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ABSTRACT: The aggregation of tau into amyloid fibrils is
associated with Alzheimer’s disease (AD) and related tauopathies.
Since different tauopathies are characterized by the formation of
distinct tau fibril morphologies, it is important to combine the
search of tau aggregation inhibitors with the development of in
vitro tau aggregation assays that recapitulate aggregation as it may
occur in the brain. Here we address this problem by reporting an in
vitro tau aggregation assay in which AD brain homogenates are
used to seed the generation of first-generation tau fibrils in a
polymorph-specific manner under quiescent conditions. These
fibrils are then used to create amyloid seed libraries from which
second-generation kinetic assays can be readily performed. Using this strategy, we illustrate an iterative machine learning method for
the identification of small molecules for the polymorph-specific inhibition of the in vitro formation of tau fibrils. We further show
that the small molecules selected by this procedure are potent inhibitors in a Drosophila tauopathy model.

■ INTRODUCTION
Alzheimer’s disease (AD) is characterized by the presence of
amyloid deposits that spread across the brain in specific
spatiotemporal patterns.1−8 Preventing such propagation is a
common drug discovery strategy for the treatment and
prevention of AD and related neurodegenerative disease.9−11

A promising therapeutic approach is based on the
observation that a fundamental property of amyloid aggregates
is their ability to promote the formation of new aggregates.12,13

Because this autocatalytic process is dependent on the
presence of amyloid fibrils, their structures are likely to
determine its efficiency.14−16 However, through cryo-electron
microscopic (cryo-EM) studies, it is now known that tau can
adopt over 20 different polymorphic amyloid structures
throughout the various tauopathies.17−19 Since such poly-
morphism creates significant challenges for drug discovery, it is
important to develop in vitro assays of tau aggregation that
result in disease-specific fibril polymorphs.20 This is difficult
because, depending on the conditions (pH, salt, temperature,
cofactors) and the sequences of the tau isoforms, in vitro assays
might generate fibril structures that depend on the respective
solution conditions, many of which result in amyloid fibrils of
morphologies not observed in brain extracts of tauopathy
patients20−22

To reproduce the amyloid structures found in vivo, a
possible approach is to develop assays whereby brain-derived
seeds are used to induce recombinant monomeric tau to adopt
fibrils of specific morphologies, either in vitro23,24 or in cell
systems.25 This strategy relies on the observation that the free
energy barrier for elongation is lower than that for the
spontaneous generation of new seeds,12,26 and it should
therefore be possible to propagate a conformer through
seeding, even under conditions where another more stable
conformer may arise from primary nucleation.27,28 This
method was recently adopted to obtain α-synuclein fibrils
with the morphology observed in multiple system atrophy
(MSA),24 which is distinct from those observed in Parkinson’s
disease (PD) or dementia with Lewy bodies (DLB).29

However, although one protofilament of mature fibrils was
faithfully propagated, the corresponding counter-filaments in
many cases adopted structures not observed in reconstructions
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of MSA fibrils from patient brain extracts as elucidated via
cryo-EM.30

An alternative method is to identify solution conditions for
in vitro aggregation assays that lead to the recreation of the
amyloid fibril morphologies observed in disease through
spontaneous seed formation, in the absence of brain-derived
seeds. Significant progress has been recently made in this
direction with tau under shaking conditions.20 For the
application of this approach to drug design, however, the in
vitro assay should ideally also be consistent with the conditions
in vivo, and thus be conducted without vigorous shaking,
relying only on gentle agitation brough about by moving the
samples in the fluorescence reader31 to identify candidate
inhibitors with a clinically relevant mechanism of action.

Here we report a framework for addressing this problem and
its application to drug design. This framework is based on a
careful kinetic analysis32,33 under quiescent reaction conditions
whereby individual microscopic processes might be specifically
targeted with small molecule inhibitors.26,34,35 In the first step,
we identified small molecule candidates with an in silico
docking procedure to a hydrophobic pocket of a previously
reported tau fibril structure from AD patients.17 This pocket
spans a sequence next to a region known to be critical to in
vitro paired-helical filament propagation (PHF6, VQIVYK).19

In the second step, we used a kinetic analysis of tau
aggregation26 coupled with iterative machine learning36 to
enhance the potency of the candidate inhibitors. In the third
step, we confirmed the conformational specificity by observing
no inhibition of Pick’s disease (PiD)-seeded tau aggregation,
and we verified the in vivo potential of the aggregation
inhibitors by rescuing viability in a Drosophila model of
tauopathy.37,38 Taken together, our results illustrate the use of

machine learning methods to identify compounds capable of
targeting disease-specific polymorphs in tauopathies.

■ RESULTS
Brain-Derived Polymorph-specific Tau Seed Amplifi-

cation and Biophysical Characterization of the Result-
ing Aggregates. In this work, we used the approach
illustrated in Figure S1 to achieve the in vitro amplification
of polymorph-specific tau seeds. In a first amplification step
(producing first-generation recombinant tau fibrils), we used
brain-derived seeds and monomers of K12 tau, a 3-repeat (3R)
fragment of tau previously designed to amplify tau aggregates
from crude AD and PiD brain homogenates.27 The method
was adapted to avoid the use of heparin, as this cofactor was
shown to lead to the formation of structures different from
those observed in diseases.21 We incubated 32 AD, 32 PiD and
32 cerebrovascular vascular disease (CVD) brain homogenate-
seeded reactions (0.0001% w/v) with rounds of 500 rpm
shaking and rest in 250 mM trisodium citrate and 10 mM
HEPES at pH 7.4 (Figure 1A). Characteristic differences in
thioflavin T (ThT) amplitudes between AD-seeded and PiD-
seeded reaction products were observed (Figure 1B), as
previously reported,27 and kinetic acceleration of lag times
ahead of control reactions seeded with CVD was achieved
(Figure 1C). We sought further biophysical characterization of
the K12 aggregates with ATR-FTIR analysis. We previously
reported that differences in ThT fluorescence intensities
between products of AD-seeded and PiD-seeded reactions
correlated with secondary structural differences visualized by
ATR-FTIR analysis.27 Characteristic 1630 cm−1 and 1618
cm−1 β-sheet vibrational modes were observed for AD-derived

Figure 1. Biophysical characterization of first-generation K12 tau fibrils. (A) Fibrils were generated by seeding conversion of recombinant K12 tau
with AD brain homogenates (pink), PiD brain homogenates (teal) or CVD brain homogenates (gray). (B) ThT fluorescence maxima of amplified
products. Differences of means were analyzed by a one-way ANOVA test. (C) Boxplots of the half-time (t1/2) of the reactions in panel A. (D)
Second derivative ATR-FTIR spectra of pooled reactions with raw traces and ThT maxima corresponding to panels A and B.
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fibrils, which were distinct from PiD reaction products with
prominent 1633 cm−1 and 1628 cm−1 vibrations (Figure 1D).
The amplification of PiD-seeded K12 reactions alongside those
of AD served as a control to enhance the robustness of
divergent conformer amplification.
Kinetic Analysis of Polymorph-Specific Tau Propaga-

tion. We modeled the aggregation process using a global
fitting method33 to identify targetable microscopic mechanisms
in the propagation of AD-derived tau aggregates. First-
generation AD-derived fibrils were used as seeds in a dilution
series of monomeric K12 to study such pathways under
quiescent conditions (Figure 2A,B). The monomer depend-
ence of half times of aggregation is shown in Figure 2C. Global
rate constants for a secondary nucleation model are reported in
Table S1. Kinetic mechanisms not consistent with the
observed data were removed from consideration.33 The slope
(γ) of the double-logarithmic plot of monomer concentration
versus half time approached the value of −0.5, suggesting that
in the AD-seeded aggregation assay tau aggregation involves
secondary processes such as secondary nucleation and
fragmentation, in addition to elongation.26,33 Fibrils were
recovered from the quiescent reactions and visualized by
transmission electron microscopy (TEM) (Figure 2D).
Prediction of Small Molecule Inhibitors from In Silico

Docking on AD Tau Fibrils. Candidate small molecules were
identified via docking to cryo-EM structures (PDB 5O3L) of
tau fibrils purified from brain extracts of patients with AD.17

Our hypothesis was that molecules that bind to the fibril
structures could modulate aggregation processes involving
formation of new misfolded aggregates from existing
ones.36,39,40 Potential binding pockets were identified via the
pocket identification software Fpocket,41 and pockets of low
solubility were prioritised with CamSol,42 identifying areas
which would be likely to promote protein−protein interactions

between monomer and fibrils (see Methods and Figure S2).
Figure S3A highlights the surface-exposed hydrophobic region
adjacent to the PHF6 region of tau19 which we chose for
docking small molecules. A subset of ∼1.5 million small
molecules from the ZINC43 database was selected which
passed CNS MPO criteria,44 a metric of the propensity of a
small molecule to reach the central nervous system. The
predicted binding affinity of this subset to the chosen binding
site was calculated via AutoDock Vina45 docking software The
top 10,000 docked small molecules from this screening were
then redocked using FRED46 (OpenEye Scientific Software) to
improve confidence by consensus scoring of the top hits, and
the best predicted binders (∼120) were obtained for
experimental testing.
Polymorph-Specific Inhibition of Aggregation Pro-

cesses Using the Predicted Small Molecule Binders. We
investigated the effects of the predicted small molecule binders
on the microscopic processes of tau aggregation. Aggregation
kinetic experiments were conducted at 5 μM K12 monomer
concentration in the presence of 50 nM (monomer
equivalents) first-generation tau fibril seeds, with addition of
±20 μM small molecule. The primary metric of potency in the
aggregation assays was the normalized half time (t1/2) of
aggregation, the point at which half of the monomer present at
the start of the aggregation has converted to amyloid fibril in
the presence of an inhibitor, normalized to the negative control
(DMSO) t1/2. Larger t1/2 values therefore represent aggrega-
tion inhibitors, while smaller t1/2 values represent inducers.
The t1/2 values for the docked compounds (Figure S4A) and
iterative rounds of kinetic-informed machine learning (Figure
S4B−D) show that the iterative process progressively improves
the potency of the compounds. Green bars represent potent
aggregation inhibitors (t1/2 > 1.5, defined as a hit), and purple
bars represent highly potent aggregation inhibitors (t1/2 > 2).

Figure 2. Kinetic analysis of polymorph-specific tau propagation. (A) Kinetic traces for AD-derived fibrils seeded into a dilution series of
monomeric K12 at 3 μM (lilac), 4 μM (red), 6 μM (orange), 8 μM (teal), 12 μM (blue) and 15 μM (purple). Error bars indicate the SD (B)
Normalized kinetic traces (points) with overlaid fits (solid lines) of a secondary process-dominant aggregation mechanism. (C) Scaling of the half-
time of the aggregation reaction with the concentration of K12. The scaling exponent, γ, had a value close to −0.5, implying a low dependence on
monomer concentration, and dominating secondary processes. (D) TEM images of AD brain homogenate-seeded K12 fibrils grown quiescently.
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Of the 105 small molecules experimentally tested in K12 AD
aggregation assays, two were hits (∼2% hit rate).

These 2 hits (labeled d0 and d1) were taken forward for
optimization via a machine learning pipeline.36 For this stage,
we defined the optimization rate in the same way as the hit
rate, with any molecules exceeding t1/2 > 1.5 informing
subsequent rounds of machine learning, as previously
described.36 Of the further 32 small molecules tested in
iteration #1, one was potent (3%), and another one highly
potent (3%). In iteration #2, we tested 45 small molecules, of
which were 11 potent (24%), and 3 highly potent (7%), In
iteration #3, we tested 59 small molecules, yielding 10 potent
(17%) and 6 highly potent (10%) small molecules. We note
that the potency of the top small molecules increased with each
iteration (Figure 3).

Further experiments were carried out after initial screening
to validate the mechanism of inhibition with the most
promising hits from iteration 1 (Figure 4A). By modifying
the input seed/monomer concentration ratio, experiments
were designed to quantify perturbations in secondary processes
and heterologous nucleation (low-seed experiments, Figure
4B) and elongation rates (high-seed experiments, Figure 4C).
Based on their high t1/2 values, three compounds were chosen
for detailed kinetic analysis: I1.21, I1.51 and I1.114 (whose
chemical structures are shown in Figure 4A). These share high
similarity (being in the same cluster upon performing
Tanimoto clustering with cutoff 0.78) as they exhibit a
common substructure (Figure S3E). The docked poses against
the AD fibril structure at the binding site V313-L315 are
shown in Figure S3B−D. All three compounds exhibited
significant dose-dependent inhibition of aggregation in the low
seeded experiments (Figure 4B), while I1.21 also exhibited
dose-dependent inhibition of elongation (Figure 4C). When
plotted and fitted to a secondary nucleation model, I1.21, I1.51
and I1.114 reduced secondary nucleation rate constant (k2) by

97%, 94% and 95%, respectively (Figure S5A) at 20 μM (4:1
stoichiometry). Additionally, I1.21 decreases the elongation
rate constant (k+) by 29%, compared to reductions of 12% and
6% for I1.51 and I1.114, respectively (Figure S5B). Given that
secondary processes may be the dominant mechanism in the
production of misfolded oligomers associated with disease
pathology, reduction of k2 would be desirable in potential
therapeutics.

The binding affinity of the three compounds was tested by
fluorescence polarization in the presence of first-generation
K12 seeds over increasing fibril concentrations (Figure 4D).
I1.51 exhibited the strongest binding, KD = 0.74 μM, followed
by I1.21 KD = 1.58 μM, and I1.114 KD = 12.5 μM. All three
compounds also exhibited up to 10-fold improvement in
potency over their parent compounds as shown by the rate
constant plots and corresponding kinetic inhibitory concen-
tration (KIC50) values34 (Figure 4E). A direct comparison of
the KD and KIC50 values for these compounds is presented in
Figure S6, highlighting the relationship between binding
affinity and inhibitory potency in the context of tau fibril
proliferation. Summary metrics including normalized rate
constants, binding affinity and KIC50 values are shown in
Table S1.

To test the specificity of the three candidate compounds, we
performed seeding assays of PiD-seeded K12 tau (Figures 4F
and S7) and Aβ42 (Figure S8), another misfolding-prone
protein implicated in the progression of AD.3 We observed no
significant inhibition of aggregation in both assays, confirming
the specificity of the candidate compounds.

Investigation of the screening data yielded two pharmaco-
phore models for the entire molecule set (Figure S9) and a
subset containing a recurrent oxadiazole moiety (Figure S10).
A weighting was applied to the features of the top actives
(examples shown in Figures S9A and S10A) and the resultant
weighted features were compared to the structure of the initial,
oxadiazole-containing docking hit (Figures S9B and S10B).
After alignment of 3D conformers of each molecule (Figures
S9C and S10C), the molecule features were overlaid and
weighted according to the observed activity. The trends were
similar for both the whole set and the focused, oxadiazole-
containing set. Aromatic rings (Figures S9D and S10D) were
favored at the termini of the molecules, especially in proximity
to the oxadiazole. Hydrophobic areas (Figures S9E and S10E)
of the molecules largely mirrored this trend. Hydrogen bond
donors (Figures S9F and S10F) and acceptors (Figures S9G
and S10G) were found to be distributed throughout the
molecule surface, with an especially strong favoring of
acceptors, which aligns with the preference for binding to
positively charged tau. When focusing on the oxadiazole
containing subset, there was a strong preference for hydrogen
bond donors only in the core of the molecule, while the
acceptors were still distributed throughout the scaffold. Taken
together this suggests an overall preference for a pharmaco-
phore featuring aromatic rings at the termini, potentially
decorated with hydrogen bond acceptors, and a nonaromatic,
hydrophobic core decorated with hydrogen bond donors and
acceptors.
Effects of the Compounds in a Drosophila mela-

nogaster Tauopathy Model. We evaluated the effects of the
compounds in a well-established D. melanogaster tauopathy
model expressing human tau 0N4R (see Methods). Measuring
the viability ratio and performance index in flies treated with
the leading three compounds, we found a dose-dependent

Figure 3. Results of the docking and iterations of the machine
learning drug discovery strategy. Normalized half-time (t1/2) of AD-
seeded K12 reactions for the top 10 potent aggregation inhibitors (20
μM), using 5 μM K12 tau seeded with 50 nM first-generation AD-
brain derived K12 seeds across stages: docking, iteration 1, iteration 2
and iteration 3. The horizontal dotted line indicates the boundary for
potent lead classification, which was normalized t1/2 = 1.5. For the
docking, 105 molecules were tested, while for iterations 1, 2 and 3, the
number of molecules tested was 32, 45 and 49, respectively.
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Figure 4. Kinetic analysis of three polymorph-specific tau aggregation inhibitors identified through iterative machine learning. (A) Chemical
structures of compounds I1.2, I1.51 and I1.114. (B) Quiescent aggregation of 5 μM K12 tau seeded with 50 nM first-generation K12 tau seeds from
AD-brain seeded reactions (dotted curves) in the presence of 1% DMSO (purple points), and increasing concentrations (colored points) of either
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reversal of tau-mediated toxicity and dysfunction (Figures 5
and S11). The primary read-out for efficacy was the viability,

scored as the number of flies reaching adulthood. As previously
reported47 pan-neuronal overexpression of tau resulted in 50%
lethality (Figure 5A, elav/0N4R vs elav/+ p = 1 × 10−7, n ≥ 8).
Treatment with 10 nM and 100 nM I1.21 restored viability to
nontransgenic control levels (p = 1 in both cases, n = 7), while
at 1 nM and 250 nM concentrations this compound had no
effect (Figure 5A, p = 2 × 10−9 and p = 1 × 10−5 versus elav/+,
respectively, n = 7). The lack of efficacy at 250 nM may be
attributed to dose−saturation effects or altered pharmacoki-
netics, where higher concentrations fail to proportionally
increase the therapeutic effect of the compound and may even
reduce efficacy due to off-target binding. Treatment with I1.51
failed to restore viability at any of the tested concentrations
(Figure S11Ai), whereas I1.114 restored viability to levels
comparable to the nontransgenic control (elav/+) at 1 nM, 10
nM and 100 nM (Figure S11 Bi). Detailed statistics can be
found in Table S2.

We then explored whether I1.21 treatment could impact tau-
mediated neuronal dysfunction, particularly memory deficits in
tau-expressing flies. As previously reported,48 pan-neuronal tau
accumulation significantly decreases memory compared to
controls (Figure 5B, ANOVA: F(2.23) = 18.0, p = 3 × 10−5;
subsequent LSM: p = 6 × 10−6 vs control). Treatment with

I1.21 significantly improved the memory of tau-expressing flies
relative to untreated tau flies (elav/0N4R) (Figure 5B,
ANOVA/F(2.23) = 18, p = 3 × 10−5; subsequent LSM: p = 3
× 10−3 vs elav/0N4R), although it did not fully restore it to the
level of driver heterozygous controls (elav/+) (Figure 5B,
ANOVA: F(2.23) = 18, p = 3 × 10−5; subsequent LSM: p = 0.01
vs elav/+). Neither I1.51 nor I1.114 improved memory
performance (Figure S11Aii,Bii). Detailed statistics can be
found in Table S3. Thus, I1.21 not only mitigates tau-mediated
toxicity but also alleviates tau-associated neuronal dysfunction.

■ DISCUSSION
The goal of this work was to develop a framework for a
structure-based machine learning approach to target tau
aggregation in a morphology-specific manner. We combined
molecular docking simulations with in vitro kinetic analysis to
identify compounds that could bind the amyloid fibril
structures formed by tau in Alzheimer’s disease.17 We focused
on targeting a hydrophobic pocket in the structure of the tau
fibrils adjacent to PHF6 (306VQIVYK312), a known critical
region in the aggregation cascade.19

The computational methodology for pocket finding,
subsequent virtual screening and machine learning iterative
optimization was previously established and shown to be
effective for identifying and optimizing aggregation inhib-
itors.36 This approach leverages a combination of multiple
docking approaches and a QSAR optimization module that
consists of two regressors, a random forest fitted to the
aggregation data, and a Gaussian process regressor fitted to the
residuals of the first regressor, allowing utilization of the
prediction uncertainty as part of the acquirement score.36

Tuning the uncertainty weighting allows a balancing between
exploration of new chemical space vs exploitation of known
chemical space. Both regressors used molecular embeddings
derived from a pretrained junction tree variational autoen-
coder.49

A limitation was a heuristic approach to pocket identi-
fication,36 based on a combination of pocket finding41 and
pocket solubility assessment.42 Pocket finding is a generally
challenging task and would benefit from the consensus of
different computational approaches such as those used here,
and molecular dynamics and machine learning based methods.
A second limitation is the relatively narrow diversity that can
be achieved in the optimization module due to searching
within a library of similar molecules to the initial hits. Diversity
could be increased via generative modeling,50 but this
approach carries a risk of lower hit rates due to the low
generalizability that accompanies training on relatively small
data sets. This pipeline represents a compromise between

Figure 4. continued

I1.21, I1.51 or I1.114; solid lines represent a multistep secondary nucleation kinetic analysis of polymorph-specific tau aggregation.33 A
fragmentation model33 also provides a similar degree of fitting. The elongation rate (k+) for these models was derived from (C) showing kinetic
traces for 2.5 μM seed, 5 μM monomer AD aggregate K12 reactions in the presence of 1% DMSO (purple points), and either I1.21, I1.51 or I1.114
(colored points). Simple linear regression analysis (solid curves) of the first 10 h of reactions in (C) reflect drug effects on seeded K12 elongation
rates. (D) Change in fluorescence polarization (in mP units) of 10 μM I1.21, I1.51 or I1.114 with increasing concentrations of K12 fibrils
(concentrations given in monomer equivalents). Error bars indicate the SD. The solid line is a fit to the points using a one-step binding curve,
estimating a KD of 1.58 ± 0.15 μM (SD) for I1.21, 0.74 μM ± 0.28 μM (SD) for I1.51 and 12.5 μM ± 9.6 μM (SD) for I1.114. (E) Approximate
rate of reaction (taken as 1/t1/2, normalized between 0 and 100) in the presence of 2 different molecules, the original docking hit d0 (gray), and
either I1.21, I1.51 or I1.114 derived from it (light blue). The KIC50 of I1.21 (2.6 μM ± 0.5 μM), I1.51 (7.4 μM ± 5.0 μM) or I1.114 (7.0 μM ± 3.6
μM) are indicated by the intersection of the fit and the horizontal dotted line. (F) Quiescent aggregation of 5 μM K12 tau seeded with 50 nM first-
generation K12 tau seeds from PiD-brain seeded reactions and molecules at 20 μM versus 1% DMSO alone (dark purple).

Figure 5. Effects of a polymorph-specific tau aggregation inhibitors
(I1.21) on flies expressing human 0N4R tau. (A) Viability of flies
expressing pan-neuronally human 0N4R tau (hTau0N4R) treated
with vehicle (elav/0N4R) and increasing concentrations of com-
pound I1.21. Control animals are driver heterozygotes and do not
express the tau transgene (elav/+). (B) Twenty-4 h spaced
conditioning memory (PSD-M) performance of flies with (gray
bar) or without (black bar) 10 nM of compound I1.21. For all the
experiments bars indicate mean ± SEM and stars (*) indicate
significant differences from both controls (elav/+). Statistical details
are presented in Tables S2 and S3.
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ensuring potency of predicted molecules where resources for
experimental testing are limited, ease of obtaining the
molecules for testing, and the diversity of the predicted
molecules.

On the experimental side, our approach builds upon
previous work that demonstrated that a 3-repeat isoform of
tau, K12, could reproducibly adopt two distinct structures
when seeded with AD or PiD brain homogenates.27 Such an
assay provides an on-target tau conformer and an off-target
control for strain-specific kinetic analyses. We reported the
reproducible propagation of two unique K12 conformers
seeded by AD and PiD brain homogenates in the absence of
heparin, a cofactor commonly required to promote tau
aggregation in vitro. We showed through an array of
approaches that the predicted inhibitors bind to tau fibrils in
polymorph-specific assays. Fluorescence polarization experi-
ments confirmed the binding to the amyloid fibrils. PiD-seeded
K12 reactions in the presence of AD-targeted small molecule
inhibitors progressed at rates identical to control-spiked
reactions, confirming conformer-specific binding.

The efficacy of the identified compounds in the Drosophila
melanogaster tauopathy model highlights their potential as
therapeutic candidates for targeting tau aggregation in vivo. In
alignment with previous studies demonstrating the pivotal role
of tau aggregation intermediates in driving toxicity,51,52

treatment with I1.21 notably restored the viability and memory
performance of tau-expressing flies to near-control levels. The
observed differences in efficacy among the compounds may
reflect variations in their bioavailability, stability, and
metabolism within the Drosophila melanogaster model, with
I1.21 potentially reaching effective concentrations in neuronal
tissues more efficiently than I1.51 or I1.114. Furthermore,
I1.21 was shown to inhibit both secondary nucleation and
elongation processes, whereas I1.51 and I1.114 primarily
impacted secondary nucleation. While the exact aggregation
mechanism of human tau in Drosophila remains unclear (i.e.,
primary versus secondary nucleation), the ability of I1.21 to
target multiple critical aggregation mechanisms, combined with
its relatively high binding affinity, likely contributed to its
superior in vivo efficacy in mitigating both tau toxicity and
neuronal dysfunction in the Drosophila model. By disrupting
aggregation pathways, I1.21 provides a promising framework
for developing polymorph-specific inhibitors that may address
the heterogeneity of tau pathology across neurodegenerative
diseases.

Looking ahead, this approach - in which quantitative kinetic
readouts and binding affinities from the current series are fed
back into the models to prioritize the next compounds - can be
advanced as a closed-loop, iterative learning cycle in which
data from each round inform the next. A promising direction is
to move beyond the oxadiazole-enriched space while
preserving the pharmacophore features that drive polymorph
selectivity. Synthesis and testing of these proposals will, in turn,
refine the models, especially where predictions and experi-
ments disagree, prompting targeted structural work, in
particular through cryo-EM and pocket-proximal mutagenesis
around the V313−L315 groove, to update our binding
hypothesis. Across successive cycles, the goal is a rising
enrichment of high-quality hits and a steady improvement on
KIC50 and KD, with stronger suppression of secondary
nucleation at lower doses. We expect these iteration-to-
iteration gains (Figures 3 and S4) and to eventually convert

fragment-like starters into drug-like, polymorph-selective leads,
as we previously showed for α-synuclein fibrils.36

We also note that while Drosophila provides a rapid,
genetically tractable system to quantify organismal protection
from brain-derived tau seeding, important species differences
limit direct extrapolation to mammalian efficacy, including tau
post-translational modification patterns and isoform ratios,
dominant proteostasis mechanisms, and the architecture and
transporter profile of the blood−brain barrier. We therefore
view the current oxadiazole chemotypes as starting points and
will derisk translation along two tracks. First, human iPSC-
derived neuronal models and tau biosensor assays seeded with
patient-derived material should be prioritized to confirm
activity in a human proteome context, establishing quantitative
progression criteria that connect the kinetic fingerprint
observed here (preferential suppression of secondary nuclea-
tion over elongation) to cellular readouts of seeded
aggregation, toxicity, and target engagement. In parallel, early
ADME/PK and efflux liability screening to ensure brain
exposure consistent with binding potency (e.g., unbound brain
concentration relative to KD) should be incorporated. Second,
compounds meeting these criteria will be advanced to
mammalian in vivo seeding/propagation models to test
durability of effect on pathological tau accumulation and
functional outcomes.

■ CONCLUSIONS
Tau aggregation is a major target for disease-modifying AD
therapies.9,10 Since tau self-assembles into a range of distinct
amyloid fibril polymorphs underlying diverse neurodegener-
ative diseases,17,18,20 the study of aggregation in vitro should be
concerned with inhibiting specific tau amyloid poly-
morphs.20,24 Here we demonstrated that a kinetic analysis of
AD tau-seeded aggregation could enhance the potency of small
molecule aggregation inhibitors initially identified through
docking to an exposed hydrophobic motif on the AD tau
amyloid fibril. Iterative rounds of machine learning yielded a
greater proportion of aggregation inhibitors compared to
accelerators, strengthened potency, and produced common
motifs among the most potent inhibitors. Promising candidate
compounds were demonstrated to specifically inhibit both
secondary aggregation processes as well as elongation in
polymorph-specific aggregation assays. Finally, when tested in
an AD Drosophila model, the most potent compound rescued
memory deficits and viability to the level of control flies. We
anticipate that this approach will serve to identify further small
molecules that can inhibit specific strains of tau and other
amyloid-forming proteins.

■ METHODS
Neuropathology and Compliance with Ethical Standards.

Procurement and neuropathology of brain samples utilized in this
work was performed by Bernardino Ghetti, Indiana University School
of Medicine. Brain samples in this work were obtained from deceased
and deidentified consenting patients, requiring no further ethical
disclosure. Briefly, one-half of a patient brain was formalin fixed and
the other half frozen. Diagnoses of fixed tissues were made using
previously described immunohistochemical stains.53 Tissue samples in
this study were collected from frontal cortex. 10% w/v brain
homogenates of frontal cortex tissue were prepared in ice-cold PBS
using 1 mm silica beads (BioSpec, 11079110z) and Beadbeater
(BioSpec) or BeadMill 24 (Fischer). Homogenized samples were
stored at −80 °C prior to thawing at room temperature for assay use.
All Sporadic AD (sAD) and PiD brains listed in ref 27 were utilized
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during the optimization stage of this work. Following the same sample
numbering, data published in the main figures in this work include
sAD2, PiD7, and CVD1.27

P r o t e i n P u r i fi c a t i o n . K 1 2 ( S e q u e n c e :
MGSSHHHHHHSSGLVPRGSHMQTAPVPMPDLKNVKSKIG-
S T E N L K H Q P G G G K V Q I V Y K P V D L S K V T S K A G S L G -
N I H H K P G G G Q V E V K S E K L D F K D R V Q S K I G S L D -
NITHVPGGGNKKIETHKLTFRENAKAKTDHGAEIVYKSPVVS)
was purified as described previously.27 Briefly, the sequence for K12
tau with cysteine to serine mutation was cloned into a PET-28a vector
and transformed into BL21(DE3) E. coli. Cells were grown and
protein expression induced using an overnight autoinduction method
described previously.54 Crude lysate was prepared as described
previously with the addition of a boiling step prior to application to
carboxylmethyl fast flow (CMFF) capture. K12 was eluted from
CMFF resin over a 20 column volumes (CV) linear gradient from 100
to 500 mM NaCl. Pooled CMFF eluate was added to Sepharose High
Performance (SPHP) resin and eluted over 40 CV linear gradient
from 100 to 600 mM NaCl. SPHP fractions were pooled, precipitated
in acetone, and dissolved in 8 M GuHCl prior to size-exclusion
chromatography (SEC) separation on a 26 × 600 mm Superdex 75
column equilibrated in 20 mM sodium phosphate, pH 7.4. The
protein was lyophilized and frozen at −80 °C until use.
First-Generation Seed Amplification. Generation of AD-

derived and PiD-derived K12 seeds was conducted as described
previously with several modifications. Heparin was avoided in this
study despite being previously required.27 NaF was replaced with 250
mM Na3Citrate; we previously showed heparin-free amplification of
tau strains from brain homogenates with the use of Na3Citrate.28,55

First-generation reactions were seeded with 1 × 10−5 concentration of
brain homogenates in the presence of 4 μM K12, 10 μM ThT, 250
mM Na3citrate, 10 mM HEPES, pH 7.4. Reactions were subjected to
rounds of 60 s shaking (500 rpm, orbital) and 60 s rest with periodic
ThT readings every 15 min at 37 °C in a 384-well Nunc microplate
(nontreated polymer base #242764) in a BMG FluoStar lite with
aluminum sealing cover to prevent evaporation. Fibrils were harvested
by scraping and pooling reaction contents once ThT fluorescence
reached plateau >20 h.
Kinetic Analysis of AD-Derived and PiD-Derived Aggrega-

tion Assays. One aliquot of purified and lyophilized K12 were
dissolved in 1 mL 6 M GuHCl prior to SEC separation on Superdex
75 10/300 column equilibrated in 20 mM sodium phosphate, pH 7.4.
The protein was collected and diluted to obtain a series of
concentrations ranging from 15.0 to 3.2 μM in 10 μM ThT, 250
mM Na3citrate, 10 mM HEPES buffered at pH 7.4. The initial kinetic
model of AD-derived tau polymorph was created by reacting a
concentration series of monomeric K12 tau with 1% preformed first-
generation K12 tau fibrils initially seeded with AD brain homogenates.
Kinetic analysis was conducted in quiescent conditions, with only
mild agitation imposed by the moving of the plate in the plate reader
(reading cycle = 15 min, with 1 min reads ad 1 min rest) to avoid
biasing models with excessive fragmentation induced by shaking and
shearing of fibrils. Half-times reported in Figure 4 represent time to
half max fluorescence intensity determined by simple sigmoidal dose−
response curves fitted in GraphPad PRISM. The fitting of a power
function to the half-time as a function of concentration yielded the
exponent γ. Initial saturating secondary models were supported by γ
values of −0.5 at lower monomeric concentrations of K12, following
the AmyloFit protocol.33 Simpler models were chosen for initial
analysis to avoid overfitting of data. Addition of molar-equivalents
(1X, 2X, 4X) of compounds to AD-derived kinetic reactions (1%
DMSO) allowed for observation of kinetic modifications of reaction
cascades in the presence of small molecules.
ATR-FTIR Analysis. Fibrils recovered from K12 first-generation

amplification reactions were centrifuged for 10 min at 21,000 g and
exchanged into water prior to ATR-FTIR analysis to avoid spectral
contribution from buffer components. A Bruker Vertex 70 FTIR with
diamond ATR sample attachment was used. Scans were taken from
800 cm−1 to 4000 cm−1 with 100 replicates, step 4 Hz, apodization
strong, correction: Happ-Genzel. Spectra were normalized to amide I

intensity, and second derivatives were taken with 9 points for slope
analysis.
Computational Docking and Iterative Machine Learning.

First, we selected a binding site on the tau fibrils. To achieve this goal,
we analyzed a structure of a tau fibril (PDB ID: 503l)17 using
Fpocket41 which identifies potential binding pockets based on volume
criteria. We identified a pocket on the fibril surface (encompassing
residues V313, Asp314, Leu315), which had high surface exposure,
necessary for secondary nucleation and high hydrophobicity, as
identified by CamSol42 (Figure S2), allowing the pocket to participate
in aggregation. For the selection of screening compounds, we used the
ZINC library, which contains a set of over 230 million purchasable
compounds for screening.43 To prioritize the chemical space of small
molecules considered in the docking calculations, central nervous
system multiparameter optimization (CNS MPO) criteria44 were
applied, effectively reducing the space to ∼2 million compounds. In
particular, CNS MPO has been shown to correlate with key in vitro
attributes of drug discovery, and thus using this filter potentially
enables the identification of compounds with better physicochemical
and pharmacokinetic properties pertaining to brain penetration, where
tau is localized. We further subjected these compounds to docking
calculation against the binding site identified above using AutoDock
Vina.45 To increase the confidence of the calculations, the top-scoring
10,000 small molecules were selected and docked against the same tau
binding site, using FRED46 (OpenEye Scientific Software). The top-
scoring, common 1000 compounds in both docking protocols were
selected and clustered using Tanimoto clustering, leading to a list of
130. Molecules were then obtained and tested experimentally in
aggregation and binding experiments, before application of the
iterative machine learning procedure as outlined in the online
repository https://github.com/rohorne07/Iterate.
Preparation of the Compounds. The centroids from the above

130 clusters were selected for experimental validation. Compounds
were purchased from Molport (Riga, Latvia), and in the cases for
which centroids were not available for purchase, the compounds in
the clusters with the closest chemical structures were used as the
representative compounds instead. In the end, a total of 102
compounds were purchased (centroids and alternative compounds
in 28 clusters were all not available for purchase) and then prepared in
DMSO to a stock of 5 mM. Stocks were diluted in DMSO to 100-fold
above the final desired final concentration, before addition to
aggregation reactions at 100-fold dilution (1% DMSO). All chemicals
used were purchased at the highest purity available (>90% in purity).
Fluorescence Polarization. 10 μM of each molecule was

incubated with increasing concentrations of K12 fibrils in the same
buffer as used for kinetic experiments, supplemented with 1% DMSO.
After incubation, the samples were pipetted into a 96-well half a rea,
black/clear flat bottom polystyrene nonbinding surface (NBS)
microplate (Corning 3881). The fluorescence polarization of the
molecule was monitored using a plate reader (CLARIOstar, BMG
Labtech, Aylesbury, UK) under quiescent conditions at room
temperature, using a 360 nm excitation filter and a 520 nm emission
filter.
Recombinant Aβ42 Expression. The recombinant Aβ42 peptide

( M D A E F R H D S G Y E V H H Q K L V F F A E D V G S N K G A
IIGLMVGGVV IA), here called Aβ42, was expressed in the E. coli
BL21 Gold (DE3) strain (Stratagene, CA, U.S.A.) and purified as
described previously.56 Briefly, the purification procedure involved
sonication of E. coli cells, dissolution of inclusion bodies in 8 M urea,
and ion exchange in batch mode on diethylaminoethyl cellulose resin
followed by lyophylisation. The lyophilized fractions were further
purified using Superdex 75 HR 26/60 column (GE Healthcare,
Buckinghamshire, U.K.) and eluates were analyzed using SDS-PAGE
for the presence of the desired peptide product. The fractions
containing the recombinant peptide were combined, frozen using
liquid nitrogen, and lyophilized again.
Aβ42 Aggregation Kinetics. Solutions of monomeric Aβ42 were

prepared by dissolving the lyophilized Aβ42 peptide in 6 M
guanidinium hydrocholoride (GuHCl). Monomeric forms were
purified from potential oligomeric species and salt using a Superdex
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75 10/300 GL column (GE Healthcare) at a flow rate of 0.5 mL/min,
and were eluted in 20 mM sodium phosphate 200 μM EDTA, 0.02%
NaN3, pH 8. The center of the peak was collected, and the peptide
concentration was determined from the absorbance of the integrated
peak area using ε280 = 1490 L mol−1 cm−1. The obtained monomer
was diluted with buffer to the desired concentration and
supplemented with 20 μM thioflavin T (ThT) from a 2 mM stock.
Each sample was then pipetted into multiple wells of a 96- well half a
rea, low-binding, clear bottom and PEG coated plate (Corning 3881),
80 μL per well, in the absence and the presence of different molar-
equivalents of small molecules in 1% DMSO or 1% DMSO alone as a
negative control. Assays were initiated by placing the 96-well plate at
37 °C under quiescent conditions in a plate reader (Fluostar Omega,
Fluostar Optima or Fluostar Galaxy, BMGLabtech, Offenburg,
Germany). The ThT fluorescence was measured through the bottom
of the plate using a 440 nm excitation filter and a 480 nm emission
filter.
D. melanogaster Culture and Strains. Drosophila crosses were

carried out in bulk using standard wheat-flour-sugar food,
supplemented with soy flour and CaCl2. Cultures were maintained
at 25 °C, with 50−70% humidity, and a 12 h light/dark cycle unless
otherwise specified. Adult-specific pan-neuronal transgene expression
was induced using the ElavC155-GAL4 driver, as described previously.
The UAS-htau0N4R (human tau 0N4R) fly lines wewre a gift from
Dr. Stefan Thor (Linkoping University)37 and from Dr. Mel Feany
(Harvard Medical School).38

Viability Assays. Drosophila crosses were maintained on standard
fly food with or without the specified concentrations of the three
compounds. To determine their effect on the viability of tau flies, five
transgenic tau females38 were crossed with three ElavC155-GAL4
males (Elav is on the X chromosome). Simultaneously, five w1118

females were crossed with three ElavC155-GAL4 males to serve as a
control for the female-to-male ratio of their progeny. After 24 h, the
flies were transferred to new vials, allowed to lay eggs for 3 days, and
then discarded. The number of females versus males was counted
when adults emerged. Each assessment was conducted at least five
times, with five females each.
Behavioral Analyses. Flies expressing UAS-hTau0N4R37 under

the control of ElavC155−Gal4 driver were raised at 25 °C on standard
fly food, supplemented with or without 10 nM of the indicated
compound. Untreated driver heterozygotes were used as controls. All
progenies were separated into groups of 50−70 mixed-sex flies.
Olfactory aversive conditioning was performed as previously
described [2, 4], using benzaldehyde (BNZ) and 3-octanol (OCT)
diluted in isopropyl myristate (6% v/v for BNZ and 50% v/v for
OCT) as conditioned stimuli (CS1 and CS2) with 90 V electric
shocks as unconditioned stimuli (US). One hour before training, flies
were transferred to fresh food vials. To assess 24 h memory after
Spaced Conditioning, flies underwent 12 US/CS pairings per round
and five training cycles with a 15 min rest interval between cycles,
then were kept at 18 °C for 24 h before testing. In all experiments,
two groups of the same genotype were trained simultaneously with
the CS1 and CS2 odors switched. Both groups were tested in a T-
maze apparatus, allowing them to choose between the two odors for
90 s. A performance index (PI) was calculated as previously
described47 and represents n = 1.
Experimental Design and Statistical Analyses. All experi-

ments were conducted with both control and experimental genotypes
tested in the same session using a balanced design. The genotypes
were trained and tested in a random order. Behavioral experiment
performance indexes were analyzed parametrically using JMP 7.1
statistical software (SAS) and plotted with GraphPad Prism 9.5
software. After an initial positive ANOVA, means were compared with
the control using planned multiple comparisons through the least-
squares means (LSM). The means and SEMs of viability were
compared to those of the designated control using Dunnett’s test. All
statistical details are provided in the text and relevant tables.
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brain-seeded amplification of K12 tau, compound
preparation, docking and binding-site identification,
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dictions and solubility mapping; docked poses on AD
tau fibrils (PDB 5O3L) for I1.21, I1.51, and I1.114;
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