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EXPERIMENTAL METHODS

Materials

Peptide (CKVQIINKK) was custom-synthesized by BankPeptide Biological Technology
Co., Ltd. (Hefei, China). Recombinant human Tau protein (2N4R) was supplied by
HuaBio (Hangzhou, China). Recombinant human glycogen synthase kinase-33 (GSK3p)
was obtained from SinoBiological (Beijing, China). Heparin was purchased from
Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai, China). Thioflavin T (ThT), and
1,1',1",1"-(1,2-ethenediylidene)-tetrakisbenzene (TPE) were supplied by Macklin
Biochemical Co., Ltd. (Shanghai, China). 4-(1,2,2-triphenylvinyl)aniline (TPE-NH>) was
purchased from Bide Pharmatech Co., Ltd. (Shanghai, China). Okadaic acid (OA) was
supplied by Amgicam (Shanghai, China). Protein marker (10-250 kDa) was acquired
from Thermo Fisher Scientific (Waltham, United States). Precast PAGE gel (4-20%) and
SDS-PAGE protein loading buffer (5x) were supplied by Beyotime Institute of
Biotechnology (Shanghai, China). Polyclonal anti-Tau antibody and HRP-conjugated
affinipure goat anti-rabbit IgG (H+L) were purchased from Proteintech (Wuhan, China).
Monoclonal anti-Tau (phospho S396) antibody was obtained from Abcam (Cambridge,
United Kingdom). Ultrapure water (18.25 MQ cm™') was purified with a Milli Q-Plus
purification system (Bedford, MA, United States). All other chemicals and reagents were

procured from commercial suppliers and utilized without additional purification.
Instrumentations

'H, *C, DEPT, 'H-'H COSY, HSQC, and HMBC nuclear magnetic resonance (NMR)
spectra were recorded on a Bruker Avance AV-500 spectrometer (Germany). Primary
and secondary mass spectra were measured on Shimadzu LC-MS-9030 quadrupole/time-
of-flight (Q-TOF) mass spectrometer (Japan). All the fluorescence determinations were
carried out on a Shimadzu RF-5301 spectrophotometer. CCK-8 assay was recorded on a
SpectraMax CMax Plus absorbance reader (United States). Western blot (WB) images
were obtained from Tanon 4600 automatic chemiluminescence image analysis system

(China).



Preparation of the Probe

1-(4-(1,2,2-triphenylvinyl)phenyl)-1H-pyrrole-2,5-dione ~ (TPE-Mal) was prepared
according to the procedure previously reported with some modifications.! Briefly, TPE-
NH: and maleic anhydride were mixed and stirred at room temperature, followed by the
addition of sodium acetate and acetic anhydride, and stirring at 90 °C for another 3 h. The
resultant solution was poured into ice-cold water and extracted three times with
dichloromethane. The organic layer was washed, dried over anhydrous sodium sulfate,
and concentrated under vacuum, with the crude product purified by silica gel column
chromatography. 'H-NMR (500 MHz, DMSO-d¢) J (ppm) = 7.20-6.97 (m, 21H). '3C-
NMR (125 MHz, DMSO-d¢) 6 (ppm) = 170.29, 143.53, 143.50, 143.45 142.81, 141.60,
140.25, 135.12, 131.45, 131.14, 131.09, 130.21, 128.45, 128.40, 128.31, 127.24, 127.14,
127.10, 126.22. HRMS (ESI) m/z: [M+H+MeOH]" calcd for C3iH26NO3, 460.1907;
found, 460.2038. [M+Na+MeOH]" calcd for C31H2sNOsNa, 482.1727; found, 482.1916.
[M+K+MeOH]" calcd for C31H2sNOsK, 498.1466; found, 498.1594.

The peptide-AlEgen conjugate (TPE-P9) was synthesized by Michael reaction between
the thiol group of the peptide (CKVQIINKK) and the maleimide group of TPE-Mal
under ambient conditions. The resulting product was purified by high-performance

preparative liquid chromatography and subsequently lyophilized for further use.
Investigations on Photophysical Properties of Probes

To investigate the aggregation-induced emission (AIE) properties of the probes, TPE,
TPE-PY, and ThT were initially dissolved in DMF (a good solvent) to prepare stock
solutions. These solutions were then diluted with either water (a poor solvent for TPE and
TPE-P9) or tetrahydrofuran (a poor solvent for ThT) to achieve a final concentration of
10 uM. The emission spectra of the probes were recorded using a fluorescence
spectrophotometer with excitation wavelengths of 320 nm for TPE, 330 nm for TPE-P9,
and 385 nm for ThT.



Preparations of Tau, p-Tau, and Api142 Aggregates in Vitro

2 mg-mL! recombinant human Tau protein (2N4R) was prepared in a buffer containing
20 mM Tris-HCL, and 100 mM NaCl at pH 7.4, supplemented with 1 mM DTT and
incubated at 37 °C for 2 h prior to the aggregation reactions to reduce any covalent
linkage inter- or intra- Tau molecules. The reactions were initiated with addition of
oligomerization inducer, heparin, at the final concentration to 10 uM, followed by
incubation at 37 °C without agitation for different time.

The p-Tau protein was prepared by incubating 2 mg-mL"' Tau with 0.118 mg-mL"!
GSK3p in a buffer containing 20 mM Tris-HCI, 150 mM NacCl, 20 mM MgCls, and 5
mM DTT at pH 7.4. The kinase reactions were initiated by addition of 3 mM ATP and
followed by incubating at 37 °C without agitation for different time. Then the buffer was
replaced with the aggregation buffer containing 20 mM Tris-HCI, and 100 mM NaCl at
4 °C through ultrafiltration to stop the reaction.

A total of 1 mg of freeze-dried APi4> peptide powder was dissolved in 1 mL of
1,1,1,3,3,3-hexafluor-2-popanol (HFIP) and incubated at room temperature for 2 h to
breakdown pre-existing aggregates, then the solvent was removed by nitrogen flow. The
monomeric peptide solutions were prepared by addition of 100 pL of DMSO to HFIP-
treated APi42, followed by dilution with a buffer containing 20 mM Tris-HCI, and 100
mM NaCl at pH 7.4, then the solutions were sonicated in ice-water bath for 10 min and
subsequently centrifugation at 14000 rpm at 4 °C for 15 min. The supernatants were
collected as monomers. The aggregation reactions of APi42 were performed by

incubating monomeric peptide solutions at 37 °C without agitation for different time.
Transmission Electron Microscopy (TEM) Measurement

Tau monomers were incubated at 37 °C to induce fibrillar aggregation. The original
samples were diluted four times. TEM images were acquired using a Hitachi HT7800
electron microscope (Japan) operated at 80 kV. For each sample, 10 pL of protein
solution was blotted onto a copper grid with a formvar coating for 1 min. The samples
were then stained with 2.0% phosphotungstic acid for 1 min and observed under

magnifications ranging from 10,000x to 50,000x.



Fluorescence Analysis in Solution

The Tau protein or APi42 peptide was incubated for a defined period of time. The
obtained monomers and fibrils were diluted to appropriate concentrations, followed by
supplementation with the dye (ThT or TPE-P9) to a final concentration of 1 uM. After
incubation at 37 °C for 10 min, the fluorescence intensities were recorded at 485 nm for
ThT and 465 nm for TPE-P9, with excitation wavelengths at 440 nm and 330 nm,

respectively. Each experiment was independently repeated at least three times.
Microscale Thermophoresis (MST) Measurement

Monomeric Tau (2N4R) protein (1 mg-mL!, 10 mM HEPES, 100 mM NaCl, pH 7.4)
was prepared by buffer replacement through ultrafiltration. Abnormal Tau was prepared
according to reported procedures.?’ Proteins were labeled using the RED-tris-NTA 2"
Generation protein labeling kit (Nanotemper). Subsequently, normal Tau or abnormal
Tau was incubated with TPE-P9 or ThT for binding affinity testing at room temperature.
The affinity constant (Kq) of TPE-P9 and ThT with normal Tau or abnormal Tau was
measured using the Monolith NT.115 instrument (Nanotemper), and the obtained data

were analyzed using MO. Affinity Analysis v2.3 software.
Fluorescence Imaging in Living Cells

HT22 cells were cultured in 24-well plates until adhered to the surface. Then, the cells
were co-incubated with 100 nM of OA for another 12 h to induce p-Tau. Afterward, the
media were replaced with 20 uM of TPE-P9 or ThT, and incubated in dark for 30 min.
Cells were washed in PBS buffer for three times to remove excess probes and dead cells.
The fluorescence images were captured using an inverted fluorescence microscope
(Nikon Eclipse Ti2), with band pass excitation filters were 340-400 nm for TPE-P9 and
430-465 nm for ThT. the obtained data were analyzed using NIH ImageJ v1.54h software.

Co-localization Imaging of TPE-P9 with Anti-p-Tau Antibody

HT22 cells were seeded in 12-well plates containing glass coverslips and cultured until

complete adherence. To induce Tau hyperphosphorylation, cells were treated with 100



nM OA for 12 hours. After induction, the culture medium was aspirated, and cells were
fixed with pre-chilled methanol for 15 min. Permeabilization was performed by
incubating cells in PBS supplemented with 0.5% Triton X-100 for 20 min, followed by
blocking with 5% BSA for 60 min at room temperature. For immunolabeling, cells were
incubated overnight at 4 °C with a primary anti-p-Tau (48856, CST, 1:100) antibody.
After three washes with PBS, coverslips were incubated with a fluorescently conjugated
secondary antibody (RGARO004, Proteintech, 1:200) for 1 h at room temperature in the
dark. Subsequently, cells were stained with 20 pM TPE-P9 for 30 min. Coverslips were
mounted onto glass slides using anti-fade mounting medium (P0126-25ml, Beyotime) to
minimize fluorescence quenching. Fluorescence images were acquired using an inverted
fluorescence microscope (Nikon Eclipse Ti2) with excitation filters set to 340400 nm

for TPE-P9 and 510-560 nm for anti-p-Tau antibody detection, respectively.
Effects of Okadaic Acid (OA) on Tau Hyperphosphorylation

HT22 cells were pre-treated with or without OA for 12 h. Then proteins were extracted
from the cells using ice-cold RIPA lysis buffer (Beyotime), supplemented with protease
and phosphatase inhibitors (Beyotime). Protein concentrations were determined using a
BCA protein assay kit (Beyotime). The extracted proteins were stored at -80 °C for

subsequent analysis. The levels of both total Tau and p-Tau were semi-quantified by WB.
Western Blot Analysis

Tau proteins were pre-treated with 5x SDS-PAGE loading buffer. For each sample, an
equal amount of protein was subjected to SDS-PAGE on precast 4%-20% gels and then
transferred onto PVDF membranes (Millipore, Bedford, MA, USA). The membranes
were blocked with 5% BSA for 1.5 h at room temperature, followed by incubation with
primary anti-Tau (10274-1-AP, Proteintech, 1:3000), anti-p-Tau (ab109390, Abcam,
1:20000) or anti-GADPH (60004-1-1g, Proteintech, 1:20000) antibodies at 4 °C
overnight. After washing three times with TBST, the membranes were incubated with
corresponding secondary antibodies (Proteintech, 1:3000) for 1 h at room temperature.
Immunoreactive bands were detected by developing with ECL luminescence reagent. The

band intensities were quantified using NIH ImageJ v1.54h software.



Atomic Force Microscopy (AFM) Measurement

The morphological alterations of amyloid protein were meticulously characterized
utilizing Bruker Dimension Icon atomic force microscope (Germany). Prior to analysis,
samples were diluted in sterile water to appropriate concentrations. Subsequently, 10 pL
of each sample was dropped onto a mica substrate. The samples were finally subjected to
a drying process in air gas before use. The resulting images were analyzed using

NanoScope Analysis v2.0 software.
Study of Amyloid Properties of TPE-P9

0.5 mg of TPE-P9 was dissolved in DMF to obtain stock solutions. Then, the samples
were diluted in a Tris-HCI buffer at pH 7.4 on ice to reach final concentrations ranging
from 1 uM to 60 uM, supplemented with 10 uM ThT as an aggregation indicator. The
aggregation reactions were initiated at 37 °C, and fluorescence intensities were
subsequently recorded after incubation periods ranging from 1 to 96 hours. Each

experiment was independently repeated at least three times.
Effects of TPE-P9 on Heparin or Hyperphosphorylated Induced Tau Aggregation

An appropriated amount of monomeric Tau was pre-incubated with TPE-P9 in different
molar ratios of 10:1, 1:1, 1:5, and 1:10 (Tau:TPE-P9) for 1 h before addition of heparin
or GSK3p acting as aggregates inducer or protein kinase. The reactions carried out at
37 °C for another 16 h for heparin-induced Tau oligomerization, and 72 h for GSK3p-
induced Tau phosphorylation. Samples were diluted with 5% loading buffer and boiled for

10 min. The levels of Tau monomers were semi-quantified by WB.
Cell Culture

Mouse hippocampal neuron cells HT22 (Procell, Wuhan, China) were cultured in
Dulbecco’s modified Eagle’s medium (DMEM; Keygen Biotech, Nanjing, China)
supplemented with 10% fetal bovine serum (FBS; Bioind, Israel), 80 U-mL! penicillin,
and 0.08 mg-mL"' streptomycin (Keygen Biotech, Nanjing, China). All cells were
propagated in T-75 flasks maintained in a humidified incubator with 5% (v/v) CO; at
37°C until the cell density reached approximately 80%.



Cell Viability Assay

Cell wviability was assessed using a standard 2-(2-methoxy-4-nitrophenyl)-3-(4-
nitrophenyl)-5-(2,4-disulfophenyl)-2 H-tetrazolium sodium salt (CCK-8) reduction assay.
Cells were seeded in 96-well plates (5x103 cells per well) and incubated at 37 °C for 24 h.
For TPE-P9 cytotoxicity assessment, various concentrations of TPE-Mal, P9, and TPE-
P9 (1-20 uM) were added and co-incubated with the cells for an additional 48 h. To
evaluate the impact of TPE-P9 on endogenous hyperphosphorylated Tau (p-Tau)-induced
apoptosis, the original media were replaced with OA/TPE-P9-OA solutions and cultured
for another 12 h. Additionally, regarding the influence of TPE-P9 on exogenous Tau
oligomer-induced cell death, heparin-Tau/p-Tau/TPE-P9-heparin-Tau/TPE-P9-p-Tau
were supplemented and incubated for another 48 h. Subsequently, the medium was
removed, and equal volumes of 10% CCK-8 culture medium solutions were added. The
absorbance values were read at 450 nm after incubation at 37 °C for 30 min, and cell
viability was determined as the percentage of CCK-8 reduction compared to untreated

cells. Each experiment was independently repeated at least three times.
Cell Apoptosis Detecting by Flow Cytometry

p-Tau was prepared by incubating Tau with GSK3p in the abscence or presence of TPE-
P9 at a molar ratio of 2:1 (TPE-P9:Tau) for 72 h. HT22 cells were cultured in 12-well
plates until adhered to the surface. The medium was then replaced with solutions
containing 5 uM of either native Tau, p-Tau (without TPE-P9), or TPE-P9 pretreated p-
Tau (TPE-P9-p-Tau). Cells were further incubated for another 48 h. Subsequently, the
original medium was aspirated, and cells were washed with PBS buffer for three times.
Then, cells were resuspended in binding buffer following trypsin digestion. Finally, cells
were stained with Annexin V-FITC/PI Apoptosis Detection Kit (A211-01, Vazyme) for
10 min at room temperature in the dark. Stained cell suspensions were diluted with
additional binding buffer and filtered through a 48 pm mesh filter. Cytotoxicity induced
by pathological Tau was quantified using a flow cytometer (BD FACS Celesta), with
Annexin V-FITC and PI signals used to distinguish apoptotic and necrotic cells.



Evaluation of Pathological Tau Internalization by Flow Cytometry

Tau protein was labeled using HOOK™ dye labeling kit (FITC) according to the
manufacture’s instructions. HT22 cells were cultured in 12-well plates until adhered to
the surface. The medium was then replaced with solutions of Tau-FITC-heparin-TPE-P9
and the cells were incubated for another 16 h. Subsequently, the original medium was
discarded and the cells were washed with PBS buffer for three times. Finally, cells were
resuspended in PBS buffer following trypsin digestion. The internalization of the
pathological Tau was quantified using a flow cytometer (BD FACS Celesta) and the

obtained data were analyzed using FlowJo v10.10.0 software.
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Fig. S11 (a) Fluorescent responses of TPE-P9 (1 uM, Aex= 330 nm) toward Cys (10 uM)
and GSH (10 uM) in Tris-HCI buffer. (b) TPE-P9 (1 uM, Aex = 330 nm) toward other
analytes (10 uM) in Tris-HCI buffer: (1) AP*; (2) Ca?*; (3) Cu?*; (4) Fe*'; (5) Fe**; (6)
Mg?*; (7) Zn**; (8) L-Arg; (9) L-Glu; (10) Gly; (11) Met. Ip and I are the maximum

fluorescence intensity recorded before and after adding the analytes to the dye solution.
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Table S1. Comparison of various tauopathy therapeutics in terms of their action

mechanisms
Function Action mechanism Compound name Reference
o o Lithium chloride,
Down-regulating kinase activity 23
hydrogen sulfide
Up-regulating phosphatase Sodium selenate, is
activity resveratrol
Inhibiting pathological Blocking pathological Tau CI-NQTrp, s
Tau production aggregation rosmarinic acid
Depolymerizing the produced NBB BSc3507, .o
aggregates GQDs
Blocking pathological Tau
aggregation
TPE-P9 This work
Modulating Tau-HSPGs
interaction
o . GSK1482160,
Inhibiting exosomes releasing . 10,11
Inhibiting pathological cambinol
Tau spread Modulating Tau-HSPGs Tetrasaccharide 27, 13
interaction SN7-13
) ) ) ) Cytochalasin D,
Blocking micropinocytosis 14,15
flubendazole
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Table S2. Comparison of various amyloid protein detectors and modulators in terms of

their specificities, Kp values and relative modulation rates

Modulation
Compound name Target Kp (nm) Reference
rate (%)
AP, liquid
TPE-Q P liq - - 16
viscosity
AN-SP, AP, K18-Tau, I
Single functional taBODIPY IAPP
detectors Insulin, a- o
DMNDC ' 10.6 (insulin) - 18
synuclein
Ru-fipc AB 242 - 19
NMM AP ~2.24 - 20
Cloridarol hIAPP - 57 2
. . TS2 hIAPP - ~80 =
Single functional
Bexarotene AB - 99 2
modulators )
GAGs a-Synuclein - 20-30 24
SC-D a-Synuclein - 43 %
Dual-functional DMA-SLOH AB 4.29 - 26
detectors and
TPE-P9 Tau 4.46 136 This work

modulators
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RAW DATA
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Fig. 6e
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Fig. 7¢
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Fig. S 1 2 Control Treat
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* The bands within the red frame are the unedited original bands corresponding to the

bands presented in the manuscript, and the bands within the green frame are the raw data

for the replicate experiments.
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