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icillic acid as a chemical probe
against tau aggregation in Alzheimer's disease†
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Alzheimer's Disease (AD) is a neurodegenerative disorder proven to be caused by the aggregation of protein

tau into fibrils, resulting in neuronal death. The irreparable neuronal damage leads to irreversible symptoms

with no cure; therefore, disaggregation of these tau fibrils could be targeted as a therapeutic approach to

AD. Here we have developed a fungal natural product library to screen for secondary metabolites that have

bioactive potential towards AD tau. Our initial screenings indicate that penicillic acid demonstrates anti-

aggregation activity towards tau, while further in vitro experiments reveal that penicillic acid directly

inhibits tau by disaggregating fibrils. Although penicillic acid possesses blood–brain barrier penetrability

properties that are computationally predicted to be favorable, it is presumed to contain some mutagenic

effects as well. To address this, we used the backbone of penicillic acid as a chemical probe to discover

similar compounds that can inhibit AD tau aggregation with limited mutagenicity. This work suggests the

potential of discovering chemical probes through natural product screening for small-molecule drug

discovery of tauopathies.
Introduction

Alzheimer's Disease (AD) is a progressive, neurodegenerative
disease that affects millions of people worldwide.1 It is the most
common type of dementia, causing accumulation of beta-
amyloid proteins outside neurons and internal neuronal
damage by the twisted strands of tau proteins.2 This leads to
irreversible symptoms of Alzheimer's, beginning with memory
loss, developing into changes of personality and behavior, and
eventually progressing to the loss of basic human functions.3

Although there are therapies and medications available to slow
development and temporarily improve cognitive symptoms,
these do not alter the course of the disease.4 An Alzheimer's
diagnosis is fatal, so it is crucial to further investigate new
potential therapies.
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Several natural products, otherwise known as secondary
metabolites (SMs), have previously been shown to be a source of
medically valuable compounds, including for neuroprotective
properties.5,6 One major source of SMs is lamentous fungi, in
which the exhibition of these bioactivities originates from its
ability to naturally form biolms.7,8 The development of these
biolms allows for penetration into a host for nutrient acqui-
sition and defense against biological components, such as
protein aggregates, that may impact the survival of fungi. This
key feature makes the use of lamentous fungi an attractive
option for AD drug discovery since biolms can potentially
target tau proteins, a neuropathological characteristic respon-
sible for Alzheimer's progression. For instance, a class of fungal
natural products, azaphilones, has previously been demon-
strated to be capable of inhibiting tau aggregation.9,10 Azaphi-
lones were also shown to possess disaggregation properties of
tau aggregates, suggesting other natural products may have
similar characteristics as well.10 Despite the vast amount of
fungal secondary metabolites that have been discovered, many
have yet to be tested for various bioactivities. In addition,
sequence analysis of the fungal genome suggests that the
biosynthetic gene clusters (BGCs) that encode proteins that
activate the production of SMs are mostly silent.11,12 Studies
have demonstrated that the number of predicted BGCs from
fungal genomes far outnumber the SMs produced, suggesting
that most BGCs are inactive under normal laboratory growth
conditions and numerous unknown compounds have yet to be
discovered.13–15 Due to the vast potential of using natural
Chem. Sci., 2024, 15, 20467–20477 | 20467
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products for the treatment of AD, we need new methods to
express these cryptic BGCs.

Previous studies have demonstrated that one way to activate
cryptic BGCs is through genetic manipulation of the global
regulators of fungal SM production.16–18 In particular, knocking
out mcrA, a negative global regulator responsible for the inhi-
bition of multiple BGC expression, has allowed for the upre-
gulation of some compounds and the emergence of new
products.19 The compounds produced by genetically manipu-
lating our strain of focus, Aspergillus melleus IMV01140, through
deletion of mcrA in combination with a large number of pre-
dicted BGCs, allowed for the creation of a diverse natural
product library. The generated known and novel compounds
were tested for bioactivity on tau aggregation through a seeding
assay using biosensor cells. Using this method, we discovered
penicillic acid as a potential bioactive hit capable of inhibiting
tau aggregation. We further analyzed the effectiveness of our
target compound using in vitro studies that tested for inhibition
of tau monomer aggregation with various assays and quantied
the effectiveness of tau bril disaggregation when treated with
penicillic acid using quantitative electron microscopy.

Using penicillic acid as a chemical probe, we generated
analogs to further understand the chemical structures that are
essential for its bioactive properties. Furthermore, we searched
for analogs with the assistance of the ADMET predictor to
generate compounds with similar blood–brain barrier perme-
ability and decreased mutagenic effects. Our study demon-
strates a promising and expandable method to enable the
discovery of new bioactive fungal SMs that are chemical probes
for CNS drug discovery.

Results
Targeting the mcrA negative global regulator gene for library
generation

Using anti-SMASH, a bioinformatics tool that conducts genome-
wide annotation, identication, and analysis of BGCs in fungal
genomes,20,21 we determined that IMV01140, a strain from the
IMV (Institute of Microbiology and Virology, Kyiv, Ukraine)
collection has 83 predicted BGCs (Fig. 1A). Because our LC-MS
analysis of the wild-type strain of IMV01140 shows fewer
peaks than the predicted number of BGCs, this suggests that
the strain has multiple BGCs that are currently silenced under
normal laboratory conditions. Therefore, by activating cryptic
BGCs there is a potential to generate a large natural product
library and expand opportunities for the discovery of
compounds with undiscovered bioactivities.

To activate these silent BGCs, we found a strain that
manipulated a global regulator of fungal SM production to
induce the expression of previously silent gene clusters. In
particular, we selected a strain targeting multicluster regulator
A (mcrA), a putative transcription factor responsible for the
inhibition of transcription of hundreds of genes of which many
are involved in the activation of BGCs (Fig. S1, and Table S1†).19

Previous studies have demonstrated that the deletion of mcrA
resulted in the upregulation of the production of BGCs activated
under normal laboratory conditions as well as the production of
20468 | Chem. Sci., 2024, 15, 20467–20477
new secondary metabolites.22,23 For this particular strain, mcrA
was knocked out to halt the inhibitory property of this gene,
improving the production of certain secondary metabolites.22,24

Upon comparison of the metabolomic prole of wild type versus
mcrA, we saw the generation of new compounds and the upre-
gulation of others, suggesting that multiple SM pathways have
been activated (Fig. 1C).

We proceeded to develop our natural product library through
the one-strain-many-compounds (OSMAC) approach in which
different culture conditions are used to activate various meta-
bolic pathways of secondary metabolite production.14,25,26 We
cultivated both wild-type and mcrAD strains in a small-scale
screen of twelve different agar plate conditions, including
minimal and rich media (Fig. S2†). SMs were extracted for
metabolomic analysis, and the proles were compared.
Although all media conditions produced additional metabolites
in the mutant strain in comparison to the wild type, the mcrAD
strain cultivated in malt agar (MB) condition presented with the
most potential for a natural product library with several more
SMs that appear to be upregulated, and the presence of new
compounds not seen in the wild type strain when grown in the
same condition (Fig. 1C). IMV01140 was then scaled up using
the MB agar condition and fractionated. The library compounds
were then tested for AD drug discovery using the workow
shown in Fig. 1D. Select library compounds were characterized
(Fig. S3–S17, and Table S2†).
Penicillic acid demonstrates anti-aggregation activity toward
tau

We previously demonstrated that knocking out mcrA generates
a library of compounds that can be tested for AD bioactivity.
Here, we hypothesized that we could discover SMs against tau
aggregation using bioactivity-guided fractionation of crude
product and a biosensor cell seeding assay as a readout. As
a sensor of tau aggregation, initial experiments utilized tau
biosensor cells derived from HEK293, a human embryonic
kidney cell line modied which expresses an aggregation-prone
tau mutant fused with GFP.27 Human AD brain homogenate is
used as a seed by transfection in biosensor cells. Compounds
that inactivate the seeding power of tau in AD brain homoge-
nate are considered possible inhibitor candidates. We assayed
library crudely fractionated SMs from three fractions obtained
from a normal phase column (Fig. 2A) by pre-incubating with
AD crude brain homogenate overnight prior to transfection in
tau biosensor cells. Tau aggregation was ascertained by quan-
tifying uorescent puncta. Effective inhibitor compounds are
recognized as eliciting reductions in the number of puncta
compared to control transfections, which contain AD brain
homogenate without SM.

The biosensor seeding assay demonstrated that our fractions
C1 and C2 showed a signicant decrease of normalized puncta
(p < 0.0001), suggesting a possible hit compound with bioac-
tivity for tau (Fig. 2B). However, upon analysis of cell conu-
ence, which demonstrates cell viability, C2 appeared to be
cytotoxic, suggesting possible toxic compounds in the fraction
(p < 0.0001) (Fig. 2C). Therefore, we focused our efforts on
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Activation of silent BGCs that are not expressed under normal laboratory conditions. (A) Predicted BGCs in IMV01140 generated by anti-
SMASH. (B) Comparison of (i) WT and (ii)mcrAD strains. (C) HPLC profiles of secondary metabolites produced under malt agar condition in (i) wild
type and (ii) mcrAD (library) strain. (D) Workflow of Tauopathies drug discovery from natural product library.
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fractionating the bioactive chemicals from C1. Because F1
contained the potential for a hit, we further fractionated C1 into
fractions 1–5 (F1–5) (Fig. 2D). We tested the bioactivity of these
higher-resolution fractions by pre-incubating them with AD tau
seeds prior to transfecting in biosensor cells. As shown in
Fig. 2E and F, F1–F4 showed signicant activity (p < 0.01).

Cell-based assays can reveal SMs with direct or indirect
effects. Therefore, we evaluated inhibitor activity for F1–5 by in
vitro tau aggregation assays using thioavin T (ThT), a uores-
cent dye that emits by binding to beta sheet-rich structures in
tau brils.28 Only F1 signicantly inhibited aggregation (p <
0.05) (Fig. 2H). F1 was tested again using the biosensor seeding
assay and was identied by mass spectrometry and nuclear
magnetic resonance (NMR) to be penicillic acid (PA) (Fig. S4,
and S5†). Since PA is commercially available, as an additional
conrmation, we purchased PA from a commercial vendor and
conrmed that its tau inhibitor activity was similar to F1 (p <
0.001) (Fig. 3A).

Additionally, to rule out the possibility that PA might block
the interaction of ThT with the b-sheet structured tau aggregate,
we conrmed that PA inhibited tau aggregation by measuring
light scattering as a secondary readout.29 Small Angle X-ray
Scattering (SAXS) data was obtained for samples taken directly
from the ThT assay plate, shown in Fig. 3E. When we conducted
© 2024 The Author(s). Published by the Royal Society of Chemistry
SAXS, the tau sample containing heparin and PA was reduced to
buffer levels, whereas tau with heparin produced scattering well
above the background of the buffer sample (Fig. 3F), consistent
with ThT results. To rule out possible interactions between PA
and ThT, we performed an additional ThT assay containing only
PA and ThT, demonstrating there is no interaction between the
two (Fig. S18†). These results conrm ThT measures indicating
PA inhibits aggregation of tau monomers.
Testing other natural products for similar biological activity

Given our observation that the common SM PA inhibited tau
aggregation, we wondered if other common fungal natural
products exhibited similar anti-tau aggregation activity.
Perhaps one of the most well-known SM produced by lamen-
tous fungi is penicillin, so we tested the Alzheimer's tau
bioactivity of two different forms: penicillin G and
penicillin V.30,31 Our seeding assay results indicated that both
penicillin G and V did not have signicant activity (p > 0.05)
when tested with concentrations of 10 mM and 100 mM in
comparison to PA (Fig. 3A). Therefore, we investigated the
potency and mechanism of PA against tau aggregation.
Nonlinear curve tting using dose-response data shown in
Fig. 3B shows PA inhibits tau seeding with an IC50 of 213 nM
(Fig. S19†).
Chem. Sci., 2024, 15, 20467–20477 | 20469
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Fig. 2 Screening of natural products library from IMV01140 extracts for tau fibril disaggregates. (A) HPLC profiles of fractionated malt agar plate
(MB) culture extracts (C1, C2, C3) from IMV01140. (B) Seeding inhibition measured by transfecting natural products crude (C1, C2, C3)-treated AD
brain homogenate in fluorescent tau K18 biosensor cells. (C) Cell confluence assay of CTR, C1, C2, C3 treated biosensor cells. (D) HPLC profiles of
plate extracts from C1 extracts and structures of compounds 1, 2, 3, and 4. *Structures not elucidated. (E) Seeding inhibition measured by
transfecting F1–F5 treated AD brain homogenate in fluorescent tau K18 biosensor cells (F) Cell confluence assay of CTR, F1–F5 treated K18
biosensor cells. (G) Representative images shown of AD tau brain homogenate in fluorescent tau K18 biosensor cells, with DMSO (left) and with
F1. (H) Aggregation kinetics of tau-K18 induced with 0.225 mg mL−1 of heparin treated with F1–F5, measured by fluorescence of ThT dye at
480 nm. Error bars represent standard deviations of triplicate measures.
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Testing other tauopathies for similar biological activity

Besides AD, various other neurodegenerative tauopathies cause
different pathologies with a direct link established between the
conformation of tau brils and disease presentation.32–34 Because
of the differences in tau brils in different tauopathies, we were
interested in whether PA would exhibit similar inhibition of tau
aggregation. We tested two different tauopathies, human
20470 | Chem. Sci., 2024, 15, 20467–20477
progressive supranuclear palsy (PSP) and corticobasal degener-
ation (CBD), using the biosensor cell seeding assay, which differs
only by the transfected seed. Biosensor seeding assays indicate
PA was able to elicit similar inhibition of tau aggregation in PSP
compared to AD (Fig. 3C). However, CBD was not inhibited by PA
(Fig. 3D). The combination of these results illustrates some
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Characterization of PA in the role of tauopathy fibril disaggregation. (A) Seeding inhibition measured by transfecting PA, penicillin V,
penicillin G-treated AD brain homogenate in fluorescent tau K18 biosensor cells. Error bars represent standard deviations of triplicate measures.
(B) PA dose-dependent AD seeding assay in K18 biosensor cells. (C and D) Tauopathies (PSP, CBD) seeding assay in K18 biosensor cells treated
with PA. (E) ThT assay on inhibitory of PA in aggregation. Error bars represent standard deviations of triplicate measures. (F) SAXS assay to confirm
PA inhibits tau aggregation. (G–I) PA-mediated AD tau fibril disaggregation, measured by qEM of AD tau fibrils. Representative images shown of
AD tau fibrils (red arrows) with DMSO treatment (G), with PA treatment (H). (I) Fibrils quantified after 24 h incubation with DMSO and PA. Error bars
represent standard deviations. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001, compared to the mock treated controls by one-way
ANOVA following Bonferroni's method (posthoc).
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degree of specicity of PA for certain tau folds, although the
structure–activity relationship requires deeper investigation.

PA inhibits tau by bril disaggregation (qEM)

Since PA inhibited seeding based on results from biosensor
assays, and monomer aggregation based on ThT assays, we
tested the activity of PA to disaggregate tau brils. We investi-
gated disaggregation by incubating PA with AD brain-puried
tau brils observing bril counts by quantifying using elec-
tron microscopy (EM). When incubated without PA, we can see
that numerous AD tau brils are visible using negative stain EM
(Fig. 3G); however, with the addition of a high assayed
concentration of 1 mM of PA nearly eliminates any visible brils
(Fig. 3H). The EM images were collected from random points on
the EM grid and quantied, showing a large reduction in visible
brils (Fig. 3I). This observation led us to conclude that PA
directly inhibits tau by disaggregating brils.

Using PA as a chemical probe for AD drug discovery

To investigate how PA contributes to tau disaggregation, we
explored the structure–activity relationship. PA exists in equi-
librium between the lactone and keto acid tautomeric forms,
with the lactone predominating at physiological pH.35,36 To
determine which tautomer is critical for tau disaggregation, we
synthesized stable analogs of both forms. However, when we
tested these analogs using a biosensor cell seeding assay, both
the lactone and keto acid analogs showed a loss of activity
(Fig. S20†). We conclude that the primary activity towards tau
© 2024 The Author(s). Published by the Royal Society of Chemistry
stems from the modied moieties, particularly the aliphatic
hydroxyl group in the lactone form and/or the carboxylic acid in
the keto form.

Although we could not denitively determine which
tautomer predominates in the active form, we proceeded to use
the keto form as a template for drug discovery with ADMET
Predictor. Several carboxylic acids from the enamine library
similar to the keto form of PA were selected due to the greater
electron-withdrawing properties of the carboxyl compared to
the aliphatic hydroxyl, potentially making it a stronger inhib-
itor. In addition, we identied library compounds containing
aliphatic hydroxyls, which were represented in the lactone form.
ADMET Predictor was employed to assess assets and hazards for
the series.37–40 This analysis suggested that PA is blood–brain
barrier permeable (Fig. 4A), but also agged mutagenicity as
a potential hazard, indicating that PA may increase mutation
frequency (Fig. 4A). Given the predicted mutagenicity, we
selected twelve enamine REAL database compounds to test as
potential tau inhibitors using the biosensor cell seeding assay
(Fig. 4B). Results from our seeding assay indicate that analog 6
exhibits inhibition of tau aggregation activity (p < 0.01) at a high
concentration of 50 mM (Fig. 4C, and E–G). To further assess this
activity, we tested the dose dependency of analog 3 against tau
aggregation by adding 0.1 mM, 0.2 mM, 0.5 mM, and 1 mM of the
compound. Interestingly, we observed a dose-independent
relationship, where activity was present at both low and high
concentrations but was inexplicably lost at intermediate
concentrations (Fig. 4D). These ndings suggest that bioactive
Chem. Sci., 2024, 15, 20467–20477 | 20471
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Fig. 4 Design and testing of PA-based drugs inhibiting seeding of tau aggregation using extracts from autopsied brains of Alzheimer's disease
patients. (A) The Ames Mut, BBB_Filter value of the synthesis enamine compounds predicted by ADMET Predictor (B) the structures of synthesis
enamine compounds. (C) The biosensor seeding tau inhibition assay by using PA analogs (enamine compounds). (D) The biosensor seeding tau
inhibition assay by using different concentrations of PA analog #3 (enamine compounds 3). (E and F) Representative images shown of AD tau
brain homogenate in fluorescent tau K18 biosensor cells, with DMSO (E), with PA (F), and with analog 6 (G).
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small molecules can serve as chemical probes for discovering
new analogs that inhibit AD tau aggregation while minimizing
predicted toxicity.
Discussion

Natural product drug discovery is not a novel concept; however,
our study proves that the combination of genetics and the one-
strain-many-compounds (OSMAC) method is a reliable tech-
nique to generate a natural product library that can test
compounds that are not commonly found in commercially
available natural product libraries. This method demonstrates
that although genetically modifying these fungal strains may
not activate pathways that result in the production of new
compounds, the bioactivities of many previously discovered
secondary metabolites have yet to be tested. Furthermore, due
to the bioactive nature of fungal secondary metabolites, this
technique is not limited to AD bioactivity shown in this study,
but many other types of activity as well, including anti-cancer,
anti-fungal, anti-bacterial, etc. In other words, the same
20472 | Chem. Sci., 2024, 15, 20467–20477
compounds in this library can be further tested to discover
additional bioactivities.

With our discovery of PA as a tau aggregation inhibitor, we
were able to further predict the toxicity of this compound on
humans using ADMET predictor. Whereas ADMET predictor
can be seen as a reliable method to determine whether
a compound will be successful in making it through the
discovery to pipeline market and tremendously speed up the
process by giving us information to eliminate compounds with
excessive toxicity, the limitation is that it is still a prediction
based on past data. In order to rmly conclude that these tested
compounds truly have blood–brain barrier permeability and
limited toxicities, we still have to conduct physical assays.
However, with these predictions, we can still try to limit these
red ags before further testing by nding or synthesizing
analogs that have all the qualities we want in a drug while
keeping similar bioactivity at effective concentrations.

Previous studies have shown that another small molecule,
epigallocatechin-3 gallate (EGCG), is capable of binding to AD
tau; however, it is demonstrated that EGCG is capable of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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inhibiting not only AD tau aggregation, but other tauopathies as
well.41,42 The results that we saw with PA demonstrate a degree
of specicity in its activity in that it only inhibits AD and PSP tau
aggregation but not CBD tau, which raises a major question on
how PA works to inhibit tau proteins. In order to test this, cryo-
EM could be used to give further understanding as to how tau is
disaggregated and give insight for specically which parts of PA
are vital in this bioactivity. Furthermore, this would unlock
a new realm of potential analogs that could be developed to
exhibit similar activity while limiting toxicity.

Materials and methods
Genome analysis43

The fungal genome of IMV01140 was downloaded from the
NCBI database (GenBank, GCA_030674015.1) and analyzed
using antiSMASH v7.1.0 to predict secondary metabolism
genes.

Molecular genetic procedures for strain development22,23

To conrm the mcrA knockout, diagnostic PCR was performed
by designing nesting primers to amplify the resistance gene and
extracting DNA from fungal biomass for use as the template.

Fermentation and LC-MS analysis

IMV01140 WT and mcrAD strains were incubated at 28 °C on
different conditions. The conditions are as follows: LMM (15 g
L−1 lactose, 50 mL salt solution, 800 mL Hutner's trace element,
1 mL 5.5 M KOH, 15 g L−1 agar), SDA (40 g L−1 dextrose, 100 g
L−1 peptone, 15 g L−1 agar), PDA (36 g L−1 criterion cat. no.
C6622), TYG (3 g L−1 tryptone, 3 g L−1 yeast extract, 3 g L−1

glucose, 1 g L−1 K2HPO4, 15 g L−1 agar), YAG (yeast extract 5 g
L−1, 20 g L−1 glucose, 800 mL Hutner's trace element, 15 g L−1

agar), YES (30 g L−1 sucrose, 5 g L−1 yeast extract, 1 mL Hutner's
trace element, 15 g L−1 agar), YEPD (20 g L−1 dextrose, 10 g L−1

yeast extract, 20 g L−1 peptone, 15 g L−1 agar), YM (3 g L−1 yeast
extract, 3 g L−1 malt extract, 10 g L−1 dextrose, 5 g L−1 peptone
15 g L−1 agar), MEA (malt extract 20 g L−1, peptone 1 g L−1,
dextrose 20 g L−1, 15 g L−1 agar), LCMM (20 g L−1 lactose, 10 g
L−1 dextrose, 50 mL salt solution, 800 mL Hutner's trace
element, 1 mL 5.5 M KOH, 15 g L−1 agar), CZA (100 mL
concentrated Czapek, 1 g K2HPO4, 30 g sucrose, 15 g L−1 agar),
MB (130 g L−1 malt extract, 15 g L−1 agar). 1.0 × 107 conidia
were inoculated for each strain.

Aer 6 days of incubation, 10 plugs of agar (7 mm diameter)
were taken for compound extraction. 5 mL of methanol was
used for initial extraction followed by 1 h of sonication. Extract
was collected and the agar was further extracted with 5 mL of
DCM/MeOH (1 : 1) followed by 1 h of sonication. The combined
extract was evaporated through TurboVap LV. The dried resi-
dues were dissolved in equal parts of ethyl acetate and water.
The ethyl acetate layer was collected and evaporated through
TurboVap. The dried extract was redissolved in dimethyl sulf-
oxide : methanol (1 : 4) at 1 mg mL−1.

HPLC-MS analysis was performed using a RP C18 column on
a ThermoFinnigan LCQ Advantage ion trap mass spectrometer.
© 2024 The Author(s). Published by the Royal Society of Chemistry
10 mL of sample was injected. The ow rate used was 125
mL min−1. The solvent gradient consisted of 95% MeCN/H2O
(solvent B) and 5% MeCN/H2O (solvent A), both containing
0.05% formic acid. The gradient was run under the following
conditions: 0% solvent B from 0 to 5 min, 0–100% solvent B
from 5 min to 35 min, 100–0% solvent B from 40 to 45 min, and
re-equilibration with 0% solvent B from 45 to 50 min.

Fractionation, isolation, and characterization of metabolites

To isolate metabolites, ethyl acetate was used to extract
compounds from 3.5 L of malt agar plates. Agar was extracted
with 1 L of methanol followed by 1 h of sonication. Another
round of extraction was performed using 1 : 1 DCM/MeOH fol-
lowed by 1 h of sonication. The resulting extract was concen-
trated and re-extracted with EtOAc. Aer concentrating, crude
was subjected to silica-gel column chromatography for fractions
tested with biosensor seeding assay. Fractions were further
separated through semi-preparative HPLC (Phenomenex Luna 5
mmC18 (2), 250 × 10 mm), with a ow rate of 4.0 mL min−1 and
monitored using a UV detector set at 254 nm. NMR spectra were
recorded using a Varian VNMRS-400 spectrometer.

Preparation of crude Alzheimer's brain-derived tau seeds

Human Alzheimer's brain autopsy samples were obtained from
the UCLA Pathology Department following HHS regulations,
with prior consent from the patients. Approximately 0.2 grams
of hippocampal tissue were excised and homogenized using
a Kinematica PT 10–35 POLYTRON at level 4–5. The homoge-
nization process was performed in 10% sucrose buffer con-
taining 1 mM ethylene glycol tetraacetic acid (EGTA) and 5 mM
ethylenediaminetetraacetic acid (EDTA) in 15 mL Falcon tubes.

K18CY cell culture

HEK293T cell lines stably expressing tau-K18CY labeled with
green uorescent protein (GFP), obtained from Marc Dia-
mond's laboratory at the University of Texas Southwestern
Medical Center, were used in this study.44 The cells were
cultured in a T25 ask containing Dulbecco's Modied Eagle
Medium (DMEM) (Life Technologies, cat. 11965092) supple-
mented with 10% fetal bovine serum (FBS) (Life Technologies,
cat. A3160401), 1% penicillin/streptomycin (Life Technologies,
cat. 15140122), and 1% GlutaMAX (Life Technologies, cat.
35050061). They were maintained at 37 °C and 5% CO2 in
a humidied incubator. For inhibitor testing on the biosensor
cells, 100 ml of the cell suspension was plated in 96-well plates
and incubated at 37 °C and 5% CO2 for 16 to 24 hours prior to
transfection.

Biosensor seeding assay

Penicillic acid (Santa Cruz, CAS 90-65-3) was diluted in dimethyl
sulfoxide (DMSO) to create 1.4 mM stock solutions. Homoge-
nized Alzheimer's disease brain tissue was diluted in Opti-MEM
(Thermo Fisher Scientic, cat. 31985062) at a 1 : 20 ratio. The
diluted brain homogenate was incubated with the specied
inhibitors overnight at 4 °C. The inhibitor-treated samples were
Chem. Sci., 2024, 15, 20467–20477 | 20473
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then sonicated in a Cup Horn (Qsonica, MPH) water bath for 3
minutes at 40% power and subsequently mixed with a 1 : 20
solution of Lipofectamine 2000 (Thermo Fisher Scientic, cat.
11668019) and Opti-MEM. Aer 20 minutes, 10 ml of the
inhibitor-treated brils were added to the previously plated 100
ml of cells in triplicate, avoiding the perimeter wells, to achieve
a nal ligand concentration of 10 mM on the cells.
Quantication of tau aggregation

The number of seeded aggregates was determined using the
BioTek Cytation 5 Imaging Multimode Reader in the GFP
channel to image the entire 96-well plate. Exposure and contrast
were adjusted to clearly distinguish the seeded aggregates,
which appear as bright green puncta, from the cells. The
aggregates in each image were quantied using a script in
ImageJ 2.3.0, a Java-based image processing program.45 This
script subtracts the background uorescence from unseeded
cells and then employs a built-in particle analyzer to count the
number of puncta, representing seeded aggregates, as peaks
contrasting against the background uorescence. The puncta
count was normalized across all images according to cell
conuence using a separate ImageJ 2.3.0 script for conuence
measurement. The average number of seeded aggregates per
well, along with standard deviations from triplicate measure-
ments normalized to conuence, was plotted to compare the
inhibitory activity.
Preparation of puried Alzheimer's brain-derived tau brils

2–6 grams of human Alzheimer's brain autopsy samples was
homogenized in 10 mL of sucrose buffer supplemented with
1 mM EGTA, using 2 × 50 mL Falcon tubes sealed with paraf-
ilm. The homogenate was transferred to 2 mL Eppendorf tubes
and centrifuged at 20 000×g for 20 minutes. The supernatant
was saved in a separate tube. Sarkosyl was added to a nal
concentration of 1%, and the mixture was incubated with
orbital shaking at 190 rpm for 1 hour at room temperature in
a 50 mL Falcon tube containing ve glass beads to enhance
mixing. The mixture was ultracentrifuged at 95 000×g for 60
minutes. The ultra pellet was resuspended in approximately 1/4
volume of sucrose buffer supplemented with 5 mM EDTA and
1 mM EGTA, then centrifuged at 20 100×g for 30 minutes at 4 °
C. The sample was ultracentrifuged again at 95 000×g for 60
minutes. Finally, the pellet was resuspended in 250 ml of 20 mM
Tris–HCl (pH 7.4) and 100 mM NaCl.
Negative stain grid preparation

Puried Alzheimer's brain-derived tau brils were diluted 1 : 10
in PBS and incubated with penicillic acid for 24 hours at 4 °C. For
electron microscopy, negatively stained grids were prepared by
depositing 6 ml of the bril samples onto formvar/carbon-coated
copper grids (400 mesh) for 3 minutes, following the 24 hours
inhibitor incubation. The sample was then rapidly blotted using
lter paper without drying the grid, stained with 4% uranyl
acetate for 2 minutes, and nally wicked dry with lter paper.
20474 | Chem. Sci., 2024, 15, 20467–20477
Quantitative EM (qEM) imaging

For quantitative electron microscopy (qEM), negatively stained
EM grids of each sample were screened using the JEOL 2100
TEM at a magnication of ×12 000.
ThT plate-reader assay

The concentrated tau protein was diluted into PBS buffer (pH
7.4) to achieve the nal concentration at 100 mm. The proteins
were agitated in solutions containing 75 mM ThT, 0.5 mg mL−1

heparin (Sigma cat. no. H3393), 1 mM DTT, and a two-fold
molar excess of penicillic acid in 96-well plates with a plastic
bead to enhance mixing. ThT uorescence was measured using
excitation and emission wavelengths of 440 nm and 480 nm,
respectively. Averaged curves were generated from triplicate
measurements, as described in the gure legend. Error bars
represent the standard deviation of replicate measurements.
Tau K18+ monomer purication

Prior to purication of tau monomer via ion exchange and size
exclusion chromatography, K18+ tau expressed in pNG2
plasmid was transformed into BL21DE3 E. coli competent cells
(New England Biolabs, cat. C2527I). Single colonies were inoc-
ulated into 80 mL LB broth, supplemented with 100 mg mL−1

ampicillin antibiotic, and grown overnight at 30 °C overnight
with orbital shaking at 250 rpm. The following morning, the
starter was inoculated into 1 L LB broth + ampicillin and grown
at 37 °C with 250 rpm orbital shaking. The cells were grown
until reaching OD 600 = 0.8–1.00. Protein expression was
induced with 0.5 mM IPTG for 3 h. The cells were centrifuged at
4500 rpm and lysed in: 100 mL 20 mM MESjpH6.8j (Grainger,
cat. M22040-1000.0), 1 mM EDTA (Sigma, cat. E9884), 1 mM
magnesium chloride, 5 mMmercaptoethanol, and 100 ml HALT
protease inhibitor cocktail (Life Technologies, cat. 78438).
Then, the cells were sonicated on ice using Misonix S-4000
Sonicator, following boiling for 20 min with the addition of
500 mM NaCl. The samples were centrifuged at 15 000 rpm for
15 minutes at 4 °C. The supernatant was dialyzed against
20 mM MESjpH6.8j, 50 mM NaCl, 5 mM BME buffer. The dia-
lyzed tau was puried using Biologic Duoow Chromatography
system with HiTrap SP FF column. The presence of K18+ tau
monomer was conrmed by SDS-PAGE. The suitable fractions
were combined, and the tau protein was concentrated using
Pierce™ Protein Concentrator PES, 3 K MWCO (Life Technol-
ogies, cat. 88525).
Small Angle X-ray scattering (SAXS)

Each sample (25 ml) was loaded in a Xenocs thermalized Bio-
Cube ow-cell with camera and pump. All measurements were
made in an air-evacuated space at a pressure below 1.0 mbar
and at room temperature and were performed using a Xeuss 3.0
(Xenocs) with Microfocus GeniX 3D X-ray microsource and
Eiger2 R 1M Dectris hybrid pixel silicon sensor detector. The
scattering experiments were performed with the q range of
0.055–0.25 Å−1, d-space of 25–1150 Å, and incidence beam of 9.3
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Mph s−1 for a total of 20 minutes. The data was then plotted
using Xenocs XSACT soware on a log/log graph.
Computational studies

The pharmacokinetics and toxicity proles for penicillic acid,
penicillins, and synthetic analogs were evaluated in silico using
ADMET Predictor™ 10.4 (Simulations Plus, Inc., Lancaster, CA,
USA). ADMET properties including mutagenicity and blood–
brain barrier (BBB) permeability were evaluated by comparison
for synthetic analogs with penicillic acid. Reported in silico
mutagenicity was assessed using an Ames model. BBB perme-
ability results are reported as LogBB and BBB Filter.
Conclusions

Due to the lack of available treatments for AD, we are constantly
investigating various sources of small molecules that can be
tested for bioactivity for the development of better therapeutic
interventions for AD patients. As tau is a proven neuropatho-
logical characteristic responsible for Alzheimer's progression,
we opted to focus on discovering compounds with bioactivity
targeting tau. Historically, secondary metabolites have demon-
strated bioactive potential; however, many have not been tested.
Here, we present experimental data to reveal that genetically
manipulating Aspergillus melleus, a strain of lamentous fungi,
can allow for the discovery of chemical probes for Alzheimer's
disease therapeutics. Specically, we found that penicillic acid
can inhibit tau seeding, which indicates bioactivity towards AD
tau. Following this observation, we systemically investigated the
in vitro effects of penicillic acid on AD tau aggregation through
various techniques. Doing so uncovered that penicillic acid
directly inhibits tau by disaggregating brils.

Using ADMET predictor resulted in the prediction of muta-
genic effects of penicillic acid on humans, initiating the utili-
zation of the penicillic acid backbone as a chemical probe. Our
screening data reveals that the discovery of compounds with
a similar backbone is an effective method for nding similar
compounds with inhibition in AD tau aggregation. Together,
our usage of cell-based screening assays in combination with
our computational studies resulted in the discovery of an
additional small-molecule compound that inhibits AD tau
aggregation while keeping blood–brain barrier permeability
and limiting predicted toxicity.
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