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1 | INTRODUCTION

Abstract

Tau aggregation driven by microtubule-associated protein tau (MAPT)
mutations is central to frontotemporal dementia pathology, yet no disease-
modifying therapies effectively target mutant tau. Here, we identify purpurin
(PUR) and oleocanthal (OLC) as selective inhibitors of mutant tau aggrega-
tion using peptide models spanning the R2R3 interface. Biophysical and
cellular assays demonstrated that both compounds more effectively inhibit
the aggregation of mutant tau peptides compared to wild-type, with PUR
preferentially targeting V2871 and N279K variants, and OLC showing
broader inhibitory activity. Surface plasmon resonance and docking ana-
lyses revealed more stable interactions and lower binding free energies with
mutant tau, consistent with their enhanced inhibitory effects. Computational
studies using monomeric and fibrillar tau structures supported the mutation-
specific binding profiles of PUR and OLC. Atomic force microscopy and
confocal imaging confirmed reduced fibril formation, while post-transduction
treatment assays showed that both compounds significantly suppressed
intracellular tau propagation. Additionally, OLC reduced tau phosphorylation
and oligomerization in SY5Y-TauP301L-EGFP cells expressing mutant tau.
These findings highlight the potential of PUR and OLC as structurally dis-
tinct, mutation-targeted inhibitors of tau aggregation and propagation, pro-
viding a rationale for their further development as candidate therapeutics for
frontotemporal dementia.

KEYWORDS
frontotemporal dementia, MAPT mutations, oleocanthal, purpurin, seeding competency,
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tauopathies such as frontotemporal dementia (FTD)
are associated with mutations in the microtubule-

Tauopathies are characterized by abnormal tau aggre-
gation, leading to neuronal dysfunction and neurode-
generation. While tau aggregation is prominently
associated with Alzheimer's disease (AD), primary

associated protein tau (MAPT) gene (Bloom, 2014;
Hutton et al., 1998; Spillantini & Goedert, 2013). Over
50 pathogenic MAPT mutations disrupt tau—
microtubule interactions, enhance aggregation, and
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alter isoform ratios, exacerbating pathology in FTD
(Strang et al., 2019; Young et al., 2021).

Several mutations within the microtubule-binding
repeat domain drive disease-specific tau aggregation.
For instance, the S320F mutation stabilizes hydropho-
bic interactions, exposing amyloidogenic motifs and
enabling  spontaneous fibril  formation (Chen
et al., 2023). Similarly, P301L, V2871, and N279K muta-
tions significantly increase aggregation propensity
(Gao et al., 2018; Strang et al., 2019; Sun et al., 2023).
P301L destabilizes structures near the amyloid-forming
PHF6 (306VQIVYK311) motif in the R3 region, while
V2871 and N279K enhance fibrillization by weakening
microtubule-binding interactions (Chen et al., 2019;
Hong et al.,, 1998; Spillantini et al., 1998; Spittaels
et al., 1999).

Tau aggregation follows a nucleation-elongation
mechanism, with the R2 and R3 regions playing a critical
role in stabilizing intermediates and forming larger fibrils.
Structural studies have identified the PHF6 and PHF6*
(275VQIINK280) motifs as key aggregation-prone
sequences in tau, emphasizing their role in disease
pathology (Zhu & Qian, 2022). Mutations like P301L dis-
rupt local conformational elements surrounding these
motifs, promoting intermolecular interactions that
enhance aggregation propensity (Chen et al.,, 2019).
Given that several pathological mutations occur at the
R2R3 interface, these regions represent crucial thera-
peutic targets (Chen et al.,, 2019, 2023; Zhu &
Qian, 2022).

A major therapeutic challenge is identifying small
molecules that selectively target aggregation-prone
motifs in tau, particularly those affected by MAPT muta-
tions. While many tau aggregation inhibitors have been
developed, most have been designed for wild-type
(WT) tau, with limited emphasis on mutation-specific
mechanisms (Soeda & Takashima, 2020). Several nat-
ural compounds, small-molecule inhibitors, such as
methylene blue derivatives (LMTX), polyphenolic com-
pounds (epigallocatechin and curcumin), and phenothi-
azine derivatives, have been shown to interact with tau,
modulating their aggregation properties (Monteiro
et al., 2024), but their selectivity for MAPT mutations
has not been well characterized. Two such compounds,
purpurin (PUR) and oleocanthal (OLC), have previously
been shown to inhibit tau aggregation (Li et al., 2009;
Monti et al., 2011, 2012; Viswanathan et al., 2020), but
these studies primarily investigated their effects on WT
tau, with less clarity on their selectivity for MAPT
mutants. While OLC has demonstrated inhibitory
effects on P301L tau aggregation, its comparative
activity against WT tau remains less defined (Li
et al., 2009). Given the structural differences introduced
by MAPT mutations and their role in disease-specific
tau aggregation, it is critical to determine whether these
inhibitors exhibit mutation-specific activity or if their
effects are uniform across different tau variants.

To address this, we examined the PUR and OLC’s
binding interactions and inhibitory effects on both WT
and mutant tau (P301L, V2871, and N279K) using tau
peptide models that represent the R2R3 interface. Pep-
tides spanning R2R3—including PHF6 and PHF6*—
reliably reproduce full-length tau aggregation and are
widely used in tau research (Chen et al., 2019;
Viswanathan et al., 2020). We assessed the potential
of both compounds as tau aggregation and propagation
modulators through surface plasmon resonance (SPR)
analysis, biophysical assays, and cellular seeding
models.

We demonstrate that PUR and OLC act as
mutation-selective inhibitors, preferentially targeting tau
peptides modeling regions of pathogenic MAPT vari-
ants (P301L, V2871, and N279K). These compounds
not only prevent fibrillization but also abolish the forma-
tion of seeding-competent fibrils, a key driver of tau
pathology in neurodegenerative disorders. This mecha-
nistic specificity—combining mutation selectivity with
inhibition of seeding capacity—distinguishes these
compounds from previously studied tau aggregation
inhibitors. Our findings highlight their therapeutic poten-
tial and suggest that mutation-targeted approaches
could be crucial for tauopathy intervention.

2 | RESULTS

21 | WT and mutant tau peptides show
distinct aggregation kinetics and
morphologically diverse aggregates

To establish R2R3 tau-derived peptides as reliable
models for tau aggregation, we analyzed WT and mutant
variants-R2R3 (WT), R2R3 (P301L), R2R3 (V287I), and
R2R3 (N279K) (Figure 1a)—using a thioflavin T (ThT)-
based aggregation assay. Prior to these assays, the
monomeric state of peptides in aqueous solution was
confirmed by ultraviolet—visible spectroscopy (UV-Vis)
spectrometry and sodium dodecyl sulfate—polyacrylamide
gel electrophoresis (SDS-PAGE) under non-reducing
conditions (Figures S1 and S2). Free ThT is stable when
it is free, but exhibits increased fluorescence upon bind-
ing to B-sheetrich amyloid fibrils (Viswanathan
et al., 2020), allowing real-time monitoring of aggregation.
Normalized ThT fluorescence curves were then fitted to a
sigmoidal model to derive the aggregation halftimes (¢,5)
as indicators of aggregation kinetics (Figure S3), which
revealed distinct behaviors for WT and mutant tau pep-
tides (Figure 1b). Mutant peptides P301L and V2871
aggregated faster, with shorter t;, (5.37 and 8.94 h,
respectively), while N279K peptide aggregated more
slowly (t40: 22.74 h) compared to the WT peptide (t1,:
10.15 h; Figure 1c).

Atomic force microscopy (AFM) revealed morpho-
logically distinct aggregates formed by WT and mutant
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FIGURE 1 Peptides of tau form fibrillar and morphologically distinct aggregates. (a) Schematic representation of full-length tau and amino
acid sequences of tau peptides representing the R2R3 interface. Amyloid hexapeptide motifs are shown in blue, cysteine residues are marked in
green, and mutations are indicated in red. (b) Aggregation kinetics of wild-type (WT) and mutant (P301L, V2871, and N279K) R2R3 peptides at a
concentration of 50 uM. Curves represent the mean of three replicates (individual replicate curves are shown in Figure S3). Source data are
provided in the Data Availability Statement section. (c) Aggregation t4,, derived from sigmoidal fitting of individual replicate curves (n = 3). Mean
+ SEM. Individual replicate curves and corresponding sigmoidal fittings are shown in Figure S1. **p < 0.01, ***p < 0.001, one-way ANOVA
(Dunnett’s multiple post hoc). (d) Morphology of aggregates formed by R2R3 peptides after 48 h of aggregation. Scale bar: 1 pm. ThT,

thioflavin T.

peptides after 48 h of aggregation (Figure 1d). The WT
peptide predominantly formed long, unbranched fibrils
characteristic of mature tau aggregates. The P301L
peptide similarly formed abundant long fibrils, but these
fibrils appeared more curved and bundled. The V2871
peptide formed shorter, fragmented fibrils, while the
N279K peptide produced amorphous aggregates, lack-
ing ordered fibrillar structure.

2.2 | Differential binding affinities and
dynamics of PUR and OLC with WT
and mutant tau peptides

SPR was used to analyze the binding dynamics of OLC
and PUR with monomeric WT and mutant tau peptides
(Figure 2). The equilibrium dissociation constant (KD),
association rate constant (Kon), and dissociation rate
constant (Koff) were determined to characterize binding
strength and stability.

PUR demonstrated moderate binding affinities to
WT and mutant peptides (Table 1). For the WT peptide,

the interaction was characterized by a KD of
4.35x 10°°M, a Kon of 60.95M 's™', and a Koff
of 2.65 x 107*s~ ', suggesting a moderately stable
complex. Among the mutants, PUR exhibited stronger
binding to N279K and V287! peptides (KD: 4.22 x 10~°
and 4.73 x 107 M, respectively) than to the P301L
peptide (KD: 1.48 x 10~° M). The reduced binding sta-
bility to the P301L peptide was evident from its higher
dissociation rate (Koff: 3.90 x 10~*s~"), suggesting
that structural differences in this variant may reduce the
stability of PUR binding, potentially diminishing its
inhibitory efficacy.

OLC exhibited weaker binding affinity and less stable
interactions with the WT peptide (KD = 2.87 x 10-° M)
relative to the mutants (Table 1). Its interaction with the
WT peptide was characterized by a slower association
rate (Kon: 34.64 M~"'s™") and faster dissociation rate
(Koff: 9.97 x 10~*s™ "), reflecting a less stable interac-
tion. In contrast, mutant peptides exhibited moderately
slower association rates (Kon: 52.36 M~ ' s~ for R2R3
[P301L], 4224M's ' for R2R3 [V287l], and
34.60 M~ " s~ for R2R3 [N279K]) but markedly slower
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FIGURE 2 Titration cycle kinetics of purpurin (PUR) and oleocanthal (OLC) binding with wild-type (WT) and mutant tau peptides. Surface
plasmon resonance (SPR) sensorgrams showing the binding interactions of (a) PUR and (b) OLC with WT and mutant tau peptides at varying
analyte concentrations. All peptides were immobilized at a fixed concentration (25 uM), and binding was analyzed using the titration cycle
kinetics format, in which only analyte concentrations (PUR and OLC) were varied. Data were globally fitted to the kinetic titration model of global
kinetic fitting to determine binding affinities (KD), association rate constant (Kon), and dissociation rate constant (Koff), and are summarized in
Table 1. Source data details are provided in the Data Availability Statement section.

Binding affinities (KD), association rate constants (Kon), and dissociation rate constants (Koff) for purpurin (PUR) and oleocanthal

(OLC) binding to R2R3 (wild-type [WT] and mutant) peptides, determined from titration cycle kinetics sensorgrams. Lower KD values indicate

TABLE 1
stronger binding affinity.
Ligand R2R3 KD (M)
PUR WT 4.35x 107°
P301L 148 x 107°
V287l 473 x 107
N279K 422 x 107
oLC WT 2.87 x 107
P301L 1.58 x 107°
V287l 2.06 x 1076
N279K 1.98 x 107°

Kon (M~'s™") Koff (s~ )

60.95 2.65x%x 1074
26.37 3.90 x 107*
42.10 1.99 x 107*
70.34 2.97 x 1074
34.64 9.97 x 104
52.36 8.26 x 107°
42.24 8.69 x 10°
34.60 6.87 x 107°°

dissociation rates (Koff: 8.26 x 107 °s™"' for R2R3
[P301L], 8.69 x 10 °s™' for R2R3 [V287I], and
6.87 x 107°s~" for R2R3 [N279K)]), indicating a more
stable inhibitor-peptide complex.

2.3 | PUR and OLC preferentially inhibit
fibrillization and aggregation kinetics of
mutant tau peptides

Given the stronger binding affinities and more stable
interactions of PUR and OLC with mutant tau peptides
observed in the SPR analysis (Figure 2), we next inves-
tigated whether these interactions translated into
enhanced inhibition of mutant tau aggregation. To eval-
uate this, monomeric R2R3 peptides were incubated

with PUR or OLC at 0.1, 1, and 10 pM, corresponding
to peptide:compound molar ratios of 500:1, 50:1, and
5:1, respectively (Figure 3a—d). No ThT fluorescence
signal was detected without peptide, confirming that
neither compound produced background fluorescence
(Figure S4). Compound effects were evaluated by
quantifying the area under the curve (AUC) of ThT fluo-
rescence aggregation kinetics and determining the
aggregation t4/, from sigmoidal fits (Figures S5-S8).
Both compounds significantly reduced the aggre-
gation of WT peptide at 10 uM compared to untreated
controls, with no significant difference between them
(63% for PUR vs. 73% for OLC; Figure 3e). However,
both compounds exhibited substantially stronger
inhibitory effects on mutant peptide aggregation at all
tested concentrations, with apparent dose-dependent
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FIGURE 3 Purpurin (PUR) and oleocanthal (OLC) inhibit mutant tau peptide aggregation. (a—d) Thioflavin T (ThT) fluorescence kinetics of
monomeric R2R3 peptides (wild-type [WT] and mutants) incubated without (0 pM, control) or with increasing concentrations of PUR or OLC.
Mean + SEM (n = 3). Curves are normalized to the maximum signal of the untreated control (0 pM). Source data are provided in the Data

Availability Statement section. (e—h) Effect of PUR and OLC on peptide aggregation, quantified by calculating the area under the curve from the
ThT fluorescence curves. Mean = SEM (n = 3). ***p < 0.001, two-way ANOVA (Tukey’s post hoc test). (i) Aggregation t,, derived from
sigmoidal fits of individual replicates (n = 4). Mean £ SEM. Values are reported only for conditions where sigmoidal fitting was robust. No reliable
fitting was obtained for R2R3 (N279K) treated with 10 pM OLC; the corresponding t4; is reported as “undefined.” Individual replicate curves with
corresponding fitting functions are shown in Figures S5-S8. (j) Atomic force microscopy analysis of aggregates formed in the presence of 10 uM

PUR or OLC. Control images for each peptide are reused from Figure 1d for direct morphological comparison. Scale bar: 1 pm.

inhibition observed for V2871 and N279K peptides
(Figure 3g,h).

For P301L peptide, PUR and OLC significantly sup-
pressed aggregation across all concentrations, reduc-
ing aggregation levels below 10% at 10 uM (Figure 3f).
At 0.1 uM, OLC exhibited greater suppression (8%) of
aggregation than PUR (47%). However, PUR markedly
delayed aggregation kinetics, showing a substantial

increase in ty» (23.73 h) compared to OLC (4.65 h) rel-
ative to control (3.34 h) (Figure 3i). Induced fit docking
(IFD) and molecular mechanics/generalized born sur-
face area (MM-GBSA) binding free energy calculations
using AlphaFold2-predicted tau peptide monomer
structures revealed more favorable binding of both
PUR and OLC to the P301L variant compared to WT
(Tables S1 and S2 and Figure S10). Detailed docking
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scores and energy components (Table S1), MM-GBSA
binding free energies (Table S2), structural confi-
dence assessments of the modeled tau peptides
(Figure S9), and representative ligand-residue inter-
action maps (Figure S10) are provided in Supporting
Information S1.

Both compounds inhibited the aggregation of the
V2871 peptide across all concentrations (Figure 3g,i).
At 0.1 pM, PUR was more effective than OLC (44%
vs. 71% aggregation), although ¢;,, values were similar
(6.26 h for PUR and 6.18 h for OLC; Control: 5.76 h).
Similarly, PUR demonstrated more potent inhibition of
aggregation in N279K peptide at both 0.1 pM (44%
vs. 74%) and 1 uM (19% vs. 61%) compared to OLC
(Figure 3h). This trend was also evident in kinetics
data, with a notably prolonged t;» at 1 uM PUR
(19.87 h) compared to OLC (6.11 h; Figure 3i). Notably,
no ty» was determined for OLC at 10 M due to com-
plete aggregation suppression, preventing sigmoidal fit-
ting (Figure S8).

AFM imaging corroborated these findings, show-
ing reduced fibril abundance after treatment with
10 uM PUR or OLC (Figure 3j). WT samples dis-
played shorter, fragmented fibrils, whereas P301L
peptide samples showed only sparse fibrils. Follow-
ing compound treatment, no fibrillar or aggregated
structures were detected for V2871 or N279K pep-
tides. Similarly, fluorescence microscopy imaging of
ThT-stained aggregates from the reaction wells con-
firmed inhibition of fibril formation by PUR and OLC
(Figure S11).

2.4 | PUR and OLC inhibit the
elongation of preformed WT and mutant
tau peptide fibrils

Given the favorable interactions with the monomeric
form of P301L tau peptides, we next examined whether
PUR and OLC could inhibit the elongation of preformed
R2R3 fibrils (WT and P301L). Peptides were pre-
aggregated for 24 h with aggregation kinetics moni-
tored by ThT fluorescence, after which 10 puM PUR or
OLC was added, followed by an additional 24—30 h of
incubation (Figure 4a). Aggregation kinetics was moni-
tored by ThT fluorescence, and elongation was quanti-
fied as the AUC following compound addition,
normalized to each replicate’s maximum pre-treatment
fluorescence (Figure 4b). Both compounds suppressed
fibril elongation, with PUR consistently more effective.
WT peptide fibril elongation was reduced to 15.5
+ 2.8% (PUR) and 45.2 + 3.2% (OLC), and P301L pep-
tide fibril elongation was limited to 31.8 £ 0.6% (PUR)
and 85.6+22% (OLC) (Figure 4b). Fluorescence
microscopy imaging further confirmed the presence of
reduced ThT-positive aggregates following the addition
of PUR and OLC (Figure S12). Similar inhibition trends,
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FIGURE 4 Purpurin (PUR) and oleocanthal (OLC) inhibit
elongation of preformed wild-type (WT) and P301L tau fibrils. (a) The
thioflavin T (ThT) fluorescence kinetics of pre-aggregated R2R3
(WT and P301L) tau peptides treated with PUR or OLC (10 pM).
Peptides were first allowed to aggregate for 24 h, followed by
compound addition and continued incubation for an additional 24—
30 h. Vertical dashed lines indicate the time point of compound
addition. Curves are normalized to each replicate’s maximum pre-
treatment ThT fluorescence. Source data are provided in the Data
Availability Statement section. Mean + SEM (n = 3). (b) Aggregation
levels post-treatment, expressed as a percentage of control
(untreated fibrils), calculated from the area under the curve after
compound addition. Mean + SEM (n = 3). ***p < 0.001, **p < 0.01,
one-way ANOVA (Tukey'’s post hoc test).

with PUR outperforming OLC, were also observed for
V2871 and N279K peptides (Figure S12).

2.5 | Molecular docking and simulation
reveal preferential binding of PUR and OLC
to mutant tau

Molecular docking was performed for both compounds
with WT (PDB ID: 503L) and P301L (PDB ID: 9GGO0)
tau filament structures obtained from the research col-
laboratory for structural bioinformatics (RCSB) Protein
Data Bank. Docking scores indicated stronger pre-
dicted binding of both compounds to the P301L mutant
(Table 2). Structural modeling showed that PUR binds
to the WT tau filament via ionic and hydrogen bonds
with LYS331, GLU338, and LYS340, and an additional
hydrogen bond with HIS329 (Figure 5a), while OLC
interacts with HIS329, LYS331, GLU338, and LYS340
through hydrogen bonds (Figure 5b). In the P301L fila-
ment, PUR forms hydrogen bonds with TYR310 and
GLY333, and forms hydrophobic contacts with
PRO312 and PRO332 (Figure 5c), while OLC engages
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TABLE 2 Induced fit docking (IFD) scores, Glide docking scores, and Prime energy values for purpurin (PUR) and oleocanthal (OLC) bound
to tau filaments 503L (wild-type tau) and 9GGO (P301L mutant tau). Lower values indicate stronger binding affinity. Source data details are

provided in the Data Availability Statement section.

Structure Ligand Glide score (kcal/mol) Prime energy IFD score
503L OoLC —4.51 —27471.31 —1378.08

PUR -5.14 —27390.97 —1374.68
9GG0O oLC —7.86 —12481.53 —631.93

PUR —8.43 —12417.20 —629.29

)
(a) Hydrophobic interactions - Pro332 (b) Sipiphobc otmacions - o) \’ "/
Purpurin
|
\ lonic and Hydrogen bonds - Gly333
[1tydrogen bonds - Giy33|
‘ ’y Oleocanthal!
KK\
| Hydrogen bonds - Tyr310|
Tonic and Hydrogen bonds - Tyr310|
Hydrogen and ionic bonds - Glu338
(c) (d)
T Hydrogen and ionic bonds - Lys331
%, — [Hydrogen bond - Glu338|

Purpurin| y (Hyd d oot

drogen bond - His329)

[Hydrogen and ionic bonds - Lys340

Hydrogen bond - His329|

[Hydrogen bond - Lys340]

FIGURE 5 Docking interactions of purpurin (PUR) and oleocanthal (OLC) with wild-type (WT) and P301L tau filament models. Predicted
binding poses of PUR (a, c) and OLC (b, d) with the WT tau filament (PDB ID: 503L; panels a, b) and the P301L tau filament (PDB ID: 9GG0;
panels c, d). Docking was performed using Schrédinger Release 2025-1, and interactions were evaluated for hydrogen bonding, hydrophobic
contacts, and ionic interactions. For corresponding molecular dynamics simulations of the 503L-compound and 9GG0-compound complexes,

see Figures S14 and S15, respectively.

in hydrogen bonding and ionic interactions with
GLY333 and TYR310, along with hydrophobic contacts
with PRO332 and TYR310 (Figure 5d).

These docked complexes were used as starting
structures  for 100 ns molecular  dynamics
(MD) simulations to assess binding stability and
dynamic interaction profiles. This timescale is generally
sufficient to capture secondary structure formation,

internal motions, and relevant domain fluctuations
(Cino et al., 2012; Ekman et al., 2021). Protein—ligand
interaction graphs from the simulations confirmed
persistent hydrogen bonding, hydrophobic, and ionic
contact across both systems (Figures S14 and S15).
Subsequent MM/GBSA analysis performed on the
equilibrated MD frames revealed markedly lower bind-
ing free energy (AG Bind) values for both compounds
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TABLE 3 Binding free energy (AG Bind) and its contributing components were calculated using the molecular mechanics/generalized born
surface area method. All energy values are in kcal/mol. AG Bind represents the total binding free energy, while Coulomb, covalent, H-bond,

lipophilic, solvation GB, and van der Waals indicate the individual energy contributions. Source data details are provided in the Data Availability
Statement section.

Structure Ligand AG bind Coulomb Covalent H-bond Lipophilic Solvation GB van der Waals
503L oLC —24.61 —-10.66 0.17 -0.72 -6.89 13.19 —-19.21
PUR ~-21.99 -6.01 0.36 —0.61 -3.63 15.84 —27.92
9GG0 oLC —50.60 —22.75 1.52 —-1.18 ~13.91 18.89 —32.41
PUR —50.16 -7.90 0.86 —0.80 —14.91 12.04 —39.00
Abbreviations: OLC, oleocanthal; PUR, purpurin.
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FIGURE 6 Oleocanthal (OLC) inhibits prion-like aggregates of wild-type (WT) and mutant tau peptides. (a) Confocal images of Tau RD
P301S FRET Biosensor cells transduced with WT and mutant tau (R2R3) peptide aggregation products formed with or without purpurin (PUR) or
OLC. Seeded Tau RD P301S in cells appear as cyan fluorescent protein/yellow fluorescent protein (CFP/YFP) (green) inclusions. Hoechst-
33342 (blue). Scale bar: 100 pm. (b) Quantification of CFP/YFP inclusions normalized to cell confluency. Mean + SEM (n = 3). ***p < 0.001,

*p < 0.05, one-way ANOVA (Tukey’s post hoc test). Source data details are provided in the Data Availability Statement section. (c) Mean
difference analysis showing the efficacy of PUR and OLC in preventing the conversion of WT and mutant R2R3 tau peptides into prion-like forms
compared to respective controls (left, middle) or relative to each other (right). Mean differences were derived from Tukey’s multiple comparisons
test (panel b). Error bars indicate 95% confidence intervals (ClI), with non-overlapping 95% Cls indicating statistically significant differences.

in complex with P301L tau (—50.15 to —50.60 kcal/mol)
compared to WT tau (—21.99 to —24.61 kcal/
mol) (Table 3). Binding free energy decomposition
highlighted key electrostatic (Coulombic and hydrogen
bonding) and lipophilic contributions in both WT and

P301L tau complexes. Full datasets for MM/GBSA cal-
culations and residue-level interaction profiles are avail-
able in Supporting Information Datasets S1 and S2 and
are openly accessible via Zenodo (see Data Availability
Statement section).
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2.6 | PURand OLC reduce the formation
of seeding-competent aggregates

To evaluate the biological relevance of the anti-
aggregation effects observed in vitro, we transduced
Tau RD P301S FRET Biosensor cells with aggregation
reaction products from control and compound-treated
WT and mutant peptides. Intracellular seeding was
determined by quantifying the seeded cyan fluorescent
protein/yellow fluorescent protein (CFP/YFP) inclusions
of Tau RD P301S by confocal microscopy (Annadurai,
Malina, Salmona, et al., 2022). OLC significantly
reduced the seeding competency of WT peptide aggre-
gates, effectively abolishing intracellular seeding
(Figure 6a,b). In contrast, PUR did not affect the seed-
ing competency of WT peptide aggregates. However,
for mutant tau peptides, both compounds abolished the
formation of species capable of inducing intracellular
seeding (Figure 6a,b).

For R2R3 (P301L), PUR and OLC significantly
reduced seeding, with comparable efficacy between
the two compounds (Figure 6¢). For V2871 peptide
aggregates, both compounds exhibited near-complete
inhibition of seeding, with mean difference analysis
showing negligible differences between their effects.
Similarly, for N279K peptide aggregates, both com-
pounds significantly reduced seeding. However, PUR
showed slightly more significant inhibition than OLC
(Figure 6c¢).

2.7 | PUR and OLC inhibit tau seeding
when administered after aggregate
transduction

To further evaluate whether PUR and OLC can sup-
press pathological tau propagation, we performed post-
transduction treatment assays in Tau RD P301S FRET
Biosensor cells. WT or P301L tau fibrils were first trans-
duced into cells for 24 h, followed by treatment with
PUR or OLC for an additional 24 h. Prior MTS assays
confirmed that these concentrations were non-toxic to
biosensor cells (Figure S16). Compared to fibril-only,
drug-untreated controls (Figure 7a), drug-treated cells
exhibited a marked reduction in intracellular CFP/YFP
inclusions (Figure 7b). Quantification confirmed that
both PUR and OLC significantly reduced seeding at
all tested concentrations for WT fibrils and at

concentrations 21.25 uM for P301L fibrils (Figure 7c).
Two-way analysis of variance (ANOVA) revealed a sig-
nificant effect of concentration (p < 0.001) but no signif-
icant difference between PUR and OLC for either WT
or P301L. Neither compound induced endogenous tau
aggregation when applied alone, as no FRET-positive
inclusions were detected without exogenous seeds
(Figure S17).

2.8 | OLC reduces the pathogenicity of
P301L peptide aggregates in SY5Y-
TauP301L-EGFP cells

Given OLC’s broad inhibition of tau seeding across WT
and mutant peptides in biosensor cells, and its known
ability to covalently modify lysine residues near the
amyloidogenic motifs (Monti et al., 2011; Monti
et al., 2012), we further explored its impact on tau prop-
agation. Specifically, we tested whether P301L peptide
aggregates formed in its presence lose their ability to
induce intracellular tau conversion into pathological
forms. To assess this, differentiated SY5Y-TauP301L-
EGFP cells were transduced with P301L peptide aggre-
gation reaction products formed with or without OLC
(Figure 8a).

To confirm that the high molecular weight (HMW)
tau bands detected in the insoluble fractions originated
from the transfected plasmid, whole cell lysates from
SY5Y-TauP301L-EGFP cells were analyzed alongside
those from parental SY5Y cells. Only SY5Y-TauP301L-
EGFP cells exhibited HMW tau bands (Figure S18),
aligning with the original study that reported the plasmid
(Wang et al., 2020).

Next, we monitored changes in these HMW tau
bands in fibril-transduced SY5Y-TauP301L-EGFP
cells. Cells transduced with P301L tau peptide aggre-
gates showed a significant increase in insoluble total
tau levels compared to buffer-only transduced cells,
confirming that exogenous fibrils effectively seeded
intracellular tau aggregation (Figure 8b,c). This aggre-
gation was accompanied by elevated tau phosphory-
lated at serine 262 (pSer262) and oligomeric tau T22
levels (Figure 8b,c). However, cells transduced with
aggregation products formed with OLC exhibited signifi-
cantly reduced pSer262, T22, and total tau levels
(Figure 8b,c). Analysis of soluble fractions showed no
significant differences in pSer262, T22, or total tau

FIGURE 7 Purpurin (PUR) and oleocanthal (OLC) inhibit pathological tau propagation in cells pre-treated with wild-type (WT) and P301L
peptide aggregates. (a) Representative images of Tau RD P301S FRET Biosensor cells showing no intracellular aggregates in untransduced
cells (no fibril), while cells transduced with R2R3 (WT) or R2R3 (P301L) fibrils display abundant seeded cyan fluorescent protein/yellow
fluorescent protein (CFP/YFP) (green) inclusions after 48 h (n = 3). (b) Treatment of fibril-transduced cells with PUR or OLC at the indicated
concentrations for 24 h markedly reduces the number of seeded inclusions. (c) Quantification of seeded aggregates (CFP/YFP inclusions) in
cells transduced with R2R3 (WT) or R2R3 (P301L) fibrils for 24 h, followed by compound treatment for 24 h. Mean + SEM (n = 3). ***p < 0.001,
**p < 0.01 versus 0 pM (CTL), two-way ANOVA (Sidak’s post hoc test). Nuclei are stained with Hoechst-33342 (blue). Scale bar: 20 pm (a, b).

Source data are provided in the Data Availability Statement section.

85U8017 SUOWILLOD 3ATe810 3(dedl|dde ay) Aq peusenob a1e sspie YO ‘8sn Jo's9|n 1o} ARiqiT8uljuO 43I UO (SUONIPUCD-PUR-SLLBILID A 1M AlRIq 1 BU1UO//SANY) SUORIPUOD PUe SWB | 8L 88S [5202/80/62] U0 Arigiauliuo A8IM ‘Ajdeled Aiseaun Aq 0202 0.1d/Z00T OT/10p/uoo" A8 1M Akelq1Buluo//Sdny Woly pepeojumod ‘6 ‘SZ0Z ‘X968697T



GOUD ET AL.

THE
PROTEIN 11019
@ SOCIETY_WI LEYJ—

Buffer CTL OLC

T22/ Total tau
(Normalized)
5 b

o
[3)

(b) R2R3 (P301L)
o Buffer CTL oLC 2 25 . xs
a &
7‘?10(;‘_-'--'- e (e s e — T~ D)
3 ° 3
NZ| 70 : _ ;2 1.5
2 | =8
Slsof M e | ememEw| e = £ 10]
— © Z
> T <
o 3| 1004 — 5 08
§ % 70— - a 0.0-
@ 8| 504 L Buffer CTL OLC
40 a
[ : *K *
100 E— - 25
23 70 g %\ 2.0
55 | L O 15
PEl 4 52
. & 5 1.0
* - g= 0.5
. o -
25 [ :
GAPDH (40 0.0-

(soluble)

Buffer CTL OLC

FIGURE 8 Oleocanthal (OLC) prevents P301L tau peptide aggregate-induced phosphorylation and oligomerization. (a) Phase contrast and
fluorescence microscopy images of differentiated SY5Y-TauP301L-EGFP cells showing the distribution of Tau (P301L) (green) following
induction with doxycycline and nuclear staining (Hoechst, blue). Scale bar: 100 um. (b) Western blot analysis of insoluble fractions (pSer262,
T22, total tau) from cells transduced with R2R3 (P301L) tau peptide aggregated in the absence (control) or presence of OLC. GAPDH from
soluble fractions was used as a loading control. Buffer: Cells transduced with the reaction mixture without the aggregation reaction product.
Arrows indicate the position of TauP301L-EGFP, expressed from the transfected plasmid, whereas brackets indicate endogenous wild-type
(WT) tau. Full-length images of blots are shown in Figure S21. (c) Quantification of pSer262, T22, and total tau in the insoluble fraction. Signals
were normalized to GAPDH; pSer262 and T22 were additionally normalized to total tau and shown as fold change vs. buffer control. Mean

+ SEM (n = 3). **p < 0.01, *p < 0.05, one-way ANOVA (Tukey’s post hoc test).

levels across treatments (Figure S19), supporting the
compartmentalized nature of tau pathology, where
pathological modifications predominantly occur in insol-
uble aggregates.

Additionally, WT peptide aggregates failed to induce
significant tau pathology in SY5Y-TauP301L-EGFP
cells. Analyses of soluble and insoluble fractions
revealed no substantial differences in T22 or pSer262
tau between control and OLC-treated samples, indicat-
ing the minimal impact of WT peptide aggregates on
intracellular tau pathology (Figure S20).

3 | DISCUSSION

This study demonstrates that PUR and OLC inhibit
mutant tau aggregation and propagation, with OLC

broadly reducing fibril formation across all tested tau
mutants, while PUR is more selective for tau N279K
and V2871 over P301L peptides. Both compounds dis-
rupt seeding-competent tau aggregates, reducing intra-
cellular pathology. These findings suggest distinct
inhibitory profiles: OLC broadly suppresses tau aggre-
gation by interacting with monomeric tau, while PUR
more effectively inhibits fibril elongation through stable
interactions with fibril surfaces.

The observed accelerated aggregation of P301L
peptide aligns with previous studies using recombinant
tau studies, confirming the strong fibrillizing tendency of
this mutation (Yao et al., 2020). The slower aggregation
kinetics of N279K peptides are consistent with reports
that this mutation disrupts nucleation by altering hydro-
phobic interactions within the VQIIKK motif (Yao
et al., 2003). In contrast, although V2871 tau exhibited
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minimal aggregation in cellular models (Xia
et al,, 2019), our peptide model showed enhanced
aggregation kinetics relative to WT. This discrepancy
likely reflects differences between minimal peptide seg-
ments and full-length tau in a cellular environment.
Nonetheless, these peptides are relevant models for
studying mutation-specific tau fibrillization.

SPR studies supported prior reports that OLC inter-
acts stably with tau (Li et al., 2009). Its stronger binding
affinities for monomeric forms of P301L, V287I, and
N279K peptides suggest that these mutations expose
favorable interaction sites, enhancing OLC’s inhibitory
effects (Pounot et al.,, 2024). ThT aggregation assay
confirmed that stronger tau—ligand interactions corre-
late with reduced fibril formation. At 10 pM (5:1
peptide:compound molar ratio), both compounds
robustly inhibited aggregation below 10% for P301L
peptide and strongly suppressed V2871 and N279K
peptides. In contrast, inhibition of WT aggregation was
more modest, consistent with its lower SPR binding
affinity.

Prior studies indicated that PUR inhibits PHF6
aggregation dose-dependently (Viswanathan
et al, 2020), with reduced efficacy at higher
peptide:compound ratios such as 5:1. In contrast, we
observed that PUR remained effective even at
peptide:compound ratios up to 500:1, with measurable
activity at concentrations as low as 0.1 pM. This
broader activity range aligns with its SPR binding pro-
file, which showed weaker affinity for P301L but stron-
ger and more stable interactions with N279K and V287l
peptides. In contrast, OLC demonstrated broad-
spectrum inhibitory effects across all mutant peptides,
consistent with its slower Koff and lower KD values.

Although computational docking was limited to WT
and P301L tau peptide monomers, the predicted bind-
ing affinities support the experimental observations.
Both PUR and OLC showed stronger binding to P301L
than to WT in docking and MM-GBSA calculations,
consistent with their enhanced inhibition of P301L
aggregation and higher SPR affinity. These results
suggest that the compounds may interfere with early
nucleation steps by preferentially engaging
aggregation-prone conformations in mutant tau.

The ability of small molecules to inhibit tau aggrega-
tion also depends on their capacity to engage and dis-
rupt growing or preformed fibrillar structures. PUR and
OLC inhibited the elongation of preformed tau fibrils,
with PUR consistently demonstrating stronger efficacy
than OLC, particularly in WT and P301L peptides.
These findings suggest that PUR more effectively
engages fibril surfaces or occludes propagation-
competent sites, thereby impeding template-directed
elongation.

Computational analyses reinforce these experimen-
tal observations, indicating that lower binding free
energy correlates with more potent inhibitory activity.

Molecular docking and MM/GBSA simulations revealed
that PUR and OLC interact favorably with fibrillar tau,
with lower binding free energies for the P301L than
WT. These non-covalent interactions included hydro-
gen bonding, hydrophobic contacts, and ionic interac-
tions. Notably, PUR formed a more extensive hydrogen
bond network and stable hydrophobic contacts at
surface-exposed residues of the P301L filament, sug-
gesting it may interfere with protofilament extension. In
contrast, OLC formed fewer stabilizing contacts, and
more transient ionic interactions dominated its binding.

These mechanistic insights align with the differential
effects observed in aggregation and elongation assays:
PUR’s more potent inhibition of P301L elongation cor-
responds with its more favorable binding energies and
stable interactions, whereas OLC’s comparatively
weaker inhibition is consistent with more transient bind-
ing interactions. Although computational analyses were
limited to P301L tau, SPR data support PUR'’s
mutation-specific binding, with weaker affinity for
P301L but stronger interactions with N279K and V2871
tau peptides. These differences align with prior studies
showing that structural variations among tau mutants
alter their aggregation pathways and inhibitor activity
(von Bergen et al., 2001).

Our experimental and computational approaches
addressed tau interactions across multiple aggregation
stages. SPR and ThT assays (with compound addition
at time zero) modeled inhibition at the nucleation stage,
while molecular docking and elongation assays exam-
ined compound effects on preformed fibrils. Together,
these complementary strategies provide a comprehen-
sive view of tau aggregation inhibition and fibril destabi-
lization mechanisms. The selective inhibition observed
for V2871 and N279K may arise from local structural
effects introduced by these mutations, which likely
modulate the accessibility of aggregation-prone motifs
such as PHF6 and PHF6*. V287I, positioned near
PHF6, may promote early B-structure formation that
facilitates PUR binding. In contrast, N279K lies within
PHF6*, and its slower aggregation kinetics suggest an
alternative pathway that may generate intermediates
more susceptible to PUR. These differences in local
sequence context and aggregation dynamics likely con-
tribute to the distinct inhibitory profiles observed for
PUR and OLC.

Unlike many tau inhibitors targeting generic fibrilliza-
tion (Soeda & Takashima, 2020), OLC and PUR selec-
tively inhibit seeding-competent aggregates, a key
driver of tau pathology. Small molecules such as meth-
ylene blue and TRx0237 have shown limited success
in preventing tau propagation (Soeda et al., 2019;
Soeda & Takashima, 2020). OLC’s broad inhibition and
PUR’s selectivity suggest distinct therapeutic strategies
may be needed for different tauopathies.

Our cell-based studies confirmed that the inhibition
of tau aggregation observed in vitro translated into
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reduced intracellular pathology. OLC showed broad
efficacy, while PUR was particularly potent against
V2871 and N279K tau peptides. Notably, WT peptide
aggregates failed to seed pathology in full-length
P301L tau-expressing cells, aligning with prior reports
that WT tau fibrils do not efficiently recruit mutant tau
monomers due to structural incompatibility (Aoyagi
et al.,, 2007). However, all tau peptide aggregates,
including WT, seeded aggregation in Tau RD P301S
FRET Biosensor cells, likely due to increased cross-
seeding permissibility in truncated tau constructs
(Holmes et al., 2014), which has been used in multiple
studies to detect seeding from tau species with diverse
conformations and disease origins (DeVos et al., 2017;
DeVos et al., 2018; Seidler et al., 2019). Importantly,
both PUR and OLC significantly reduced intracellular
seeding when administered 24 h after fibril transduc-
tion, demonstrating their ability to suppress tau propa-
gation in the presence of pre-existing aggregates. This
treatment condition more accurately reflects the patho-
logical context of tauopathy, where seed-competent tau
species have already accumulated, and supports the
potential of these compounds to remain effective when
administered after disease onset.

Despite strong mechanistic insights, this study has
limitations. Computational analyses were restricted to
WT and P301L tau, leaving molecular interactions for
V2871 and N279K tau mutants unmodeled. Additionally,
only P301L, N279K, and V287! tau mutations were
tested, and future work should evaluate efficacy across
a broader range of tau mutations. Another key limitation
is the lack of in vivo pharmacokinetic data to determine
whether PUR and OLC cross the blood—brain barrier
(BBB) at therapeutic concentrations. While in vitro stud-
ies suggest that PUR can permeate the BBB
(Viswanathan et al., 2020), and OLC-rich extra-virgin
olive oil has been shown to restore BBB function in
mouse models (Al Rihani et al., 2019), direct evidence
of their BBB permeability in humans is lacking. Future
studies should assess BBB permeability, metabolic sta-
bility, and potential off-target effects. Finally, validation
in transgenic tauopathy models is needed to confirm
their therapeutic potential in a biologically relevant sys-
tem. Additionally, validation of aggregation inhibition in
primary or iPSC-derived neuronal models and investi-
gation of downstream cellular effects such as neurotox-
icity, proteasomal degradation, and autophagy
modulation will further strengthen the translational rele-
vance of these findings.

4 | CONCLUSION

This study identifies PUR and OLC as mutation-
selective inhibitors of tau aggregation that suppress
fibrillization, inhibit elongation, and reduce the formation
of seeding-competent aggregates. Both compounds
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showed preferential binding to mutant tau peptides, sup-
ported by SPR and computational modeling. Post-
transduction treatment assays demonstrated their ability
to inhibit tau propagation even in the presence of pre-
existing aggregates, and additional biophysical valida-
tion confirmed their impact on fibril morphology. These
findings support the potential of PUR and OLC as struc-
turally distinct candidates for mutation-specific therapeu-
tic strategies in tauopathies.

5 | MATERIALS AND METHODS

5.1 | Materials

PUR (Part # PHL89771) and OLC (Part # SMB00810)
were purchased from Sigma-Aldrich (St. Louis, MO,
USA), dissolved in high-performance liquid chromatog-
raphy (HPLC)-grade dimethyl sulfoxide (DMSO), and
stored at —80°C. Intermediate dilutions were prepared
in phosphate-buffered saline (PBS) (pH 7.4) supple-
mented with 0.05% Tween-20 and 5% DMSO.

All peptides were custom-synthesized at 98% purity
by ProteoGenix (Schiltigheim, France) and verified by
analytical HPLC and mass spectrometry by the sup-
plier. Peptides were dissolved in double-distilled water
according to the supplier's recommendation. The stock
solutions were prepared at a final concentration of
154 uM, immediately aliquoted into smaller volumes to
prevent repeated freeze—thaw cycles, and stored at
—80°C until use to minimize pre-aggregation. Before
each experiment, peptides were thawed on ice and
briefly centrifuged at 13,000 rpm for 1 min. The mono-
meric state of peptides was confirmed by UV-Vis spec-
trometry and SDS-PAGE analysis under non-reducing
conditions (Figures S1 and S2).

5.2 | ThT aggregation assay

The aggregation kinetics of tau peptides were moni-
tored using a ThT assay. A 40 pL reaction mixture
containing 15uM ThT (Sigma-Aldrich, Cat. #
T3516-5G) and 50 uM peptide in the absence (control)
or presence of 0.1 uM, 1 puM, and 10 uM PUR or OLC
was prepared on ice in aggregation buffer (20 mM Tris
[pH 7.4], 100 mM NaCl, 1 mM ethylenediaminetetraa-
cetic acid [EDTA]) containing 5 uM heparin (Sigma-
Aldrich, Cat. #H4784). dithiothreitol (DTT) was
excluded to avoid its differential effects on the aggre-
gation kinetics of tau peptides containing Cys291 or
Cys322 and to prevent peroxide generation by redox-
active compounds like PUR, which can lead to oxida-
tive artifacts and false-positive inhibition signals, as
reported in our previous study (Annadurai, Malina,
Salmona, et al., 2022). This mixture was then dis-
pensed into a clear-bottom, black 384-well ViewPlate
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(Revvity, Waltham, MA, United States; Part #
6007460) and sealed with a TopSealA-PLUS
(Revvity) to prevent evaporation.

Aggregation was monitored using EnSpire Multi-
mode Plate Reader (Revvity) at 37°C with constant agi-
tation (1000 rpm). To minimize condensation, the upper
heater temperature was set to 2°C higher than the
lower heater temperature. ThT fluorescence (ThT—/Agy:
460490 nm and Jlen: 500-550 nm) was recorded
every 5—10 min for 48 h.

5.3 | Aggregation t;> and AUC
quantification

ThT fluorescence curves were fitted to a sigmoidal
function in GraphPad Prism (version 10, San Diego,
CA, USA) using the following equation:

Y =Top/(1+ exp[(V50-X)/Slope]), where Y is
the ThT fluorescence intensity, X is time (h), Top is the
maximum fluorescence intensity, V50 is the time to
reach 50% of Top, and Slope describes the steepness
of the aggregation transition. Baseline fluorescence at
the start of the measurements was relatively low across
samples and was not separately fitted. In samples
showing early increases in fluorescence, the aggrega-
tion trajectory was modeled directly without introducing
an independent baseline parameter.

The V50 value obtained from each replicate was
used as the aggregation t4,, for statistical analysis. In
conditions where aggregation was completely inhibited
and no sigmoidal trajectory was observed, t;,» was con-
servatively assigned as >48 h, corresponding to the
maximum assay duration.

To evaluate the effect of compounds on the extent
of aggregation, the AUC was calculated for each repli-
cate ThT fluorescence curve using GraphPad Prism.
AUC values were then normalized to the mean AUC of
the untreated control group and expressed as “aggre-
gation (% of control),” serving as an indirect and com-
parative measure of fibril formation.

5.4 | Atomic force microscopy
Aggregates collected after 48 h of aggregation were
processed for AFM analysis as described previously
(Annadurai, Malina, Malohlava, et al., 2022).

5.5 | SPR experimental setup and data
collection

SPR experiments were conducted using the Sierra®
SPR-24 Pro system (Bruker Daltonics, Bremen,
Germany), featuring a gold-coated microfluidic array
(24 detection spots, 3 x 8 format). Data acquisition and

kinetic analysis were performed using SPR Analyzer
4 software.

All experiments were conducted at 25°C using PBS
(pH 7.4) supplemented with 0.05% Tween-20 and 5%
DMSO as the running buffer to ensure assay reproduc-
ibility. Assay components, including 96-well microtiter
plates (Part # 1862984; Burker) and Microplate and
Reservoir Sealer (Part #1862985; Burker), were used
for sample handling and were compatible with the
Sierra SPR®-24 Pro system (Bruker Daltonics, Billerica,
MA, USA).

5.6 | Sensor surface preparation and
immobilization

WT and mutant (P301L, V2871, and N279K) tau pep-
tides were dissolved in 10 MM sodium acetate buffer
(pH 5.0; Burker) and immobilized onto High-Capacity
Amine Sensor Surfaces (Part #1862614; Bruker) using
the Amine Coupling Kit (Part #1862634; Bruker). The
sensor surface was preconditioned with a Surface Elu-
tion Buffer (Part #1862656; Bruker Daltonics) and 0.1M
HCI to remove contaminants and improve binding
specificity.

The surface was activated using 400 mM 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide (Burker) and
50 mM N-hydroxysuccinimide (Burker), enabling cova-
lent attachment of tau peptides. Unreacted binding
sites were blocked with 1M ethanolamine-HCI (pH 8.5;
Burker) to minimize nonspecific interactions. For each
experiment, specific sensor spots (A/B/C) on channels
1-8 were designated for tau-analyte interactions, with
corresponding reference spots on the same channel for
baseline correction. DMSO calibration solutions (4.6%,
4.8%, 5%, 5.2%, and 5.4%) were prepared for double
referencing to compensate for DMSO solvent effects.

5.7 | Analyte preparation and injection
PUR and OLC were prepared in PBS (pH 7.4) supple-
mented with 0.05% Tween-20 and 5% DMSO. Compound
interactions with tau peptides were pre-screened using a
concentration range of 1-100 uM, and subsequent bind-
ing kinetics were evaluated at optimized concentrations.
For kinetic studies, PUR was tested at 20-30 pM, while
OLC was tested at 25-100 pM using two-fold serial dilu-
tions. Each analyte was sequentially injected, and asso-
ciation and dissociation phases were monitored to
determine kinetic parameters.

5.8 | Titration cycle kinetics assay

SPR binding kinetics were assessed using the titration
cycle kinetics (TCK) assay, which included consecutive
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association phases followed by a single dissociation
phase. Pre-assay simulations using the Kinetic Simula-
tor feature of SPR Analyzer 4 software were used to
optimize analyte concentration ranges and association/
dissociation times. A reference blank injection was
included for double referencing, and a single dissocia-
tion curve was recorded for the highest analyte
concentration.

5.9 | SPR data analysis and validation
Sensorgrams were analyzed using the Kinetic Titration
model, which was integrated into the global kinetic fit-
ting model of the SPR Analyzer 4 software. This
approach allowed for baseline correction and improved
the reliability of kinetic parameters, including the Kon,
Koff, and KD.

TCK-derived kinetic parameters were compared
across multiple runs and confirmed using Multi Injection
Cycle Kinetics to validate reproducibility and accuracy.
The TCK format provided comparable results with
reduced assay time and lower reagent consumption.

510 | Computational methods

5.10.1 | Protein and ligand preparation

The atomic structures of tau filaments were obtained
from the RCSB protein data bank (https://www.rcsb.
org/), specifically 503L (paired helical filaments from
AD brain) and 9GGO0 (P301L tau filaments from FTD
brain). The protein structures were prepared using the
Protein Preparation Wizard in Schrdédinger Maestro
2025-1 (Schrodinger, 2025e). Pre-processing steps
included adding hydrogen atoms, completing missing
side chains and loops via Prime refinement, optimizing
hydrogen bonding networks with PROPKA at pH 7.4,
and minimizing energy using the OPLS4 force field.
Water molecules beyond 5 A from the binding site were
removed to improve docking accuracy.

PUR (PubChem CID: 6683) and OLC (PubChem
CID: 11652416) were prepared using LigPrep in Schro-
dinger Maestro 2025-1 (Schrddinger, 2025a). The
ligands were optimized at pH7.4, generating
the lowest-energy stereoisomers and tautomers.
Energy minimization was performed using the OPLS4
force field to obtain stable conformations for molecular
docking.

5.10.2 | Molecular docking

Molecular docking was performed using IFD in Schroé-
dinger Maestro 2025-1 to predict the binding interac-
tions of PUR and OLC with tau filaments
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(Schrodinger, 2025b). Ligands were initially docked
into the receptor binding site using Glide Standard
Precision (SP) mode, followed by side-chain refine-
ment with Prime to optimize receptor flexibility
(Schrodinger, 2025c). The optimized ligand poses
were redocked using Glide Extra Precision (XP), and
docking scores were generated based on interaction
energies (Friesner et al., 2006). Protein—ligand inter-
actions, including hydrogen bonding, hydrophobic
interactions, and salt bridges, were analyzed to deter-
mine binding affinity and specificity.

5.10.3 | Molecular dynamics simulations
MD simulations were conducted using Desmond in
Schrédinger Maestro 2025-1 to assess the stability of the
docked ligand—protein complexes (Schrddinger, 2025d).
The systems were solvated in an SP3 water box, neutral-
ized with Na* and CI~ ions, and equilibrated under peri-
odic boundary conditions. The simulations were run for
100 ns at 300 K and 1 atm under contant number of par-
ticles, pressure, and temperature using the OPLS4 force
field. The stability of ligand interactions was analyzed
using Simulation Interaction Diagram (SID) analysis,
classifying interactions into hydrogen bonds, hydropho-
bic contacts, ionic bonds, and water bridges.

5.10.4 | Binding free energy calculations

Binding free energy (AG_bind) was calculated using
the MM/GBSA method in Schrédinger Maestro 2025-1
(Genheden & Ryde, 2015). Energy contributions from
van der Waals interactions, electrostatics, solvation
effects, and entropy were considered. The MM/GBSA-
derived binding energy values were used to estimate
the relative affinity of PUR and OLC for tau filaments.

5.11 | Cell culture

Tau RD P301S FRET Biosensor (expressing tau
repeat domain fused to CFP/YFP for detecting intra-
cellular tau aggregation) and SH-SY5Y cells were pur-
chased from ATCC (Manassas, VA, USA). Both cell
lines were cultured in 89% Dulbecco’s Modified
Eagle’s Medium (DMEM) high (4.5 g/L) glucose with
L-Glutamine (Lonza, # 12-604F), supplemented with
10% fetal bovine serum (Gibco, Cat. # A5256701),
and 1% Penicillin—Streptomycin (Thermo Fisher Sci-
entific, Cat #15140163). HEK293T biosensor cells
were further supplemented with 1 mM GlutaMAX™
(Thermo Fisher Scientific Inc., Cat. # 35050061) and
10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) (Serana Europe GmbH, Brandenburg,
Germany; Cat. # BSL-001-100ML). All cells were
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maintained in a 5% CO, humidified incubator at 37°C
and split every 3—4 days after reaching ~80% con-

fluency. Cells were routinely authenticated and tested
for mycoplasma contamination.

5.12 | Preparation of samples for cell
seeding assays

Tau peptides were aggregated with or without PUR or
OLC in a 7.4 pH aggregation buffer without ThT. After
48 h, the contents of each well were pooled to a final
total volume of 120 pL. The concentration of the pooled
Aggregation Reaction Products was measured using
the Pierce™ BCA Protein Assay Kit (Thermo Fisher
Scientific Inc., Cat. # 23225). The reaction products
were standardized for cell transduction to a final con-
centration of 100 nM for both control and drug-treated
samples. The pooled aggregation mixture was soni-
cated using a Branson Ultrasonic™ Sonifier Cup Horns
(Marshall Scientific, Hampton, NH, USA) at 30% ampli-
tude (15s ON and 15s OFF for 1 min) to fragment
larger aggregates into smaller ones, facilitating consis-
tent transduction.

5.13 | Biosensor cell seeding assay

Tau RD P301S FRET Biosensor cells were plated at
5 x 10° cells per well in PhenoPlate 384-well, black,
optically clear flat-bottom plates (Revvity; Part #
6057302) pre-coated with 50 pg/mL Poly-p-Lysine
(Sigma-Aldrich, Cat. # P6407). After plating, cells were
incubated for 30 min at room temperature to promote
better cell spreading before returning the plates to the
incubator.

The next day, cells were transduced with 100 nM of
aggregation mixture, which were either: (i) prepared in
the absence (control) or presence of 10 uM PUR or
OLC for co-aggregation studies (Figure 5),
or (ii) prepared exclusively in the absence of com-
pounds for post-transduction treatment studies
(Figure 6). The aggregation mixtures were premixed
with 0.2 pL per well TurboFect™ Transfection Reagent
(Thermo Fisher Scientific Inc., Cat. # R0533) in 10 pL
Opti-MEM™ (Thermo Fisher Scientific Inc., Cat.
#11058021) and added to cells.

For co-aggregation studies (Figure 5), cells were
cultured for 48 h after transduction before processing
for imaging. For post-transduction treatment studies
(Figure 6), cells were cultured for 24 h following trans-
duction, then treated with PUR or OLC at concentra-
tions ranging from 0 to 10 puM, and incubated for an
additional 24 h.

In both experiments (Figures 5 and 6), cells were
fixed after a total of 48 h with 2% paraformaldehyde

(Electron Microscopy Services, Cat. #15714-1 L) for
10 min at room temperature, washed once with 1x
PBS, and stained with 10 uM Hoechst-33342 nuclear
dye (Invitrogen, Cat. #H21492) for 10—15 min. To pre-
serve samples for imaging, 1% glycerol in deionized
water was added to each well.

5.14 | Imaging and quantification

Cells were imaged on a Cell Voyager 7000S high-
content imaging system (Yokogawa, Tokyo, Japan)
with a 20x objective. CFP/YFP inclusions of seeded
tau were detected using a 488 nm laser line
(Ex = 460—490 nm, Em = 500-550 nm), and Hoechst-
stained nuclei were detected using a 405 nm laser line
(Ex = 360—400 nm, Em = 410—480 nm). At least 10—
15 focal areas per well were imaged for each replicate.
Image analysis was performed using Signals Image
Artist (Rewvity) to quantify the number of cells
(Hoechst-stained nuclei) and intracellular CFP/YFP
inclusions. Total inclusions per well were normalized to
cell confluence and are presented as normalized seed-
ing for graphing.

5.15 | SH-SY5Y plasmid transfection
and differentiation

SH-SY5Y cells were transfected with the AAVS1 CAG
rtTA3 TauP301L 2N4R-EGFP plasmid using ScreenFect-
A-plus Transfection Reagent (ScreenFect GmbH).
AAVS1 CAG rtiTA3 TauP301L 2N4R-EGFP was a gift
from Gerold Schmitt-Ulms (Addgene plasmid #132393;
http://n2t.net/addgene:132393; RRID: Addgene_132393).
Stable cell lines expressing TauP301L 2N4R-EGFP were
generated via puromycin selection and are referred to as
SY5Y-TauP301L-EGFP cells. Stable expression of the
inducible TauP301L-EGFP construct was confirmed by
fluorescence microscopy and Western blot after doxycy-
cline induction.

SH-SY5Y and SY5Y-TauP301L-EGFP cells were
plated at 250,000 cells per well on Geltrex™-coated
culture plates (Gibco, # A1413201) and maintained in
complete DMEM. After 24 h, the medium was replaced
with CTS™ Neurobasal™ A Medium (Gibco, #
A1371201) supplemented with 1x B-27™ Supplement
(ThermoFisher Scientific, #17504044), 10 pM L-gluta-
mine, and 1% Penicillin—Streptomycin (complete neuro-
basal medium). Cells were differentiated by treatment
with 10 uM all-trans-retinoic acid (RA; Sigma-Aldrich, #
R2625) for 72 h. The differentiation was continued in
complete neurobasal media supplemented with 10 uM
RA and 50 ng/mL recombinant human brain-derived
neurotrophic factor (BDNF) (R&D Systems, #248-BDB-
250) for another 72 h.
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5.16 | SH-SY5Y seeding assay

Differentiated SY5Y-TauP301L-EGFP cells were pre-
treated with 0.5 pg/mL doxycycline (Sigma-Aldrich, #
D3447) for 24 h to induce the expression of TauP301L-
EGFP. Doxycycline was maintained in the cell culture
media throughout the seeding assay. Cells were trans-
duced with tau aggregation reaction products, stan-
dardized to 100 nM tau peptide. Transduction mixtures
were prepared by combining the tau aggregation reac-
tion products with TurboFect™ Transfection Reagent
(Thermo Fisher Scientific Inc.) in Opti-MEM™. The mix-
ture was briefly vortexed and incubated at room tem-
perature for 15 min before adding to cells. After 72 h,
cells were processed for Triton X-100 fractionation and
western blot analysis, as described below.

5.17 | Triton X-100 fractionation and
western blotting

Triton X-100 soluble and insoluble fractions were pre-
pared as described previously with minor modifications
(Annadurai, Malina, Malohlava, et al., 2022). SY5Y-
TauP301L-EGFP cells were harvested in 1x Tris-
buffered saline (TBS) containing 0.05% Triton X-100,
supplemented with protease and phosphatase inhibi-
tors (Roche, #04693116001 and #04906837001). After
centrifugation at 1000 x g for 10 min at 4°C, the super-
natant was ultracentrifuged at 24,400 x g for 1 h at 4°C
to separate Triton X-100 soluble and insoluble frac-
tions. The insoluble fraction was resuspended in radio-
immunoprecipitation assay (RIPA) buffer (Thermo
Fisher Scientific, #89901) with protease and phospha-
tase inhibitors for further analysis.

Equal volumes of soluble and insoluble fractions
were resolved by SDS-PAGE and transferred onto
nitrocellulose membranes using the Trans-Blot Turbo
Transfer System (Bio-Rad). Membranes were blocked
with 5% BSA in 1x tris-buffered saline with Tween-20
(TBST) (0.1% Tween® 20) for 2 h at room temperature,
followed by incubation with primary antibodies including
anti-tau Tau-5 (1:500 or 1:1000; Invitrogen, Cat.
#AHB0042), anti-phospho Ser262 tau (1:1000; Invitro-
gen, Cat. # OPA1-03142), anti-oligomeric tau T22
(1:1000; Merck Millipore, Cat. # ABN454), and anti-
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
(1:4000; SCBT, Cat. # sc-32233), either overnight at
4°C or for 1 h at room temperature. Membranes were
then incubated with Alexa Fluor 488-conjugated sec-
ondary antibody (1:2000; Invitrogen; Cat. #A21202) for
1-2 h at room temperature in the dark. Protein bands
were visualized using a Gel Doc XR+ System
(Bio-Rad), and densitometry analysis was performed
with NIH ImageJ software (RRID: SCR_003070).

Densitometric analysis of insoluble tau bands was
performed by first normalizing total tau signal intensities
to GAPDH levels measured in the corresponding
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soluble fractions. For phosphorylated tau (pSer262)
and oligomeric tau (T22), band intensities in the insolu-
ble fraction were normalized to GAPDH and then
adjusted relative to the total amount of transfected
TauP301L-EGFP. This two-step normalization allowed
assessment of pathological tau conversion. All normal-
ized values were subsequently expressed as fold
changes relative to the mean signal of the buffer-
treated control group (cells not exposed to fibrils).

5.18 | Statistical analysis

All statistical analyses were performed using Graph-
Pad Prism Software. Data are presented as mean
* standard error of the mean (SEM) unless otherwise
specified, and p <0.05 was considered statistically
significant. Plots for SPR TCK experiments were gen-
erated using OriginPro version 8.5 (OriginLab Corpo-
ration, Northampton, MA).
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