFisher, USA) and a set of our in-house
programs (48) were used to process the LC-MS/MS data. The mass spectra (MS) and tandem mass
spectra (MS/MS) were �rst extracted and separated using our OutputPlus computer program. The MS
spectra became segmental average MS using our SegAveMS algorithm. MS/MS were interpreted using
Sequest/TurboSequest to �nd the bested matched peptide with human protein FASTA database (release
2016_06) downloaded from UniProt website. Our GetOUT macro found peptide sequences with XCorr
score ≥ 2.5 and a mass error ≤ 15 ppm. The GetOUT and SegAveMS results were queried using our
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FindPTM algorithm, which produced a list of candidates modi�ed peptides. The MS/MS spectra were
eventually veri�ed using our MS2Display and MS2Graph programs (48).

In another approach to mapping p-tau phosphorylation, online nanoLC-MSMS analysis was performed on
a nanoLC (Eksigent NanoLC 2-D, currently Sciex) connected online to a hybrid LTQ-Orbitrap XL mass
spectrometer (Thermo Fisher Scienti�c) via a TriVersa NanoMate (Advion) nano-electrospray source.
Peptides were separated with a 120 min gradient (5% acetonitrile for 0–5 min, 5–40% in 85 min, 40–95%
in 5 min, 95% for 10 min, 95 − 5% in 5 min, and 5% for 10 min) on a custom packed 15 cm reverse-phase
capillary column (50 µm i.d., Sepax HP-C18, 3 µm, 200 Å) at a �ow rate of 200 nL/min. LTQ-Orbitrap
instrument was operated in a data-dependent acquisition mode acquiring one MS scan (450–1700 m/z)
in the Orbitrap analyzer and following CAD MSMS analysis in LTQ for the seven most abundant ions in
the MS scan. Each sample was analyzed twice (two technical replicates) and submitted to MaxQuant
(ver.1.5.1.2) (49) for database searching. The data were searched against a composite sequence
database of human MAPT (microtubule-associated protein tau) proteins and common contaminants. A
�xed modi�cation of C-Carbamidomethyl, and variable modi�cations of M-oxidation, K-acetylation, and
STY-phosphorylation were applied. Peptides, modi�cations, and proteins were identi�ed at an FDR
threshold of 1%.

Aggregation assay
Before aggregation assays, proteins were removed from the freezer and thawed on ice. Initially, the
thawed protein was subjected to ultracentrifugation to remove large protein aggregates (100,000 x g,
60 min). However, this step did not result in signi�cant reduction of the initial (T0) ThS �uorescence. A
typical aggregation reaction contained 6 µM of protein unless otherwise stated. Other components of the
reaction included 20 mM Tris (pH 7.4), 0 or 1 mM DTT, and 20 µM thio�avin S (ThS). Typically, the assays
were assembled in a 384-well low-volume plate. The plate was covered by an Optical Adhesive Film to
minimize evaporation during the assay. The plate was set at 37 °C brie�y before placing to a BioTek
Synergy Neo Plate reader. ThS �uorescence was measured every 10 min (excitation 440 nm; emission
490 nm) for 16 hrs and collected using Gen5 software bundled with the BioTek plate reader. We observed
batch-to-batch, and instrument-related variations in the absolute �uorescence of ThS binding. All
reactions were therefore performed with triplicate. Only assays conducted at the same time were plotted
in the same graph.

Examination of whether p-tau affected tau aggregation or cytotoxicity (i.e., seeding experiments), p-tau at
0, 1, 3, 6 or 9 µM was mixed with 9 µM tau, and 20 µM ThS was then added and the mixture was
transferred into a 384-well low-volume plate for ThS reading as the typical aggregation reactions.

Slot-blot assay
Six µM of p-tau was incubated in the standard aggregation buffer (see above) without ThS for 0, 48 or
120 hours. Two µL of the samples were diluted into 400 µL TBS buffer (20 mM Tris, pH 7.4, 150 mM
NaCl) and applied to a PVDF membrane in a slot blot apparatus (Bio-Rad, Hercules, CA). The membrane
was blocked in 5% nonfat milk in TBST (20 mM Tris, pH 7.4, 150 mM NaCl, 0.1% Tween 20) for 1 hour,
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and then incubated with the MC-1 monoclonal antibody (at 1:1000 dilution) or MAB3494 (at 1:3000
dilution) for overnight at 4 °C. After washing three times in TBST, the membrane was incubated with HRP
goat anti-mouse secondary antibody (at 1:10000 dilution) for 1 hour at room temperature. The membrane
was washed again 3 times in TBST and developed with the Lumi-light Western Blotting Substrate for
5 min.

PICUP and FTIR assays
For PICUP assays, appropriate volume of 10 µM of p-tau was incubated in 20 mM Tris-HCl (pH 7.4), 1 mM
DTT, at 37 °C for 24 hours for �brillization. The subsequent procedures were performed in a dimly lit dark
room. To 18 µl of the p-tau aggregation reactions in a PCR microtube, 1 µl of 20 mM APS and 1 µl of
1 mM tris(bipyridyl)Ru(II) [Ru(Bpy)] were added, making the �nal concentrations of APS and Ru(Bpy) to
be 1 mM and 0.05 mM, respectively. The reaction mixtures were placed approximately 10 cm above a
50 W, 5000 lumens LED work light (Porter Cable) for 1-second exposure. The reactions were quenched by
the addition of 1 µl of 1 M DTT, followed by SDS-PAGE loading dye before resolving by 8% SDS-PAGE.

For FTIR, 10 µM of p-tau was incubated in 20 mM Tris-HCl (pH 7.4), 1 mM DTT, at 37 °C for 5 days. This
longer incubation was necessary for the detection of clear spectral shift. At the end of the aggregation, 4
reaction-volumes of cold (-20 °C) acetone was added to the reaction, followed by centrifugation at
14,000 rpm in a standard microcentrifuge for 15 minutes. The pellet was washed with cold acetone,
centrifuged, and air-dried before dissolving in D2O to bring p-tau concentration to 1 mg/ml (~ 20 µM). The
sample was incubated in D2O for 2 hours at room temperature, then loaded to a CaF2 cell with a 100-µm
spacer (PIKE Technologies). The infrared spectrum was recorded with a Mattson Galaxy series GL5020
spectrometer between wavenumbers 1900 and 1200 cm− 1 at a resolution of 2 cm− 1, and 128 scans were
averaged for comparison.

Cytotoxicity of p-tau
Cell viability assays were conducted in 96-well plates. Two thousand HEK 293T or SH-SY5Y cells in
100 µL media (DMEM, 10% FBS, pen/strep) were seeded to a well and cultured for 40–48 hours at 37 °C,
5% CO2. The con�uency of cells may affect their sensitivity to p-tau. Values of LD50 can therefore only be
compared among experiments done at the same time. Pre-aggregation, if needed, was done with tau or p-
tau at 10x concentration for cell treatment for the duration (0–72 hours) speci�ed in the corresponding
�gure without heparin or ThS. At the time of cell treatment, 10 µl of the (pre-aggregated) protein was
added to each well of cells. 16–20 hours after the addition of proteins, cells were trypsinized and
transferred to microcentrifuge tubes, and pelleted at 1,000 x g for 5 min at room temperature. Cell pellets
were resuspended in phosphate-buffered saline (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM
KH2PO4) and incubated with 5 µg/ml �uorescein diacetate (FDA) for 5 min at room temperature. Five
µg/ml propidium iodide (PI) was then added to the mixture. Cells stained by FDA or PI were examined
using an Olympus BX51 Fluorescence Microscope. Cells from randomly chosen �elds were counted for
FDA or PI stainability. At least �fty cells from multiple �elds were counted for each treatment well.
Viability was calculated using the equation:
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Relative viability = No. FDA-stained cells / (No. FDA-stained cells + No. PI-stained cells).

To examine apoptosis, cell pellets from 5-hour p-tau treatment were resuspended in annexin V binding
Buffer (0.1 M HEPES pH7.4, 1.4M NaCl, 25 mM CaCl2). Five µL of cell suspension was stained with 0.5 µL
of FITC-conjugated annexin V (Invitrogen, USA) at room temperature for 15 min in the dark, followed by
addition of PI to �nal concentration of 5 µg/ml. Microscopy procedures were identical to those for FDA/PI
assays. For MitoSOX and ThS double staining, HEK 293T cells were harvested after 5-hr 0.6 µM of p-tau
treatment. Cell pellets were resuspended in 20 mM Tris, pH7.4 buffer and incubated with 100 µM ThS for
5 min at room temperature. The cell suspension was then stained with 5 µM MitoSOX at 37 °C for 10 min
in the dark and examined using an Olympus BX51 Fluorescence Microscope. To analyze the production
of superoxide by �ow cytometry, SH-SY5Y cells after 5-hr 0.6 µM of p-tau treatment was only stained by
MitoSOX, and then examined at Excitation 510 nm, Emission 580 nm using the BD™ LSR II �ow
cytometer. For ThS and PI staining, cell pellets were resuspended in PBS and stained by 100 µM ThS for
5 min at room temperature, followed by additional staining with 5 µg/ml PI.

Results
Recombinant hyperphosphorylated tau isoforms produced by PIMAX

A large body of knowledge has been obtained from the studies of recombinant and patient-derived tau.
Recombinant tau allows for easy access, but lacks the disease-associated hyperphosphorylation,
whereas tau extracted from patients or transgenic animals likely contained interfering post-translational
modi�cations and other biomolecules. We wished to use the recombinant DNA technology for the
synthesis of hyperphosphorylated tau to support both mechanistic and drug development research. To
this end, we used the PIMAX method (43), in which the Fos and Jun leucine zipper domains were
respectively fused to the GSK-3β kinase and the human 1N4R isoform of tau. Upon bacterial co-
expression, Fos-Jun heterodimerization brought GSK-3β and tau to close proximity, resulting in e�cient
phosphorylation of the latter (43). Using this approach and protocols designed for p-tau puri�cation (see
Materials and Methods), we produced GSK-3β-modi�ed p-tau at a yield of 500 − 800 µg per liter of
bacterial culture. SDS-PAGE (Fig. 1a) showed signi�cant phosphorylation-dependent mobility shift of p-
tau. To map the phosphorylation sites, we used mass spectrometry (MS) on four different batches of
1N4R p-tau, and identi�ed 21 to 32 sites of phosphorylation from each MS attempt (Table 1). Of these
residues, 10 were detected in all four MS assays (“4-hitters”), and 6 were positive in 3 out of 4 attempts
(“3-hitters”) (Table 2). There were nineteen 1-hitters and seventeen 2-hitters. 3- and 4-hitters were
considered high-con�dence sites and are shown in Fig. 1b. The disease relevance of p-tau was
manifested by two observations. Firstly, there were signi�cant overlaps of the high-con�dence sites and
phospho-epitopes associated with AD pathology progression. Antibodies against these phosphorylation
marks are used for postmortem AD staging (14, 50). Eight of the 16 high-con�dence sites were among
these NFT staging markers (last column in Table 2; red underlines in Fig. 1b). Secondly, there was a
strong correlation between the high-con�dence p-tau phosphorylation and GSK-3β substrates and PHF
(paired-helical �laments) phosphorylation (Table 2). Eight out of ten 4-hitters (80%) and �ve of the six 3-
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hitters (83%) were known to be phosphorylated by GSK-3β and detectable in PHF (20). Overall, these
independent MS mapping demonstrated the robust and disease-relevant phosphorylation of tau
expressed by the PIMAX system.
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Table 1
Summary of PIMAX p-tau phosphorylation sites mapped by four independent mass spectrometry

examination. Column 1 shows all serine, threonine, and tyrosine residues of the longest tau isoform,
2N4R. 4- and 3-hitters are in bold. GSK-3β and PHF phosphorylation sites are based on database from

(20). Staging markers for neuro�brillary tangles are from (14, 50).
Ser/Thr/Tyr MS

#1
MS
#2

MS
#3

MS
#4

Reported GSK-3b
sites

PHF
sites

AD
staging*

No. of
hits

T17                

Y18           √    

Y29     +         1

T30     +         1

T39     +         1

S46 +   +   √ √   2

T50 +   +   √     2

T52     +         1

S56                

S61                

T63                

S64                

S68           √    

T69       + √ √   1

T71           √    

T76                

T95                

T101                

T102                

T111 +     +       2

S113           √    

T123   +       √   1

S129                

S131                

T135                
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Ser/Thr/Tyr MS
#1

MS
#2

MS
#3

MS
#4

Reported GSK-3b
sites

PHF
sites

AD
staging*

No. of
hits

S137                

T149 +       √ √   1

T153 + +     √ √ √(A) 2

S162           √    

S169 +   +     √   2

T175 + + + + √ √ √(A) 4

T181 + + + + √ √ √(A) 4

S184   +     √ √   1

S185   +       √   1

S191     + +       2

S195   + + + √ √   3

Y197     + +   √   2

S198     + + √ √   2

S199 +   +   √ √ √(A,B) 2

S202 + + + + √ √ √(A,B) 4

T205   + + + √ √ √(A,B) 3

S208       +   √   1

S210         √ √    

T212 + + +   √ √ √(A) 3

S214     +   √ √ √(A) 1

T217 + + + + √     4

T220 +       √ √   1

T231 + + + + √ √ √(A) 4

S235 + + +   √ √   3

S237         √ √    

S238       +       1

S241         √      
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Ser/Thr/Tyr MS
#1

MS
#2

MS
#3

MS
#4

Reported GSK-3b
sites

PHF
sites

AD
staging*

No. of
hits

T245 +       √ √   1

S258         √ √    

S262         √   √(A)  

T263                

S285   +     √ √   1

S289 +   +   √     2

S292                

S305 +   +   √     2

S316                

T319                

S320 +             1

S324 +     + √     2

S341                

S352         √     1

S356 + +     √ √ √(A) 2

S361   +           1

T373 +   +   √     2

T377                

T386                

Y394 + +       √   2

S396 + + + + √ √ √(A) 4

S400 + + + + √ √   4

T403 + + + +   √   4

S404 + + + + √ √ √(A) 4

S409 + + + + √ √   4

S412 + +       √   2

S413   + + + √ √   3
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Ser/Thr/Tyr MS
#1

MS
#2

MS
#3

MS
#4

Reported GSK-3b
sites

PHF
sites

AD
staging*

No. of
hits

T414   +       √   1

S416 + + +     √   3

S422 +   +   √ √ √(A) 2

T427           √    

S433           √    

S435           √    

peptide
coverage

98% 94% 49% 85%        

# P-tau phos.
sites

31 25 32 21        

*Staging epitopes used in A = Augustinak et al 2002; B = Braak et al 2006

Table 2
PIMAX p-tau possesses a phosphorylation pattern with signi�cant

overlap with known PHF and GSK-3β phosphorylation sites.

    Overlap in:

  # sites GSK PHF GSK + PHF Staging markers

4-hitters 10 9 9 8 6

3-hitters 6 5 6 5 2

2-hitters 17 10 10 6 2

1-hitters 19 8 11 6 1

  52 32 36 25 11

Besides 1N4R, three other isoforms were also expressed and puri�ed with PIMAX. These four p-tau (0N3R,
0N4R, 1N4R, and 2N4R) were examined by SDS-PAGE and mass spectrometry. Supplemental Fig. 1 and
supplemental Table 1 show that all four p-tau isoforms shared a high degree of overlap in their
phosphorylation pattern, suggesting that the alternatively spliced N and R domains had minor, if any,
effects on GSK-3β substrate speci�city. Due to the apparent similarity in their phosphorylation status, we
used the 1N4R p-tau as the representative for studies henceforward.

To examine how hyperphosphorylation might affect the characters of tau, we �rst compared the kinetics
of aggregation of p-tau, unmodi�ed tau, and the K18 fragment (i.e., the R1-R4 core domain). The latter
two are common subjects for biochemical, structural, and drug discovery studies (51, 52). Our typical
�brillization (aggregation) assays used 6 µM of each protein (unless otherwise stated). This dose was
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selected because terminal AD has ~ 10 µM total tau in the frontal cortex (53), of which 40% − 70% was
estimated to be in a non-PHF pre-aggregate state (54). Six µM of p-tau was close to the pathological state
but lower than most aggregation assays using unphosphorylated tau (55–57). Quantitative comparisons
of the aggregation kinetics of p-tau, unmodi�ed tau, and the K18 fragment showed that
hyperphosphorylation alone caused tau to aggregate (Fig. 2a), whereas tau and K18 did not change
much under the assay conditions. Heparin stimulated both tau and p-tau �brillization. K18, on the other
hand, showed very little �uorescence change, without or with heparin. When K18 was increased to 20 µM,
a more pronounced response to heparin induction was observed, consistent with previous �ndings (55).
Assessments of the net changes of thio�avin S �uorescence over the course of 17 hours con�rmed
statistically the hyperphosphorylation-driven tau aggregation (Fig. 2b). The additive nature of
phosphorylation and heparin suggested two independent modes for tau aggregation at least in the initial
phase of �brillogenesis.

Besides the requirement of an inducer, aggregation of the unphosphorylated tau was shown to be
in�uenced by the redox state of the two cysteine residues (Cys291 and Cys322) (58). Recombinant tau
aggregation was enhanced by inter-molecular Cys-Cys conjugation, but inhibited by the intramolecular
disul�de bond (58). The prominent in�uence of redox on the aggregation of unmodi�ed tau obscured tau-
centric drug discovery attempts in that many compounds identi�ed in tau-based drug screens turned out
to be non-selective redox modulators (47). To see whether hyperphosphorylation-induced tau aggregation
was also affected by the two Cys residues, two approaches were taken. Firstly, we compared p-tau
aggregation in the presence or absence of the reducing agent DTT. Unlike the unphosphorylated K18
fragment that required a reducing environment for �bril formation (55), DTT was not essential for p-tau
�brillogenesis (Fig. 2c). A moderate reduction of p-tau aggregation e�ciency resulted from DTT
omission, but the heparin-independent increase of ThS �uorescence remained appreciable without DTT.
In the second approach, to de�nitively rule out critical involvement of either cysteine residues, we mutated
Cys291 and Cys322 to serine. The C/S p-tau was produced by PIMAX (Fig. 1a, third lane), and found to
form �brils as e�ciently as its wildtype counterpart (Fig. 2c) in the absence of heparin. We concluded
from data shown in Fig. 2 that hyperphosphorylation triggered tau aggregation in an inducer- and redox
state-independent fashion.

Besides thio�avin, p-tau �brillogenesis was examined by four additional approaches without the use of a
�uorescence indicator. Firstly, we used the MC-1 monoclonal antibody to probe p-tau conformation during
aggregation (Fig. 3a). MC-1 recognized an epitope indicative of the formation of PHF (59). P-tau
harvested from 0, 48- and 120-hr aggregation reactions were immunoblotted by MC-1 and a general tau
antibody. There was a clear increase of MC-1 recognition of p-tau during the 120-hour aggregation.
Interestingly, without incubation for �brillization (0-hr), p-tau already exhibited low but detectable MC-1
epitope. This observation was reminiscent of the ThS �uorescence of p-tau at the very beginning of our
standard aggregation assays (Fig. 2a). We attributed these observations to the formation of
pathologically relevant, �brillar species among p-tau molecules during the course of a �ve-day
puri�cation process. Indeed, it has been reported that hyperphosphorylation caused recombinant tau to
form aggregates within hours (60–62). Another thio�avin-independent assay was transmission electron
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microscopy (Fig. 3b). In 0- and 16-hr samples, fractals, i.e., aggregates characterized by irregular shapes
that were recapitulated at any scale magni�cation, were frequently observed (63). The canonical �brillar
and annular structures were seen at later times (72-hr). If p-tau aggregation was performed in the
presence of heparin, �brils were visible in as short as 16 hours (compare the second and the fourth
micrographs), again consistent with the notion that both hyperphosphorylation and heparin promoted tau
�bril formation.

Structural changes of p-tau during the course of aggregation reactions were further revealed by PICUP
(photo-induced cross-linking of unmodi�ed protein) and FTIR (Fourier-transform infrared spectroscopy).
PICUP exploited photolysis of tris-bipyridylruthenium(II) dication induced by strong visible light in the
presence of ammonium persulfate as the electron acceptor that, when activated, caused cross-linking of
oligomeric proteins (64). Figure 3c shows that overnight incubation resulted in the enrichment of a high-
molecular weight p-tau species resolved by denaturing polyacrylamide gel electrophoresis. Furthermore,
the overall secondary structure of p-tau before and after extended aggregation was examined by FTIR.
This technique has been used to assess conformational differences between free and PHF tau (65). After
�ve days of aggregation, a clear shift of a peak from ~ 1654 wavenumber (cm− 1) to around 1645
wavenumber, as well as increased signals toward 1630 wavenumber (red arrows) were observed. This
spectral shift indicated the conversion of a disordered structure to a β-sheet-rich content at wavenumbers
around 1633 cm− 1 (66).

Together, biochemical and biophysical assays shown in Figs. 2 and 3 demonstrated that
hyperphosphorylation was su�cient to trigger tau to form �brils. Moreover, the detection of MC-1 epitope
further tied p-tau aggregation to a conformation associated with AD pathology.

PIMAX p-tau is cytotoxic

Neuron loss underlies the progressive decline of cognitive functions in AD and tauopathy patients. The
discoveries that intracerebral injection of human AD brain extracts was su�cient to cause tau pathology
in experimental mice (22, 23) suggest a path of tau pathology through an extracellular route. Cytotoxicity
of hyperphosphorylated tau therefore is a feasible proxy for assessing the pathogenic potential of p-tau.
To this end, different doses of p-tau (0.25–1 µM) and 1 µM of unmodi�ed tau were used to treat the SH-
SY5Y neuroblastoma cells for 20 hours. Viability was quanti�ed by propidium iodide (PI) and �uorescein
diacetate (FDA) differential staining before microscopic examination. FDA is converted by cellular
esterases into a �uorogenic �uorescein, therefore revealing live cells. PI is excluded by living cells, but
diffuses into dead cells and binds nucleic acid. FDA/PI differential staining thus provides a quantitative
assessment of cellular viability. Figure 4a shows clear dose-dependent cell killing by p-tau. 0.5 µM of p-
tau caused 50% of cell death, and 1.0 µM of p-tau essentially wiped out the entire population of cells. In
sharp contrast, the unmodi�ed tau, at 1 µM, had no effect on cell viability (orange bar, Fig. 4a). These
results were originally done with tau and p-tau pre-aggregated without an inducer for 20 hours before cell
treatment. To see whether different degrees of aggregation affected p-tau cytotoxicity, varying doses of p-
tau aggregation intermediates were harvested every 24 hours for SH-SY5Y cell treatment. As anticipated,
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p-tau showed increasing cytotoxicity when aggregation was allowed to proceed for up to 48 hours
(Fig. 4b). Further extension of pre-aggregation reduced the cytotoxicity progressively (see 72-, 96-, and
120-hr timepoints, Fig. 4b), indicating that when �brils grew larger, their toxicity to cells actually
decreased. The reversal of p-tau cytotoxicity during the process of aggregation was consistent with
reports showing cell toxicity speci�cally associated with tau oligomers but not polymers (30, 31), and that
the formation of large deposits of NFTs in a �y model was not required for neuron loss (41).

PIMAX p-tau potentiates the aggregation propensity and cytotoxicity of unmodi�ed tau

An anticipated feature of a pathogenic tau is the ability to nucleate aggregation and cytotoxicity of an
otherwise benign tau. That is, the pathogenic tau acts in a prion-like manner (27). To test whether p-tau
produced by PIMAX exhibited the "seeding" activity, we �rst examined the aggregation of unmodi�ed tau
in the absence or presence of a small amount of p-tau. Without heparin, 9- and 18-µM unmodi�ed tau
showed a net increase of 41 and 54 units of ThS �uorescence (Fig. 5a, red bars). With the addition of 1 or
2 µM of p-tau (1/9 of that of tau), the ThS �uorescence essentially doubled to 71 and 117 units,
respectively (green bars). At these low concentrations, p-tau alone registered less than 10 �uorescence
units of increase (yellow bars). The synergism of ThS signals suggested that p-tau converted the
otherwise poorly aggregating tau into a more �brillogenic species.

We next tested whether tau could be rendered cytotoxic by p-tau using the HEK 293T cells. The lack of
endogenous tau expression in this cell line permitted a more accurate assessment of the interplay
between the recombinant tau and p-tau. Figure 5b shows the viability of HEK 293T cells after 24-hr
treatment of tau and/or p-tau. Without any exogenous protein (leftmost blue bar), 99% cells were viable.
With 0.9 µM of unphosphorylated tau, cells maintained high (96%) viability (�rst orange bar), whereas
0.9 µM of p-tau alone killed 95% of cells (rightmost blue bar). Low concentrations of p-tau (0.1 or 0.3 µM)
had negligible effects on these cells. In contrast, supplementing the same doses of p-tau with 0.9 µM of
tau augmented cell death. This effect can be easily seen with 0.3-µM and 0.6-µM p-tau treatment, in
which cell viability reduced from 95% and 83–70% and 40%, respectively, if tau was included in the
treatment. It was therefore concluded that p-tau converted the benign tau into a cytotoxic species, likely
mimicking the prion-like activity of hyperphosphorylated tau in the spread of neuro�brillary tangles. This
notion was also consistent with the observations that the tau-expressing SH-SY5Y cells were consistently
more sensitive to p-tau than HEK 293T cells in our analysis (data not shown; see Discussion below).

P-tau triggers apoptosis and elevation of mitochondrial superoxide levels

To begin to understand the mechanism of p-tau-triggered cell death, we examined apoptosis and
superoxide levels of cells after p-tau treatment. In the viability tests shown above, cells were exposed to p-
tau for 20 hours. Under this situation, many cells that died showed morphological changes indicative of
lysis. To better understand how p-tau affected cells, we treated SH-SY5Y cells with a low dose (0.5 µM)
for a shorter period (5 hours) before performing the assays. The �rst test was to stain cells with PI and
annexin V. Annexin V is a cytoplasmic membrane marker for apoptosis (67). Figure 6a shows a clear
indication of apoptosis following p-tau treatment. While a few cells were stained positive by PI after 5-hr
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p-tau treatment, many others were PI-negative and annexin V-positive, suggesting that these were early
apoptotic, not necrotic, cells that maintained the ability to exclude PI.

An increasing number of reports linked neurodegeneration to oxidative stress (68) caused by imbalance
in reactive species. One of the most prominent sources for oxidative stress is reactive oxygen species
(ROS). To see whether p-tau treatment might affect the ROS levels in cells, cells were treated with p-tau
for 5 hours and then probed by MitoSOX, a mitochondrion-targeting �uoroprobe for superoxide and other
radicals (69). Figure 6b shows representative images of MitoSOX staining. P-tau treatment caused a
number of cells to exhibit a spike of superoxide. These cells frequently showed morphological alterations
(see DIC panels, Fig. 6b). For a more quantitative assessment, MitoSOX stained cells were analyzed by
FACS (Fig. 6c). Compared with the untreated, mock samples, p-tau treatment more than doubled the
overall intensity of MitoSOX �uorescence. From data presented in Fig. 6, we concluded that p-tau caused
mitochondrial radicals to elevate and triggered apoptosis.

Discussion
In this work, we show that p-tau produced by PIMAX exhibits characters likely relevant to the pathology of
Alzheimer’s disease. These include multiple phosphorylation sites associated with the disease, inducer-
free and redox-independent �bril formation, and clear toxicity to cells. These characters are absent from
the unmodi�ed tau produced in parallel, demonstrating that hyperphosphorylation is the underlying
reason for the observed changes in the molecular behaviors of tau. Given the tight association between
the abnormal phosphorylation of tau and tauopathy neurodegeneration, different means have been used
by many to prepare hyperphosphorylated tau. In vitro phosphorylation with puri�ed kinases is feasible
but costly (60, 70). Biochemical puri�cation of tau from postmortem brain tissues is faced with the
challenges of heterogeneity in tau isoforms and additional, even antagonizing, post-translational
modi�cations (71). A baculoviral expression system produced a tau containing up to 20 phosphates
(P20) per molecule after okadaic acid treatment (62). However, this P20-tau did not form the canonical
�brils that were easily quanti�able with dyes such as thio�avin S, and had minor effects on cell survival.
The carryover of other eukaryotic post-translational modi�cations or metabolites may have in�uenced the
molecular characters of this P20-tau. To date, heparin-induced aggregation of unmodi�ed tau prevails in
biochemical, biophysical and structural assays, as well as drug discovery endeavors. It should be
cautioned that the pathophysiological contribution of heparin in AD remains elusive. Additionally, the
aggregation of unmodi�ed tau is affected by the redox state of the two cysteine residues of tau (57, 58).
As such, many tau aggregation inhibitors originally hoped to present therapeutic potential turned out to
be unselective redox modulators (47).

One interesting �nding of p-tau produced by PIMAX is that the freshly prepared recombinant protein
already showed cytotoxicity without pre-incubation (Fig. 4). This character is likely related to the
noticeable initial ThS �uorescence in aggregation reactions (e.g., Fig. 2a). Apparently, neither the ThS
reactivity (i.e., �brillogenesis) nor the cytotoxicity of p-tau had reached saturation at the time when the
respective assays started. The "background" thio�avin reactivity of hyperphosphorylated tau has been
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observed in at least three previous reports (60–62), suggesting a swift structural impact by
hyperphosphorylation. Our attempts to remove the T0 ThS reactivity by ultracentrifugation (100,000 x g),
were not successful (data not shown). The only effective approach was treating p-tau with a strong
chaotropic denaturant such as 6 M guanidinium thiocyanate (Supplemental Fig. 2) or 6 M guanidinium
hydrochloride (not shown). Supplemental Fig. 2 shows that 6 M guanidinium thiocyanate reduced the
background ThS reactivity and also prevented the further formation of p-tau �brils. Intriguingly, “snap-
dilute" guanidinium thiocyanate from 6 M to 1 M with the aggregation reaction buffer allowed p-tau to
reassume the ThS signal within the ~ 5-minute duration of reaction assembly. These observations
strongly suggested that p-tau molecules rapidly organized into a ThS-reactive amyloid that was too
buoyant for precipitation by commonly practiced centrifugation procedures. This species is likely
analogous to the reported tau cytotoxic oligomers with a molecular weight of 140–190 kDa (29, 30).
Alternatively, considering the fast "snack-back" of ThS signals after reducing the chaotropic denaturant
concentration, and that each of the four repeat domains may form more than one β-sheet (72), it is
tempting to speculate that monomeric p-tau molecules fold into a "mini-amyloid" with intramolecular
cross β-sheets before engaging into quaternary structures visible under transmission electron microcopy
(Fig. 3b) and PICUP (Fig. 3c).

Another important trait of PIMAX p-tau relevant to the disease is cytotoxicity. Relatively high
concentrations of unmodi�ed tau oligomers (30, 73) affected moderately the survival of SH-SY5Y cells in
MTT and LDH leakage assays. Comparatively, p-tau produced by PIMAX shows a signi�cantly greater
potency of killing cells. Quanti�ed by FDA and PI differential staining, the LD50 (dose of p-tau causing
50% of cell death) for SH-SY5Y cells was estimated to be ~ 0.57 µM (Fig. 4a, and data not shown). In
addition, we have tested HEK293T cells and mouse neurons differentiated from neonatal mouse neural
stem cells (data not shown). The LD50 was estimated to be ~ 0.75 µM and ~ 1.10 µM, respectively. These
numbers are lower than the estimated concentration of soluble, pre-tangle tau in AD cortices (53),
suggesting that the 1N4R p-tau provides appropriate potency for disease mechanism studies. Prior to
massive cell death, sub-micromolar concentrations of p-tau caused the accumulation of ROS and
activation of apoptosis. Possible modes of action of p-tau cytotoxicity may include membrane
impairment (32, 73), binding to a mitochondrial protein, such as VDAC1 (74), or others. Identifying the
pathway(s) impaired by p-tau may reveal new druggable targets. More in-depth studies are apparently
needed to fully delineate the molecular mechanisms underlying p-tau cytotoxicity.

The four p-tau isoforms produced by PIMAX (1N4R, 0N3R, 0N4R, and 2N4R) shared a high degree of
similarity in their phosphorylation patterns (Supplemental Fig. 1), suggesting that, at least for GSK-3β, the
substrate speci�city determinants reside outside the two N domains and the R2 repeat subjected to
alternative splicing. Whether these isoforms exhibit distinctions in aggregation kinetics and/or
cytotoxicity that may shed light on the differential distribution of 3R and 4R isoforms in tauopathies
awaits further investigation. A recent intracerebral injection study on transgenic mice showed clearly that
tau isolated from tauopathy brains resulted in pathology re�ecting the original disease (75), and that
each tau species propagated the respective disease-speci�c conformation. The molecular underpinnings
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for such conformations are elusive, due partly to the relatively low abundance of pathological tau in the
brain extracts used for injection. The recombinant PIMAX approach may provide a biochemically more
de�ned alternative that complements the brain extracts for in vitro and in vivo studies. The PIMAX
approach can be easily adjusted to expand the p-tau repertoire. For example, kinases other than GSK-3β,
such as CDK5 and AMPK have been implicated in tau hyperphosphorylation (20). We showed previously
that the 1N4R p-tau generated by CDK5 or GSK-3β possessed different phosphorylation patterns and
aggregation kinetics (43). Pairing different tau isoforms and kinases for PIMAX production will afford a
useful tool set for a variety of mechanistic studies of tauopathies.

As to hyperphosphorylated tau-based drug discovery, experiments shown above can support compound
screening at an intermediate throughput. P-tau aggregation assays were done in 384-well plates, which
allowed us to conduct a pilot screen of ~ 1300 compounds for molecules with signi�cant p-tau
aggregation modulation activities, followed by cell-based assays and other validating examinations (Liu
et al, to be published elsewhere). Both p-tau aggregation inhibitors and enhancers that antagonized or
exacerbated p-tau cytotoxicity were discovered. It is anticipated that more screens and targeted tests of
compounds that can potentially control p-tau pathogenicity will be materialized. These developments will
support a new avenue for AD and tauopathy drug discovery, as well as the identi�cation of manageable
risk factors for sensible preventation.

Conclusions
Using the PIMAX approach, we produced recombinant hyperphosphorylated tau bearing disease-relevant
phosphorylation marks, which result in molecular and biochemical traits not seen in the unmodi�ed
recombinant tau. At sub-micromolar concentrations, this hyperphosphorylated tau triggers the
accumulation of mitochondrial superoxide, activates apoptosis, and causes cell death. These unique
characters can support mechanistic and drug discovery studies centering on hyperphosphorylated tau
aggregation that underlies the neurodegeneration of Alzheimer's disease and other tauopathies.
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Figure 1

Hyperphosphorylated tau (p-tau) produced by the PIMAX system possesses a disease-relevant
phosphorylation pattern. (a) Puri�ed 1N4R tau, p-tau (phosphorylated by GSK-3β) and p-tau bearing Cys-
to-Ser mutations were resolved by an 8% SDS-PAGE gel and visualized by Coomassie blue staining. (b)
Distribution of high-con�dence p-tau phosphorylation sites (i.e., 4- and 3-hitters by MS mapping). The
number designation conforms to the 2N4R isoform. N1 and N2 are the two N’ domains subjected to
alternative splicing. R1 – R4 are the four microtubules binding repeats. The 1N4R isoform used
throughout this study lacks N2 but maintains all four microtubules binding repeats. Bold fonts represent
4-hitters that were detected by four MS analyses. The remainders are 3-hitters. Red underlines indicate
phosphoepitopes for neuro�brillary tangle staging according to references (14) and (50).



Page 29/33

Figure 3

Inducer-free and redox-independent �brillization of p-tau. (a) Aggregation of p-tau, tau, and K18 with or
without heparin was quanti�ed by thio�avin S (ThS) �uorescence changes through the entire course of
assays and (b) by calculating the net changes of ThS signals after 17 hours of reaction. Numbers above
each bar are the P values for the comparison with p-tau without the use of heparin (leftmost column).
These were one-tailed Student's t tests; n = 3. (c) P-tau aggregation does not require the reducing agent
DTT and is independent of Cys291 and 322. Shown are the net changes of ThS �uorescence from
aggregation of wildtype and the C291S C322S mutant p-tau in the presence or absence of 1 mM DTT. P
values were obtained from two-tailed Student's t tests; n = 3.
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Figure 5

Immunological and biophysical characterization of p-tau aggregation. (a) Immunoblotting of p-tau with
the PHF-speci�c MC-1 antibody (59) and a general tau antibody MAB3494 (R&D Systems). Duration of
aggregation (0 - 120 hours) are shown on the left of the corresponding slots. Parallel blots were probed
with the two indicated antibodies. (b) Transmission electron microscopy of p-tau aggregated for the
indicated period. (c) PICUP (photo-induced cross-linking of unmodi�ed protein) assays detecting high-
molecular weight p-tau species. Shown are overnight aggregation products. (d) FTIR (Fourier
transformation infrared) spectroscopy analysis of p-tau after aggregation. Spectral shifts after
aggregation are indicated by two arrows.
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Figure 7

P-tau aggregates are toxic to cells. (a) Viability of cells after 20-hr treatment of 0.25 – 1 µM of p-tau or 1
µM of unmodi�ed tau pre-aggregated for 20 hrs. Cells were double-stained by �uorescein diacetate (FDA)
and propidium iodide (PI) for the quanti�cation of relative viability. Error bars are standard deviation. n =
3. This graph is a representative of more than three biological repeats. (b) P-tau cytotoxicity is in�uenced
by the extent of aggregation. P-tau subjected to standard aggregation reactions was collected at the
indicated time points and used to treat the neuroblastoma SH-SY5Y cells for 16 hours before FDA/PI
double staining and microscopic quanti�cation. 0.8 µM of p-tau (red curve) caused quantitative cell death
except the 120-hr pre-aggregation sample.
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Figure 10

P-tau potentiates tau aggregation and cytotoxicity. (a) Inducer-free aggregation reactions with tau, p-tau,
or a mixture of these two proteins were monitored for 16 hours. Comparison of ThS net changes is
shown. (b) P-tau converts tau into a cytotoxic species. HEK 293T cells were treated with 0.9 µM of tau
supplemented with 0 - 0.9 µM of p-tau for 24 hours before FDA and PI staining. Percentage of live cells is
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shown here. Note Errors are standard deviation; n = 3. P values (one-tailed Student's t tests) of each pair
of p-tau vs. (p-tau + tau) are shown above the corresponding columns.

Figure 12

P-tau activates apoptosis and triggers mitochondrial superoxide accumulation. (a) Examination of
apoptosis after p-tau treatment. SH-SY5Y cells treated by 0.6-µM p-tau for 12 hours were examined by
FITC-annexin V and PI double staining. Here shows the existence of both early apoptotic (annexin V
positive and PI negative) and late apoptotic or already dead (annexin V and PI both positive) cells. DIC:
differential interference contrast. (b) and (c) P-tau raises mitochondrial superoxide levels. SH-SY5Y cells
treated by 0.6 µM of p-tau for 5 hours were stained by MitoSOX for for microscopy (b) and FACS analysis
(c). 20 mM Tris (pH 7.4) buffer was used as mock treatment. The mean �uorescence intensity (MFI) is
shown in the bar graph. Error bars show range of two independent assays.
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