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Abstract
Neurofibrillary tangles of the Tau protein and plaques of the amyloid β peptide are hallmarks of Alzheimer’s disease (AD), 
which is characterized by the conversion of monomeric proteins/peptides into misfolded β-sheet rich fibrils. Halting the fibril-
lation process and disrupting the existing aggregates are key challenges for AD drug development. Previously, we performed 
in vitro high-throughput screening for the identification of potent inhibitors of Tau aggregation using a proxy model, a highly 
aggregation-prone hexapeptide fragment 306VQIVYK311 (termed PHF6) derived from Tau. Here we have characterized a hit 
molecule from that screen as a modulator of Tau aggregation using in vitro, in silico, and in vivo techniques. This molecule, 
an anthraquinone derivative named Purpurin, inhibited ~ 50% of PHF6 fibrillization in vitro at equimolar concentration and 
disassembled pre-formed PHF6 fibrils. In silico studies showed that Purpurin interacted with key residues of PHF6, which 
are responsible for maintaining its β-sheets conformation. Isothermal titration calorimetry and surface plasmon resonance 
experiments with PHF6 and full-length Tau (FL-Tau), respectively, indicated that Purpurin interacted with PHF6 predomi-
nantly via hydrophobic contacts and displayed a dose-dependent complexation with FL-Tau. Purpurin was non-toxic when 
fed to Drosophila and it significantly ameliorated the AD-related neurotoxic symptoms of transgenic flies expressing WT-FL 
human Tau (hTau) plausibly by inhibiting Tau accumulation and reducing Tau phosphorylation. Purpurin also reduced hTau 
accumulation in cell culture overexpressing hTau. Importantly, Purpurin efficiently crossed an in vitro human blood–brain 
barrier model. Our findings suggest that Purpurin could be a potential lead molecule for AD therapeutics.
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Introduction

Alzheimer disease (AD), a major form of dementia is a 
progressive neurodegenerative disorder of the elderly [1]. 
Currently, worldwide there are more than 50 million peo-
ple are diagnosed with AD (https​://www.alz.co.uk/resea​
rch/stati​stics​). Owing to advances in medicine, human 
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lifespan is increasing; hence this number is expected to 
increase at an alarming rate in the near future with severe 
social and economic consequences. Current treatments 
aim at alleviating AD symptoms, yet no disease-modifying 
therapeutics is available for this disease. The two patho-
logical hallmarks of the AD brain are the accumulation 
of intra-cellular neurofibrillary tangles (NFT) of the Tau 
protein and extracellular deposits of amyloid beta (Aβ) 
as senile plaques, both of which are neurotoxic and lead 
to the demise of neurons [2–5]. Tau is an intra-neuronal 
protein, abundant in the central nervous system and is a 
member of the family of microtubule associated proteins 
[6, 7]. Under physiological conditions, Tau plays a key 
role in cytoskeleton stabilization by binding to the inter-
face of tubulin heterodimers forming microtubules [6, 8]. 
However, in the diseased brain, the Tau protein undergoes 
abnormal post-translational modifications which on the 
one hand lead to its detachment from microtubules, result-
ing in their disassembly (loss-of-function), and on the 
other hand promote the self-assembly of natively unfolded 
soluble Tau monomers into toxic insoluble amyloid assem-
blies (gain-of-function) [8–11].

Recent research suggests that accumulation of Tau and 
deposition of NFTs correlates better than Aβ pathology 
with clinical features of dementia [12, 13]. Thus, there is 
a revived interest in understanding the mechanism of Tau 
aggregation and finding agents that are capable of modulat-
ing its self-assembly for therapeutic purposes. The major 
challenge in AD and other related Tau-engendered diseases 
termed tauopathies [14] is to inhibit the accumulation of 
toxic Tau species to halt disease progression and as well as 
to clear the existing Tau deposits to alleviate disease symp-
toms. In recent years, Tau oligomers have been shown to 
propagate from cell to cell presenting an additional target 
for therapeutics [15, 16]. Self-assembly of Tau is believed 
to be instigated by two highly aggregation-prone hexapep-
tide fragments, namely 275VQIINK280 (termed PHF6*) 
and 306VQIVYK311 (termed PHF6) located in the second 
and third repeat of the microtubule-binding region of Tau, 
respectively [17–19]. Along these lines, cryo-EM analysis of 
Tau filaments showed that PHF6 forms the β-1 of the eight 
β-sheets (β-core) of the Tau fibrils [20]. Recently, Seidler 
and co-workers demonstrated a significant role of PHF6* 
in driving tau aggregation [19]. Experimental and theoreti-
cal studies with PHF6 indicate that the peptide displays a 
strong self-assembling tendency owing to the steric-zipper 
conformation in a highly ordered antiparallel-layered paral-
lel β-sheet arrangement governed by main-chain hydrogen 
bonds [21–23]. Additionally, PHF6 is present in both 3R and 
4R isoforms of Tau and forms in vitro fibrils analogous to 
those formed by full-length Tau (FL-Tau) [24–27]. There-
fore, this hexapeptide fragment is widely used as a proxy 

model for FL-Tau to screen potential anti-amyloidogenic 
drug candidates for AD [24, 28–32].

The search for inhibitors of amyloid aggregation has 
resulted so far in several efficacious agents, including natu-
ral products such as alkaloids, polyphenolic compounds, 
and synthetic biomaterials such as peptide-based inhibitors 
[33–37]. For example, we have previously demonstrated the 
ability of Naphthoquinone-Tryptophan hybrids, i.e., NQTrp 
and Cl-NQTrp, to inhibit PHF6 aggregation and disassemble 
the pre-formed PHF6 aggregates in vitro. We reported that 
NQTrp hybrids ameliorate AD-related symptoms in trans-
genic Drosophila fly models expressing the FL-WT human 
Tau protein (hereafter hTau) or Aβ [24–26, 38]. Recently, 
we performed an in vitro High-throughput screening (HTS) 
using PHF6 as a model and identified potential hit small 
molecules that modulate its aggregation [30].

In the present work, we have characterized a lead hit 
from that HTS, a naturally occurring anthraquinone dye 
pigment named Purpurin. The modulatory effect of Pur-
purin on Tau aggregation was evaluated using in vitro, in 
silico, and in vivo techniques. Using complementary in vitro 
assays, we found that Purpurin inhibited PHF6 aggregation 
in a dose-dependent manner and disassembled pre-formed 
PHF6 fibrils. Using binding and thermodynamic studies, we 
established that Purpurin interacted with monomeric PHF6 
predominantly via hydrophobic contacts and displayed a 
concentration-dependent complexation with FL-Tau pro-
tein. Using a computational approach, we determined a 
plausible mechanism of action of Purpurin in disaggregating 
pre-formed PHF6 fibril. Using an animal model and a cell 
model overexpressing hTau, we demonstrated that Purpurin 
alleviates AD-like symptoms and reduces the accumula-
tion of total hTau, respectively. Using an in vitro model of 
the human blood–brain barrier (BBB) [39], comprising of 
human brain-like endothelial cells (BLECs) together with 
brain pericytes, we observed that Purpurin was able to cross 
it efficiently. These results are in line with the reported abil-
ity of other anthraquinone analogs to inhibit Tau aggregation 
and dissolve PHFs in vitro and in a cell model [40]. Insights 
obtained from the present work suggest Purpurin as an effi-
cient candidate for modulating Tau aggregation and may 
help in the rational design of small molecule compounds 
for AD therapeutics.

Materials and methods

Materials

All chemicals and reagents were of analytical grade. 
Unless otherwise stated, all chemicals were obtained from 
Sigma-Aldrich (Rehovot, Israel). Synthetic PHF6 peptide 
(Ac-VQIVYK-NH2) was purchased from GL Biochem 
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(Shanghai, China), and FL-Tau (longest isoform, 441 amino 
acids) was purchased from AnaSpec (CA, USA). Antibody 
(AT180) against phosphorylated Tau was purchased from 
Thermo Fisher Scientific (IL, USA), antibody (ab64193) 
against total Tau and antibody (ab9485) against GAPDH 
was purchased from Abcam (Cambridge, UK). Cell culture 
media and supplies were purchased from Biological Indus-
tries (Israel) unless specified.

Stock preparation

PHF6 peptide for the in  vitro assays was prepared as 
described previously [24, 28]. Monomeric PHF6 peptide 
was attained after a 10 min pre-treatment with HFIP and 
was subsequently dried using SpeedVac. The resulting thin 
film was dissolved in ddH2O and sonicated for 3 min (three 
times). The concentration of the peptide was determined 
using a NanoDrop (Denovix spectrophotometer) (calcu-
lated according to ε280 of 1490 M−1 cm−1) and adjusted to a 
stock concentration of 1 mM with 20 mM MOPS (pH 7.2). 
A stock solution of Thioflavin S (ThS, 4 mM) and heparin 
(100 µM) were prepared in 20 mM MOPS (pH 7.2).

High‑throughput screening assay

The hit molecule (Purpurin) used in this study was obtained 
from the HTS described earlier [30]. Briefly, the screen of 
the chemical library consisting of 2401 FDA approved/
bioactive compounds was performed based on ThS fluores-
cence. All assays were done on flat black 384 well plates 
under automated HTS conditions (Tecan robot; Freedom 
EVO 200). The reaction mixture contained 50 µM PHF6, 
100 µM ThS, 10 µM heparin and 10 µM compounds (in 
20 mM pH 7.2 MOPS). Kinetic fluorescence data were col-
lected at 25 °C with measurements taken at 20 s intervals 
for 30 min. PHF6 alone in DMSO served as a control for 
the screen.

PHF6 aggregation inhibition and fibril disassembly 
assay

For aggregation assay, stock solutions were diluted in 
100 µL wells of a 96-well black plate containing 50 µM 
PHF6 and 100 µM ThS in 20 mM MOPS. For the inhibition 
assays, 50 µM PHF6 and 100 µM ThS were incubated in the 
presence of various doses of Purpurin (0, 10, 50, 100 and 
250 µM) in MOPS buffer. Immediately before the experi-
ment, heparin (10 µM) was added to initiate PHF6 aggrega-
tion. For the disassembly of pre-formed fibrils, PHF6 was 
allowed to aggregate as mentioned above. When a plateau 
of ThS fluorescence was observed (~ 45 min), Purpurin (10, 
50, 100 and 250 µM) was added to the designated wells, 
and the assay was continued for additional ~ 60 min. Control 

wells were supplemented with the same concentration of 
DMSO as the test wells containing Purpurin. Kinetic fluo-
rescence data were collected at 25 °C in replicates using Infi-
nite M200 microplate reader (Tecan, Switzerland), with the 
measurement taken at every 20 s interval (ThS: λex—440 nm 
and λem—490 nm). All assays were performed at least twice 
to ensure reproducibility.

Circular dichroism spectroscopy

To analyze the secondary structure of the aggregates, PHF6 
peptide (50 µM) was incubated with increasing concentra-
tion of Purpurin (0, 10, 50 and 250 µM) and heparin (10 µM) 
for 2 h at 25 °C. For disassembly of PHF6 fibrils, the peptide 
was allowed to aggregate for 2 h in the absence of Purpurin 
and subsequently incubated for 3 h with increasing concen-
tration of Purpurin. Before measurements, all samples were 
diluted to 40 µM and placed in 1 mm cuvette. CD spectra 
were then recorded on a Chirascan spectrometer in the range 
of 200–250 nm, and the background was subtracted from the 
CD spectra values. Since DMSO absorbs at far UV range, 
stocks of Purpurin were prepared in methanol for this assay.

Transmission electron microscopy

For inhibition and disaggregation experiments, PHF6 pep-
tide was prepared as mentioned in “PHF6 aggregation inhi-
bition and fibril disassembly assay”. Samples (10 µl) were 
placed on 400-mesh copper grids covered with a carbon-
stabilized Formvar film [Electron Microscopy Sciences 
(EMS), PA, USA] for 2 min. Excess fluid was removed, and 
the grids were negatively stained with 2% Uranyl acetate 
solution (10 µl) for 2 min. Finally, excess fluid was removed, 
and the samples were observed by a JEM-1400 TEM (JEOL) 
operated at 80 kV.

Isothermal titration calorimetry (ITC)

ITC measurements were performed as described previously 
[41]. Fresh monomeric PHF6 and Purpurin were diluted to 
400 μM and 50 μM, respectively in 20 mM MOPS. A sam-
ple of 300 µL Purpurin was inserted into the Nano ITC low 
volume cell (TA Instruments, DE, USA) and the titrating 
syringe was filled with 50 μL PHF6 solution. The system 
was allowed to reach a stable temperature of 25 °C along 
2000 s and then collected baseline for 500 s. Subsequently, 
PHF6 was titrated to the Purpurin solution or MOPS. Titra-
tion was carried out in 5 μL aliquots that were let to equili-
brate for 300 s before adding the next drop along ten drops 
of total 47.5 μL (1st drop is half volume). The resulting 
isotherm was analyzed by Nanoanalyze software using an 
independent interaction model. Baseline correction was per-
formed by titrating PHF6 to MOPS blank.
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Surface plasmon resonance (SPR)

SPR binding assay was performed on ProteOn XPR36 pro-
tein interaction array system (Bio-Rad, CA, USA) with 
GLC chip, coated with monomeric FL-Tau protein. Tau was 
attached to the chip using standard crosslinking procedure 
after activation with 1-ethyl-3-[3-dimethylaminopropyl] car-
bodiimide (EDC, 50 mM) mixed with N-hydroxysulfosuc-
cinimide (sNHS, 5 mM) (Bio-Rad ProteOn user’s manual, 
Bulletin_6295). FL-Tau (6 µg) was dissolved in 300 mL 
acetate buffer (pH 5.5) and circulated in the activated chip 
for measuring the binding over 300 s. Control channel was 
coated with bovine serum albumin (BSA, 6 µg) as men-
tioned above to determine the non-specific interactions. Fol-
lowing coating, the chip was circulated with ethanolamine 
(1 M, 300 s) and washed with PBST. Subsequently, Purpurin 
(5 μM and 10 μM) in PBST was inserted to the system, and 
the chip response was measured over 600 s. Following pro-
tein-Purpurin interaction, the chip was cleaned with PBST. 
The actual response of FL-Tau was obtained after subtract-
ing the non-specific signal of the BSA coated channel.

Molecular docking

Purpurin was docked to the monomeric PHF6 peptide (PDB 
ID: 2ON9) using induced fit docking (IFD) protocol as 
described previously [30]. All docking computations were 
performed using the Schrodinger software, release 2016-2 
and Small-molecule drug discovery suite (Schrodinger, 
LLC, NY, 2016) on Windows and Linux platforms. The fol-
lowing Schrodinger modules were used: Protein Preparation 
Wizard [42], LigPrep, Glide [43–45], Prime [46, 47] and 
IFD [48–50]. All modules were accessed via the Maestro 
graphical interface.

Molecular dynamics simulation

The coordinates of PHF6 peptides were obtained from PDB 
ID: 2ON9 [51] and the N-terminus of the peptide was acety-
lated. Further, the X-ray unit cell of the 2ON9 was replicated 
to attain the fibril structure consisting of 42 peptide units 
[26]. Three-dimensional conformer of Purpurin was obtained 
from PubChem (CID: 6683), and GROMACS topology for 
the molecule was generated using the PRODRG Server [52]. 
The atomic charge and charge groups of Purpurin were gen-
erated based on the GROMOS96 54a7 force field parameters 
[53]. Molecular dynamics simulation was performed in the 
isothermal-isobaric ensemble using GROMACS (4.5.3) with 
GROMOS96 54a7 force field [53–55]. Water was described 
using the simple point charge (SPC) water model. The pres-
sure was controlled at 1 atm and temperature was retained at 
310 K using Parrinello-Rahman Barostat and V-rescale ther-
mostat, respectively. A salt concentration of 0.15 M NaCl 

was added to mimic the physiological conditions. Two fem-
toseconds (fs) time step was used to integrate the equation 
of motion. The electrostatic interaction was calculated using 
particle mesh Ewald sums with a non-bonded cut off 10 Å. 
Bonds between hydrogen and heavy atoms were constrained 
at their equilibrium length using the linear constraint solver 
(LINCS) algorithm [56]. Initially, the energy minimization 
of the system was carried out followed by the equilibration 
for 100 picoseconds (ps). Subsequently, a production run 
for 20 ns was performed. Trajectories were saved at 10 ps 
intervals, and analyses of the trajectories were carried out 
using GROMACS suite of programs and PyMOL (https​://
pymol​.org/2/).

Fly keeping

Flies were reared on standard cornmeal-molasses medium 
and were kept at 25 °C. Crosses were performed at 25 °C. 
Adult offspring (F1) from the crosses were collected up to 
2 days after the beginning of their eclosion at 25 °C.

Fly genetics and crossing

Transgenic strain overexpressing hTau, comprising 441 
amino acids [57, 58], under the upstream activating sequence 
(UAS) has been described previously [59] and was a gen-
erous gift from Dr. George Jackson (University of Texas 
Medical Branch, Galveston, TX). The GMR-Gal4 strain 
used to drive the expression of hTau in the eyes was a kind 
gift from Dr. Hermann Steller (Rockefeller University, New 
York, NY). Virgin females, carrying the GMR-Gal4 driver 
on chromosome X, were collected and crossed with males 
carrying UAS-hTau on the 2nd chromosome or with wild 
type Oregon-R (OR) males as a control (hereafter GMR-
Gal4 control). This resulted in F1 offspring overexpressing 
hTau in the retina.

Fly feeding

Purpurin was added to standard molasses medium at a 
concentration of 0.75 mg/mL, as previously described for 
NQTrp [38, 60], and the mixture was aliquoted into rear-
ing vials. The vials were kept at 4 °C, in the dark until use. 
Crosses were performed either on standard Drosophila 
medium (lacking Purpurin) or on medium supplemented 
with Purpurin. Animals were fed on the appropriate medium 
from the beginning of the larval stage onwards throughout 
adult life.

Scanning electron microscopy (SEM)

Twelve-day-old female flies from each of the resultant 
F1 groups, crossed and reared at 25 °C, were fixed in 4% 

https://pymol.org/2/
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paraformaldehyde (PFA, #28908, Thermo Scientific) for 
1 h at room temperature. After repeated washes with PBS, 
the flies were dehydrated with increasing concentrations 
of ethanol, critical-point dried and coated with gold. The 
samples were analyzed with a JCM-6000PLUS NeoScope 
Benchtop SEM.

Qualitative classification of the eye phenotype

Both eyes of each 10 days old female flies from the resultant 
F1 groups were examined under a stereomicroscope. The eye 
defects observed were classified into three classes according 
to their severity (see Fig. 6a): class 1 had normal eyes, class 
2 had mucosal eyes but had otherwise normal morphology, 
class 3 exhibited a collapse of the eye tissue, and class 4 had 
black spots of apoptotic tissue on their eyes. Chi-squared 
test was performed to examine whether the distribution of 
eye classes in each experimental group was significantly 
different from the untreated flies overexpressing hTau. Stu-
dent’s t test was performed on the averages of the groups. p 
value < 0.05 was considered to be significantly different in 
both tests. The validity of this categorization was verified 
beforehand by finding that the classification results of three 
independent researchers do not differ significantly.

Quantification of eye pigment

Seven-day-old female flies from each of the F1 groups were 
stored for 1 day at − 80 °C, decapitated and their heads were 
distributed into 3–5 tubes containing 15 heads each. Next, 
50 µl of AEA buffer (50% ethanol, pH 2.0) were added to 
each tube, and the tubes were stored for 3 days at room tem-
perature in the dark. Then, each sample was diluted with an 
equivalent volume of AEA buffer. The absorbance of the 
samples was measured using a NanoDrop (Denovix spec-
trophotometer) at 480 nm and was normalized according to 
the formula:

T test was performed for evaluating the statistical sig-
nificance of the observed differences (p value < 0.05 was 
considered to be statistically different).

Western blot analysis

Samples were subjected to SDS-PAGE using 4–20% 
(w/v) polyacrylamide gel under reducing conditions and 

Average absorance (GMR − Gal4:UAS − hTau, untreated or treated) × Average absorance(GMR − Gal4, untreated) × 100

Average absorance (GMR − Gal4, treated with Purpurin)
.

transferred onto PVDF membrane using a dry blot (iBlot®, 
Life Technologies, Grand Island, NY). Western blot analy-
sis was performed to detect the presence of phosphorylated 
Tau using the AT180 antibody which detects pThr231 or 
to evaluate total Tau levels using the ab64193 antibody. 
Briefly, the membrane was blocked for 1 h using 5% milk 
diluted in TBS. AT180 or ab64193; diluted 1:1000 in Sig-
nal Boost™ or milk were added on the subsequent day to 
the membrane for overnight incubation at 4 °C, followed 
by several washes with TBST (0.3% Tween). Next, the 
membrane was incubated with Goat anti-Mouse IgG-HRP 
diluted in Signal Boost™ for AT180 and Goat anti-Rabbit 
IgG-HRP diluted in milk for ab64193 as secondary anti-
bodies (Santa Cruz Biotechnology, TX, USA) for 1 h at 
room temperature while shaking. Blots were developed 
after thorough TBST washes, using an Amersham Imager 
600 (GE Healthcare). Densitometric analysis of phospho-
rylated and total Tau levels was performed using ImageJ 
software [61].

Cell culture

SH-SY5Y (ATCC CRL-2266) cells were cultured in Dul-
becco’s Modified Eagle’s Medium/Nutrient Mixture F-12 
(DMEM-F12) supplemented with 10% fetal bovine serum, 
1% l-glutamine, 1% pen-strep nystatin, and 1% non-essen-
tial amino acids. Cells were incubated under 5% CO2 at 
37 °C. Cells were stably transfected with the pcDNA4 
plasmid containing hTau, using Lipofectamine LTX 
(Invitrogen). Cells were sub-cloned, and one colony was 
chosen for subsequent experiments. For selection, Zeocin 
antibiotic (Tamar laboratories, Israel) at a concentration 
of 150 μg/mL was added from day three post-transfection 
throughout the culture period. To determine the effect of 
Purpurin on the accumulation of hTau, cells overexpress-
ing hTau were seeded onto a 6-well plate and cultured for 
2 days. Subsequently, 10 μM Purpurin was added to the 
designated wells and incubated for 2 additional days. Non-

transfected cells that do not overexpress hTau, untreated 
or treated with Purpurin were used as control. Later, the 
cells were harvested, lysed and the total protein was sub-
jected to SDS-PAGE. Total hTau from Purpurin treated 
hTau overexpressing cells was analyzed using western blot 
immunolabelled with total Tau antibody (ab64193 anti-
body) and compared to total hTau from untreated cells 
overexpressing hTau. GAPDH labeled with ab9485 anti-
body was used as a loading control. Quantification of total 
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hTau/GAPDH was performed using densitometric analysis 
(GE Healthcare Densitometer, Pharmacia Biotech, USA).

Blood–brain barrier (BBB) permeability assay

The human BBB model developed by Gosselet’s team is 
intensively used to measure molecules passage across the 
human BBB [39, 62–66]. Briefly, this model consists of 
isolated progenitors of endothelial cells, expressing the 
CD34+ marker, from human umbilical cord blood. These 
cells were Differentiated into endothelial cells and sub-
sequently cultivated with brain pericytes. After 6 days of 
co-culture, cells express the major properties observed 
by the human BBB and named as brain-like endothelial 
cells (BLECs). Filter inserts, containing confluent mon-
olayers of BLECs were cultivated in the 12-well plate 
after which compound solution containing the fluorescent 
integrity marker sodium fluorescein (50 µg/mL; Sigma, 
United States) or Purpurin (0.5 mM) was added to the 
luminal side, and then placed on a shaker at 37 °C. After 
20 min, inserts were transferred to a new 12-well plate, 
and aliquots from the abluminal solution were taken, and 
the fluorescence was quantified using a calibration curve. 
Inserts without cells were tested in each Pe measurement. 
Sodium Fluorescein and Purpurin detection were carried 
out on an Infinite 200 PRO (Tecan, Switzerland) plate 
reader using the excitation/emission wavelength (nm) set-
tings: 485/538 and 505/700, respectively. Pe coefficient 

was obtained from the slope of the calculated clearance 
curve as described previously [67]. Typical Pe value for 
the control was Pe = 0.3 × 10−3 cm min−1.

Results and discussion

Purpurin: a hit from high‑throughput screening 
for small molecule inhibitors of Tau aggregation

To find an effective inhibitor molecule of Tau protein aggre-
gation, we screened a library of 2401 FDA approved, bio-
active and natural compounds (The Spectrum Collection, 
Microsource Discovery Systems Inc., CT, USA) using the 
Tau-derived PHF6 peptide (Fig. 1a), which is a proxy model 
[24, 29, 32] for aggregation of the FL-Tau protein (Fig. 1b). 
The hit small molecule used in the present study, named 
Purpurin (1,2,4-Trihydroxyanthraquinone) (Fig. 1c), is an 
anthraquinone derivative, which was obtained from our pre-
vious screen [30]. The in vitro high-throughput screening 
(HTS) was based on monitoring ThS fluorescence signal 
which directly correlates with the extent of amyloidogenic 
species in the mixture [68]. Incubation of PHF6 peptide with 
Purpurin significantly reduced the ThS signal when com-
pared to PHF6 control, i.e., PHF6 aggregated in the absence 
of any small molecule, and thus emerged as one of the top 
hits from the HTS (SI Fig. 1).

Fig. 1   Molecular structure of 
a Tau-derived PHF6 peptide, 
b scheme of FL-Tau protein, c 
Purpurin
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Purpurin inhibits aggregation of the PHF6 peptide 
in a dose‑dependent manner

Several complementary in vitro assays were performed to 
determine the inhibitory potency of Purpurin towards PHF6 
aggregation. First, ThS assay was conducted by incubating 
PHF6 (50 µM) with increasing concentrations (0, 10, 50, 
100, and 250 µM) of Purpurin. Thioflavin is a benzothia-
zole based amyloid reporter dye, which is barely fluorescent 
when free in solution but upon binding to cross β-sheet rich 
structures, as observed in amyloid fibrils, shows an increase 
in fluorescence intensity correlated with the quantity of amy-
loid fibrils in the solution [69, 70]. As shown in Fig. 2a, 
the control samples, i.e., PHF6 incubated in the absence of 
Purpurin rapidly aggregated and attained a plateau of ThS 
fluorescence within less than 20 min. Upon incubation with 
Purpurin (from time t = 0 min) ThS fluorescence decreased 
with increasing concentration of Purpurin, signifying a 
robust dose-dependent inhibition of PHF6 aggregation. A 
plot of % amyloid vs. dose of Purpurin revealed significant 
inhibition (~ 50%) of PHF6 aggregation at 1:1 molar ratio 
(PHF6: Purpurin) compared with the control sample, i.e., 
PHF6 incubated in the absence of Purpurin. Maximum inhi-
bition occurred at a molar ratio of 1:5, which accounted 
for ~ 90% inhibition (Fig. 2b).

To obtain insights into the secondary structural changes 
occurring during the aggregation process, samples of PHF6 

aggregates formed in the absence or presence of Purpurin 
were analyzed using CD spectroscopy. PHF6 monomers at 
time t = 0, exhibited a negative peak around 195 nm, indi-
cating the native random coil conformation (SI Fig. 2). 
However, after the addition of heparin (10 μM) control 
sample, i.e., in the absence of Purpurin, adopted a robust 
negative peak around 218 nm, indicating that the peptides 
had acquired a β-sheet rich conformation upon aggregation, 
which is typical to that of amyloid structures (Fig. 2c). Next, 
the spectra of PHF6 aggregated in the presence of various 
doses of Purpurin were analyzed. The negative ellipticity 
peak at 218 nm denoting β-sheet structures decreased gradu-
ally with increasing concentration of Purpurin (Fig. 2c). This 
data suggests that Purpurin could effectively interfere with 
the aggregation process and significantly reduce the conver-
sion of PHF6 monomers to β-sheet rich amyloid assemblies.

TEM imaging of the PHF6 fibrils formed in the absence 
or presence of Purpurin at molar ratios 5:1, 1:1 and 1:5 
(PHF6: Purpurin) were performed, and representative 
images are shown in Fig. 2d–g. In the absence of Purpu-
rin, i.e., PHF6 control, the fibrils appeared mature, long, 
dense, and uniform (Fig. 2d). In contrast, when treated 
with Purpurin PHF6 fibrils with broken morphology and 
a prominent decrease in the fibril density were observed in 
a dose-dependent manner (Fig. 2e–f). At the highest molar 
ratio of 1:5 (PHF6: Purpurin), only a few short fibrils were 
visible (Fig. 2g). This result is in good agreement with the 

Fig. 2   Inhibitory effect of Purpurin towards PHF6 aggregation a 
Inhibition of PHF6 peptide fibrillization (50 µM) by Purpurin at 5:1, 
1:1, 1:2 and 1:5 molar ratio (PHF6: Purpurin) monitored by ThS 
fluorescence assay, b plot showing percentage amyloid remaining in 
the mixture after aggregation inhibition. Error bars indicate standard 

error, c circular dichroism spectroscopy analysis of PHF6 peptide 
fibrils in the absence or presence of Purpurin. Representative TEM 
images of PHF6 peptide fibrils: d control fibrils, e 5:1, f 1:1, g 1:5 
molar ratio (PHF6: Purpurin)
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insights obtained from ThS assay and CD analysis, i.e., drop 
in amyloid content and reduced β-sheet conformation upon 
Purpurin treatment, which collectively indicate that Purpurin 
efficiently inhibited the formation of PHF6 amyloids.

Characterization of Purpurin’s interaction 
with the PHF6 peptide and FL‑Tau protein

To evaluate the thermodynamic properties of Purpurin bind-
ing with PHF6, we performed isothermal titration calorim-
etry (ITC) measurements. Fresh monomeric preparation of 
PHF6 (400 μM) was titrated into a cell containing Purpu-
rin (50 μM) to measure the corrected heat and the enthalpy 
value. Results of the titration profile and the thermodynamic 

values were calculated and are displayed in Fig. 3a, b and 
Table 1. Titration of PHF6 to Purpurin resulted in exother-
mal peaks. The Gibbs free energy (ΔG) was calculated from 

Fig. 3   Binding of Purpurin to 
PHF6 and FL-Tau protein a heat 
pattern during PHF6-Purpurin 
binding measured by isothermal 
titration calorimetry (ITC), b 
curve showing the enthalpy 
changes with increasing PHF6 
to Purpurin mole fraction. Data 
were fitted using an independ-
ent binding model, c molecular 
docking for Purpurin and PHF6 
peptide monomer. Colour codes: 
Green sticks represent Purpurin, 
and blue-grey sticks represent 
PHF6; yellow, cyan, and green 
dashed lines represent hydrogen 
bonds, aromatic hydrogen bond, 
and hydrophobic contacts, 
respectively. See zoomed image 
in SI Fig. 3. Interaction of Pur-
purin with d FL-Tau protein and 
with e bovine serum albumin 
determined by surface plasmon 
resonance (SPR)

Table 1   Thermodynamic properties of binding between Purpurin and 
monomeric PHF6 as determined by ITC measurements

Parameter Value Standard 
deviation

Kd (M) 1.53E−06 NA
n 0.905 0.083
ΔH (kJ mol−1) − 9.139 1.254
ΔS (J mol−1 K) 80.71 NA
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the enthalpy (ΔH) and entropy (ΔS) values. ΔG was found 
to be negative (− 33.191 kJ mole−1), indicating that the bind-
ing of Purpurin to PHF6 is spontaneous. A negative value 
for ΔH (− 9.139 kJ mole−1) and a positive value for TΔS 
(24.052 kJ mole−1) at 25 °C were determined. The absolute 
value of ΔH was much smaller than TΔS, suggesting that the 
interaction between Purpurin and PHF6 is an entropy-driven 
process. Enthalpy-favored binding is reported to occur 
through hydrogen bonding and electrostatic interactions, 
whereas entropy-favored binding occurs through hydropho-
bic contacts [71, 72]. Therefore, our results indicate that 
the binding of Purpurin to PHF6 was preferentially due to 
hydrophobic interactions. Additionally, the binding constant 
(Kd) value of 1.53 μM supported the strong affinitive binding 
of Purpurin to PHF6 monomers. The stoichiometric ratio 
(n = 0.905) indicates that one Purpurin molecule interacted 
with one PHF6 monomer, which collectively suggests that 
Purpurin binds to PHF6 at early stages of aggregation.

Molecular docking was performed to determine the puta-
tive PHF6 residues interacting with Purpurin and to obtain 
insight into its binding mechanism underlying inhibition of 
aggregation. The best docking conformer is represented in 
Fig. 3c and SI Fig. 3, and the amino acid interactions are 
summarized in Table 2. We found that Purpurin had strong 
affinitive binding sites with PHF6 peptide. Purpurin pre-
dominantly interacted with the hydrophobic residue Val 
displaying hydrogen bonds and hydrophobic contacts. The 
small molecule formed two hydrogen bonds with the main 
chain of Val1 and several hydrophobic contacts with Val1 and 
Val4. Additionally, an aromatic hydrogen bond was observed 
between Purpurin and the side-chain of Gln2. These afore-
mentioned interactions of Purpurin with monomeric PHF6 
at early stages might account for its inhibitory effect towards 
PHF6 aggregation and abrogation of higher-order fibril 
formation.

The ultimate target for inhibition in the cell is the FL-
Tau protein. Therefore, we studied the binding properties 
of Purpurin with FL-Tau using surface plasmon resonance 
(SPR) measurements. Briefly, FL-Tau protein was attached 

to the SPR ProteOn chip, and Purpurin solution was then 
circulated over the Tau-coated chip to allow interaction of 
the two entities. An immediate response was evident by the 
shift in chip plasmon size, due to the adhesion of Purpurin 
to the Tau-coated plasmons on the chip. Purpurin solutions 
(5 μM and 10 μM, diluted in PBST) gave rise to a strong 
dose-dependent SPR response, which indicated the signifi-
cant interaction between Purpurin and the FL-Tau protein 
(Fig. 3d). It should be emphasized that the FL-Tau was 
attached to the chip at its monomeric state; hence the inter-
action shown here was specific with the Tau monomer before 
further aggregation. To reduce any non-specific interaction 
of the small molecule with the protein, bovine serum albu-
min (BSA) containing channel on the chip was measured for 
its interaction with Purpurin, and subsequently subtracted 
from the response curve of FL-Tau and Purpurin. However, 
it is noteworthy that this non-specific interaction was much 
smaller in magnitude (Fig. 3e) in chip response compared 
to Purpurin’s interaction with FL-Tau.

Taken together, ITC and molecular docking studies sug-
gest that there prevails significant interaction between PHF6 
and Purpurin, which is favorably driven by hydrophobic con-
tacts. Additionally, SPR results show that Purpurin has a 
strong binding with FL-Tau protein and thus might interact 
to reduce Tau aggregation.

Purpurin disassembles pre‑formed PHF6 fibrils 
and decreases the amyloid load

Next, we investigated the ability of Purpurin to disassem-
ble pre-formed PHF6 fibrils using in vitro assays. To this 
end, PHF6 (50 µM) was allowed to assemble for 45 min 
under optimized aggregating conditions, and once a stable 
plateau in ThS curve was attained, representing formation 
of fibrils (see Fig. 2a, d), Purpurin was added to these pre-
formed PHF6 fibrils at various molar ratios (5:1, 1:1, 1:2 
and 1:5, PHF6: Purpurin). The incubation was continued 
for additional 60 min during which the kinetics of disas-
sembly was monitored using ThS fluorescence. Whereas 

Table 2   Summary of docking studies showing Purpurin association with monomeric PHF6

Hydrogen bonds Aromatic hydrogen bond Hydrophobic contacts

Interacting atom of amino 
acid residues

Interacting atoms of 
Purpurin

Interacting atom of amino 
acid residue

Interacting atom of 
Purpurin

Interacting atom of amino 
acid residues

Interacting 
atoms of 
Purpurin

O of Val1 H of O5 OE1 of Gln2 H5 of C11 HG22 of Val1 C9
O of Val1 H of O4 HG13 of Val1 C9

CG1 of Val1 C9
HG12 of Val4 C12
HG11 of Val4 C13
CG1 of Val4 C13
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the enhancement in ThS fluorescence intensity during 
aggregation is due to the assembly of amyloid structures, 
the reduction in ThS fluorescence intensity is owing to the 
disassembly of the pre-formed aggregates [24, 26, 29]. Upon 
treating the pre-formed fibrils with Purpurin, a remarkable 
dose-dependent reduction in ThS fluorescence was observed 
with increased doses of Purpurin (Fig. 4a). Maximum disas-
sembly of pre-formed fibrils was observed in the presence 
of fivefold molar excess of Purpurin, while twofold excess 
and equimolar concentration of Purpurin had notable disas-
sembly effect.

To quantify the disassembly effect of Purpurin towards 
pre-formed PHF6 fibrils, a plot of percentage amyloids vs. 
dose of Purpurin was generated. Level of control ThS fluo-
rescence signal, i.e., sample containing pre-formed PHF6 
fibrils incubated in the absence of Purpurin, was referred 
to as 100% and correspondingly, amyloid content remain-
ing in the reaction mixture at the end of disassembly assay 
after Purpurin treatment was calculated (Fig. 4b). Purpurin 
could disassemble up to 75% and 50% of pre-formed PHF6 
fibrils at fivefold and twofold molar excess, respectively, 
over a duration of 60 min. CD spectroscopy was performed 
to understand the secondary structural changes occurring at 
the end of the fibril disassembly assay. The control fibrils, 
i.e., in the absence of Purpurin, displayed a strong negative 
peak at 218 nm, as expected (Fig. 4c). Upon addition of Pur-
purin to the pre-formed fibrils, a reduction in the negative 

ellipticity peak at 218 nm was observed for equimolar ratio. 
A marked reduction in the β-sheet content was recorded at 
fivefold molar excess of Purpurin when compared to control 
PHF6 fibrils (Fig. 4c).

TEM analysis of the pre-formed PHF6 fibrils was per-
formed at 5:1, 1:1 and 1:5 molar ratio (PHF6: Purpurin) to 
visualize the morphology of the disassembled fibrils follow-
ing treatment with Purpurin. Representative TEM images 
are shown in Fig. 4d–g. The control PHF6 fibrils, in the 
absence of Purpurin, were mature and long (Fig. 4d), how-
ever, a drastic change was observed in fibril density and mor-
phology with increasing doses of Purpurin (Fig. 4e, 4f). At 
the highest molar ratio of 1:5 (PHF6: Purpurin), only a few 
broken fibrils with thin morphology were visible (Fig. 4g). 
The TEM images corroborate the outcomes of the ThS assay 
and CD spectroscopy, collectively indicating that Purpurin 
efficiently disassembled the pre-formed PHF6 fibrils.

Hydrogen bonding and π–π stacking of Purpurin 
with PHF6 peptide arbitrate fibril disassembly

Molecular dynamics (MD) simulations were performed to 
obtain an atomistic insight into the interaction of Purpurin 
with PHF6 fibrils during disassembly. MD simulations of 
PHF6 oligomers and fibrils along with small molecules have 
been instrumental in explaining the molecular mechanisms 
of interaction and provided critical geometrical parameters 

Fig. 4   Effect of Purpurin on disassembly of PHF6 fibrils a disassem-
bly of pre-formed PHF6 fibrils (50 μM) by Purpurin as monitored by 
ThS fluorescence assay, b plot showing percentage amyloid remain-
ing in the solution at the end of fibril disassembly assay. Error bars 
indicate standard error, c CD spectroscopy analysis of disassembled 

PHF6 fibrils in the absence or presence of Purpurin. Representative 
TEM images showing disassembled PHF6 fibrils at different molar 
ratios of Purpurin d control fibrils, e 5:1, f 1:1, g 1:5 (PHF6: Purpu-
rin)
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[26, 30, 73, 74]. To that end, the PHF6 fibril system was 
built using 42 peptides in pre-defined β-sheet conformation, 
arranged in 2 strands with each strand containing 21 pep-
tides [26]. Five Purpurin molecules were randomly placed 
inside the core of the fibril, and the MD simulation was 
performed for 20 ns. The control simulation was carried out 
with the fibril system in the absence of Purpurin molecules. 
The molecular structure and conformations that are specific 
and unique to the PHF6-Purpurin system were identified by 
comparing them with the control PHF6 fibril.

First, we calculated the Cα-root mean square deviation 
(RMSD) values over 20 ns, which is an indicator of equili-
bration and structural changes pertaining to the initial con-
formation of fibrils. RMSD values were found to increase 
in the first 5 ns of the simulation for both PHF6 control and 
PHF6-Purpurin fibril systems, and later they reached a pla-
teau suggesting that equilibration was attained with time (SI 
Fig. 4a). Next, the count value was calculated as a function 
of simulation time to compute the number of interactions 
between Purpurin and the PHF6 fibril. As seen in SI Fig. 4b, 
Purpurin was at constant contact with the PHF6 fibril, and 
the number of interactions gradually increased from 0 to 
20 ns. Previously, we have shown that intermolecular main-
chain hydrogen bonds between Val, Ile, and Tyr facilitate the 
formation of a dimer from two PHF6 monomers [26]. Small 
molecules such as NQTrp hybrids (NQTrp and Cl-NQTrp) 
that form hydrogen bonds or π–π stacking with these key 
residues may disrupt the fibrillar architecture [26]. To verify 
whether Purpurin forms hydrogen bonds with PHF6, we cal-
culated this interaction over 20 ns. As shown in SI Fig. 4c, 
each Purpurin molecule formed an average of approx one 
hydrogen bond with the PHF6 fibril. Purpurin molecules M1 
and M2 formed one hydrogen bond with the main chain of 
Ile3 of peptide P1 (bond length = 3.3 Å) and Val1 of peptide 
P3 (bond length = 1.9 Å), respectively (Fig. 5a). The number 
of hydrogen bonds formed between Purpurin and residues 
of PHF6 peptides in the fibrillar arrangement is lesser when 
compared with those formed between PHF6 and NQTrp 
hybrids [26]. The low number of hydrogen bonds formed 
is expected since we deduced that the interaction between 
PHF6 and Purpurin is primarily due to hydrophobic contacts 
(Fig. 3a, b).

Planar molecules such as polyphenol-based aggregation 
inhibitors were reported to intercalate between the hydro-
phobic residues of amyloid assemblies and inhibit the pro-
cess of β-sheet formation [75, 76]. To examine whether Pur-
purin has the ability to intercalate between the residues of 
PHF6 during fibril disassembly, we analyzed the trajectories 
to visualize the stacking of the molecules. An aromatic ring 
of Purpurin (M2) formed π–π stacking with the side chain of 
Tyr residue of PHF6 peptide (P1) in the fibril arrangement 
(Fig. 5b). Taken together, it is evident that the formation of 
hydrogen bonds and π–π stacking break the inter-molecular 

main-chain hydrogen bonds between peptides P1 and P2 in 
the fibril strand, thus facilitating fibril disassembly (Fig. 5c).

Trajectories of the MD simulation were analyzed to 
visualize whether the interaction of Purpurin could cause 
ruptures in fibrillar strands of PHF6. In the control fibril, 
i.e., PHF6 fibril simulated in the absence of Purpurin, the 
strands displayed a uniform twist, and the β-sheet structure 
was intact without any evidence of disassembly (Fig. 5d). 
However, when simulated in the presence of Purpurin, the 
conformation of the fibril changed remarkably. Breaks in 
the fibrillar strand were noticed in regions where Purpurin 
came in contact with the PHF6 peptides (Fig. 5e). Addi-
tionally, when viewed from the central axis, the β-sheets in 
the control fibril were tightly packed, bonded well to each 
other rendering a hollow tubular arrangement (Fig. 5d). In 
contrast, the presence of Purpurin caused loosely packed 
β-sheets in fibril, which were moving away from the central 
axis (Fig. 5e). Collectively, insights obtained from MD sim-
ulation support the in vitro disassembly assays and together 
show that Purpurin efficiently disassembles pre-formed 
PHF6 fibrils.

Feeding Purpurin ameliorates eye 
neurodegeneration in a transgenic fly model 
of tauopathy

The in vitro results with the Tau-derived PHF6 proxy system 
prompted us to study the effect of Purpurin treatment on 
the hTau protein in vivo. Transgenic Drosophila flies over-
expressing hTau in the central nervous system (CNS) have 
been effectively used as an in vivo model for understanding 
AD and related tauopathies, as well as for drug discovery 
[24, 25, 77–80]. Likewise, overexpression of hTau in the eye 
(part of the CNS), leading to accumulation of pathological 
Tau assemblies, was shown to result in a “rough-eye” phe-
notype characterized by disordered ommatidia and bristle 
deformities [59, 77]. Moreover, the importance of PHF6 in 
causing tauopathy symptoms in such flies has been recently 
highlighted by the finding that expression of hTau lacking 
the PHF6 fragment (306–311) results in reduced Tau hyper-
phosphorylation and showed no detectable neurodegenera-
tion [81]. Here we used a UAS-hTau strain which allows the 
overexpression of the largest hTau isoform (441 aa), in the 
eyes of the fly via the GMR-Gal4 driver [82].

First, we determined the toxicity of Purpurin towards 
flies by feeding control flies (GMR-Gal4, see “Materials and 
methods”), which do not express hTau, with various concen-
tration of Purpurin (0.5 mg/mL, 0.75 mg/mL and 1 mg/mL). 
Morphological examination of their eyes by a stereomicro-
scope revealed that the eyes appeared red with no morpho-
logical abnormalities and were comparable to eyes of control 
flies, which were not fed with Purpurin (SI Fig. 5). This 
indicates that Purpurin had no adverse effects on the flies 
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even at a high concentration of 1 mg/mL. Grounded on this 
data and previous comparable studies using NQTrp and Cl-
NQTrp [24, 25, 38], all fly experiments in the present study 
were performed by feeding a dose of 0.75 mg/mL Purpurin.

The neuroprotective ability of Purpurin was evaluated 
by feeding flies that overexpress hTau (GMR-Gal4; UAS-
hTau) in their retina. Eye defects were qualitatively classi-
fied (Fig. 6a) (class 1—normal, class 2—a moderate defect, 
class 3—a high defect, class 4—a severe defect) as described 
previously [24]. Based on this classification, a chart of  % 
phenotype distribution was generated (Fig.  6b) for the 

population of untreated vs. treated flies. A marked ameliora-
tion of eye neurodegeneration was observed when the hTau 
overexpressing flies were fed with Purpurin. This is evident 
by the clear shift in the distribution classes upon treatment, 
from more severe to milder defects (Fig. 6b). Specifically, 
treatment with Purpurin significantly increased the propor-
tion of class 2 in the population, i.e., from ~ 40 to 75%, at the 
expense of class 3 and 4.

Scanning electron microscope (SEM) images of the fly 
eyes were used to complement the qualitative class scor-
ing. In the untreated and Purpurin treated control flies 

Fig. 5   Interaction of Purpurin with PHF6 fibril a Purpurin molecules 
M1 forms one hydrogen bond with Ile residue of P1 and M2 forms 
one hydrogen bond with Val of P3, b π–π stacking of Purpurin (M2) 
with Tyr residue of P1, c disruption of the hydrogen bonds between 
peptide pairs P1–P2. Trajectories were recorded at the end of 20 ns 
simulation. The 3-D architecture of PHF6 fibril in the d absence or 

e presence of Purpurin. All interacting residues are shown as sticks. 
Color codes: Green sticks represent Purpurin. Brown arrowheads 
show β-sheet. Hydrogen bonds are shown as pink dashes. P1, P2, P3 
and M1, M2 denotes PHF6 peptides and Purpurin molecules, respec-
tively
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(GMR-Gal4), the compound eyes had uniform lattice-
like arranged ommatidia and orderly bristle alignment 
(Fig. 7a–d, insets). This result indicated that Purpurin had 
no detectable effect on eye morphology. On the other hand, 
the untreated flies overexpressing hTau (GMR-Gal4; UAS-
hTau) had “rough eyes” with severe defects including the 
presence of necrotic tissue (class 4) along with deformed 
bristles and ommatidia (Fig. 7e, f, inset). However, treatment 
of flies overexpressing hTau with Purpurin resulted in the 
noticeable restoration of the ordered lattice-like morphology 
of the ommatidia (Fig. 7g, h, inset).

To obtain a quantitative measure of eye neurodegenera-
tion, in the presence or absence of Purpurin, we measured 

pigment level in the eyes. The level of pigment was pre-
viously shown to correlate with neurodegeneration in flies 
overexpressing hTau in their eyes [24, 25, 83]. As shown in 
Fig. 8a, pigment levels in untreated flies that overexpress 
hTau (GMR-Gal4; UAS-hTau) were lower by 60% than 
pigment levels of the control flies (GMR-Gal4) that do not 
express hTau. However, upon Purpurin treatment, a signifi-
cant increase (15%) in pigment level was observed compared 
to the untreated hTau overexpressing flies. This observation 
is in agreement with the results of the qualitative eye clas-
sification, indicating that feeding these flies with Purpurin 
led to an improvement in eye neurodegeneration.

AD is characterized by the accumulation of hyper-phos-
phorylated hTau [84]. To examine this in the fly model, we 
measured the level of Tau phosphorylation at Thr 231 rela-
tive to the total Tau in extracts of heads from adult flies over-
expressing hTau in the retina, using antibodies towards phos-
phorylated Tau (AT180) and total Tau (ab64913). No total 
or phosphorylated Tau was detected in the flies that do not 
express hTau (GMR-Gal4) (Fig. 8b). The ratio of phospho-
rylated Tau to total Tau levels was normalized according to 
the ratio found in untreated flies overexpressing hTau (GMR-
Gal4; UAS-hTau). As shown in Fig. 8b, SI Table 1, Purpurin 
treated hTau overexpressing flies had a significantly lower 
ratio of phosphorylated Tau to total Tau in comparison to the 
untreated counterparts. This result is in agreement with the 
in vivo studies mentioned above and supports the conclusion 
that Purpurin ameliorates neurodegeneration plausibly by 
inhibiting Tau accumulation and reducing Tau phosphoryla-
tion in this animal model.

Purpurin reduces the accumulation of hTau 
and crosses the blood–brain barrier

Upon diagnosis, the brain of tauopathy patients already 
contains hTau deposits. Therefore, it becomes worthwhile 
to examine whether Purpurin can disassemble accumulated 
hTau. To this end, we developed a SH-SY5Y human neuro-
blastoma cell line overexpressing hTau (SI Fig. 6). The cells 
were cultured to overexpress hTau for 2 days, to enhance the 
accumulation of total hTau. Subsequently, the cells were 
treated with 10 μM Purpurin and after 2 additional days of 
incubation, total hTau was quantified relative to GAPDH. 
As shown in Fig. 9a, b; SI Table 2, there is a significant 
reduction of total hTau in Purpurin treated cells overexpress-
ing hTau when compared to untreated cells overexpressing 
hTau. This result clearly suggests that Purpurin efficiently 
reduce the accumulation of hTau and may reflect disassem-
bly of pre-formed aggregates as observed in vitro for PHF6.

Ability to cross the blood–brain barrier (BBB) is a cru-
cial attribute for a candidate therapeutic for tauopathies. To 
that end, we used an established in vitro model composed 
of human brain-like endothelial cells (BLECs) together 

Fig. 6   Classification and phenotype distribution of eyes of flies 
untreated or treated with Purpurin a Stereo-microscope aided classi-
fication of eye severity phenotypes caused by overexpression of hTau 
in the GMR-Gal4; UAS-hTau flies eyes, b distribution of qualitatively 
classified eye phenotypes in a population of flies overexpressing hTau 
(GMR-Gal4; UAS-hTau), without or with Purpurin treatment. Per-
centages of the classification categories for each group are shown on 
the bars (number of flies = 80 in each group). Student’s t test analysis 
showed ***p < 0.01
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with bovine brain pericytes (Fig. 10a) that closely mimic 
the  in vivo  BBB [85]. Purpurin or sodium fluorescein 
(NaF) was added at 0.5 mM and 27 µM, respectively, to the 
luminal compartment of the BBB in vitro model and the 

permeability was measured as described previously [85]. 
NaF has a molecular weight of 376 Da and is a paracel-
lular marker widely used to assess the BBB permeability. 
No change in transendothelial electrical resistance (TEER) 

Fig. 7   Representative Bright field and SEM images of eyes of flies 
untreated or treated with Purpurin (a, b), control (GMR-Gal4) flies 
without Purpurin treatment (c, d), control (GMR-Gal4) flies with Pur-
purin treatment (e, f), hTau overexpressing flies (GMR-Gal4; UAS-

hTau) without Purpurin treatment (g, h), hTau overexpressing flies 
(GMR-Gal4; UAS-hTau) with Purpurin treatment. a, c, e, g represent 
stereomicroscope images, b, d, f, h represent SEM images. Insets 
show the zone of interest in SEM images
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before and after the permeability assay (Fig. 10b) indicated 
that Purpurin itself had no barrier disrupting properties 
under these experimental conditions. As shown in Fig. 10c, 
the permeability of Purpurin was found to be ~ fivefold 
higher than NaF (1.49 vs. 0.27 10−3 cm min−1). These results 
demonstrate that Purpurin crosses the BBB better than NaF.

Conclusions

Formation of toxic intra-neuronal Tau protein tangles 
is a hallmark of Alzheimer’s disease (AD) and is closely 
related to disease progression. Therefore, disrupting Tau 
aggregation in AD is an attractive strategy for develop-
ing disease-modifying therapeutics, which are urgently 
needed. In this work, we have characterized Purpurin, an 

anthraquinone-derived small molecule, as a modulator of 
Tau protein aggregation. In vitro assays suggested that Pur-
purin has dose-dependent inhibitory effect on the aggre-
gation of the Tau-derived VQIVYK (PHF6) peptide and 
as well as effectively disassemble the pre-formed PHF6 
aggregates. Binding assays with PHF6 and FL-Tau revealed 
that Purpurin displays a spontaneous and dose-dependent 
binding tendency towards the monomeric peptide/protein 
at early stages of aggregation, arbitrating its inhibitory 
nature. Furthermore, the molecular dynamics study showed 
that Purpurin disassembled pre-formed PHF6 fibril, facili-
tated by the formation of hydrogen bonds and hydrophobic 
contacts with crucial residues responsible for the β-sheet 
arrangement. In vivo experiments with transgenic flies over-
expressing hTau demonstrated that Purpurin significantly 
ameliorated the AD-like neurodegenerative symptoms 

Fig. 8   Quantification of eye pigment and phosphorylated Tau a Pig-
ment level as a quantitative measure for eye degeneration: Levels of 
pigment were determined according to a formula shown in “Materials 
and methods” (number of heads = 15, 3–5 repeats). b Levels of total 

and phosphorylated Tau in eye tissue determined by western blotting 
(left), and calculated ratios from densitometry of the blots (right). 
Student’s t test analysis showed **p < 0.05, ***p < 0.01
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and rescued neurotoxicity of Tau-engendered phenotypes 
plausibly by inhibiting Tau accumulation and reducing Tau 
phosphorylation. Ex-vivo assays with cells overexpressing 
hTau showed that Purpurin can effectively reduce the accu-
mulation of hTau. Taken together with the observation that 
Purpurin crosses the human BBB efficiently, our findings 
underscore Purpurin as an attractive lead molecule for AD 
drug development and other related tauopathies.
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