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ABSTRACT: Alzheimer’s disease (AD) and Parkinson’s disease (PD) are multifactorial, chronic diseases involving neuro-
degeneration. According to recent studies, it is hypothesized that the intraneuronal and postsynaptic accumulation of misfolded
proteins such as α-synuclein (α-syn) and tau, responsible for Lewy bodies (LB) and tangles, respectively, disrupts neuron functions.
Considering the co-occurrence of α-syn and tau inclusions in the brains of patients afflicted with subtypes of dementia and LB
disorders, the discovery and development of small molecules for the inhibition of α-syn and tau aggregation can be a potentially
effective strategy to delay neurodegeneration. Urea is a chaotropic agent that alters protein solubilization and hydrophobic
interactions and inhibits protein aggregation and precipitation. The presence of three hetero atoms (O/S and N) in proximity can
coordinate with neutral, mono, or dianionic groups to form stable complexes in the biological system. Therefore, in this study, we
evaluated urea and thiourea linkers with various substitutions on either side of the carbamide or thiocarbamide functionality to
compare the aggregation inhibition of α-syn and tau. A thioflavin-T (ThT) fluorescence assay was used to evaluate the level of fibril
formation and monitor the anti-aggregation effect of the different compounds. We opted for transmission electron microscopy
(TEM) as a direct means to confirm the anti-fibrillar effect. The oligomer formation was monitored via the photoinduced cross-
linking of unmodified proteins (PICUP). The anti-inclusion and anti-seeding activities of the best compounds were evaluated using
M17D intracellular inclusion and biosensor cell-based assays, respectively. Disaggregation experiments were performed with amyloid
plaques extracted from AD brains. The analogues with indole, benzothiazole, or N,N-dimethylphenyl on one side with halo-
substituted aromatic moieties had shown less than 15% cutoff fluorescence obtained with the ThT assay. Our lead molecules 6T and
14T reduced α-syn oligomerization dose-dependently based on the PICUP assays but failed at inhibiting tau oligomer formation.
The anti-inclusion effect of our lead compounds was confirmed using the M17D neuroblastoma cell model. Compounds 6T and
14T exhibited an anti-seeding effect on tau using biosensor cells. In contrast to the control, disaggregation experiments showed fewer
Aβ plaques with our lead molecules (compounds 6T and 14T). Pharmacokinetics (PK) mice studies demonstrated that these two
thiourea-based small molecules have the potential to cross the blood−brain barrier in rodents. Urea and thiourea linkers could be
continued...
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further improved for their PK parameters and studied for the anti-inclusion, anti-seeding, and disaggregation effects using transgenic
mice models of neurodegenerative diseases.
KEYWORDS: Alzheimer’s disease, anti-aggregation, neurodegeneration, Parkinson’s disease, thiourea, urea

■ INTRODUCTION
Alzheimer’s disease (AD) is one of the most prevalent
neurodegenerative diseases emanating from the misfolding of
the two main prone-to-aggregate proteins. AD is characterized
by the formation of extracellular plaques, intracellular neuro-
fibrillary tangles (NFTs), drastic decline in acetylcholine levels
in the brain, oxidative stress, and increased levels of misfolded
proteins.1 These perturbations aggravate several clinical
manifestations, including loss of memory, decreased cognitive
ability, and personality changes associated with AD. Extrac-
ellular plaques are deposits of amyloid-β (Aβ) proteins, having a
variety of structural forms that include compact, classic, and
diffuse plaques. The aggregation of thesemorphological forms of
Aβ in the cerebral cortex of the brain usually results in microglia
activation, which leads to neuroinflammation and axonal
damage.2 NFTs are formed from the disordered microtubule-
associated protein tau (MAPT), otherwise known as the tau
protein, and their accumulation in the neuron causes an
impairment in the function and disassembly of the cytoskeletal
microtubule.3 Tau is predominantly located in neurons and its
function mainly provides stability (through interaction with
tubulin) to neuronal microtubules.4 Tau is also essential for cell
signaling.5 The tau protein has six isoforms that are expressed in
the brain of an adult, and they are generated through alternative
splicing of the mRNA transcribed from the MAPT gene.6,7

The tau protein is subjected to a variety of post-translational
modifications. These modifications include glycation, ubiquiti-
nation, nitration, truncation, polyamination, and phosphoryla-
tion.8−10 Tau proteins are more prone to phosphorylation than
the other forms of modifications, and this creates the potential
for excessive binding of the phosphoryl group to tau proteins,
leading to hyperphosphorylation and a change of conformation
resulting in fibrils.11 If the tau protein is attached to
microtubules, then hyperphosphorylation will cause it to
dissociate from the microtubules, resulting in the formation of
insoluble inclusions. NFTs are rich of misfolded hyper-
phosphorylated tau. According to one of the current hypotheses
about AD physiopathology, the aggregation of Aβ occurs early.
Aβ plaques induce microglia activation, which enhances the
hyperphosphorylation of tau and the formation of NFTs
resulting in neurocognitive deterioration.12 Hyperphosphor-
ylation of tau, which is a promoter of neurocognitive
deterioration, makes tau cytotoxic and more prone to
aggregation.13 Therefore, developing effective treatment models
is crucial in inhibiting the spread of the disease. Most drugs
developed for the treatment of AD are aimed only at managing
symptoms and slowing the progression of the disease. These
drugs exert their effect by either interfering with the conditions
that promote the accumulation of Aβ and tau or raising the level
of neurotransmitters in the brain to improve cognitive function.
In recent times, efforts to understand the pathophysiology and
the discovery of a drug for the treatment of AD have increased
the awareness of the disease.14

AD includes the aggregation of Aβ, increased free radicals
resulting from oxidative stress, poor neurotransmission, and
microglial-mediated neuroinflammation. Some of the drugs
developed to target these processes are directed toward Aβ

clearance in the brain and are mainly β-secretase (BACE)
inhibitors and acetylcholinesterase (AChE) inhibitors. Sub-
stantive efforts have been made in the development of
therapeutics to treat AD. Some small molecule inhibitors
developed to treat AD are designed for a single targeting role to
either inhibit Aβ aggregation or tau fibrillization, but there has
been limited patient efficacy.15 Antibodies have also been
developed with limited clinical benefits.16,17 These failures in
designing effective therapeutics are partly due to a lack of
substantial knowledge in understanding the pathophysiological
processes leading to the progression of AD and also failure to
identify and optimize potential drug candidates to move past
clinical trials.18 Early diagnosis combined with the institution of
multitarget approaches in pharmacotherapy, including altering
the protein aggregation at the early stage, might be helpful in the
clinical management of these chronic and devastating diseases.
To produce drug candidates with the anti-α-synuclein and

anti-tau fibrillization potential for neurodegenerative diseases,
our group has identified a family of compounds that can prevent
fibril formation. In a previous study, our lab discovered the
potential of phenylethylurea in preventing the fibrillization of
islet amyloid polypeptide (IAPP).19 Additional in vitro studies
performed on α-synuclein (α-syn) indicated the importance of
bisubstituted urea with an aromatic moiety for the fibrillization
inhibition property. The best urea-based compound resulting
from this study was composed of 5-aminoindole and 3,5-
dichlorophenyl groups.20 The scope of our work presented here
is to explore the multitargeting role of urea and thiourea-linked
compounds. Urea is a naturally occurring compound that is
formed from the metabolism of proteins and nitrogen-
containing compounds.20 Ever since the original synthesis of
urea and its analogue thiourea, these have been used for the
development of several drugs because of the ability to improve
the properties of drugs in terms of potency, selectivity, and
activity.20 One characteristic, unique to its function, is its ability
to form a stable hydrogen bond with proteins, giving its
biological activity as a precursor for the synthesis of various
therapeutics. In this study, different aromatic moieties were
attached to the urea/thiourea linker with one side (Py in Scheme
1) of the moieties being incorporated mainly with an indole,
benzothiazole, aminofluorene, 4-morpholino, N,N-dimethyl-
phenyl, and p-trifluoromethyphenyl. The selection of some of
these substituents is based on their activity in stopping the
formation of oligomers and fibrils as discovered previously from
our groupwhere we found both indole- and benzothiazole-based
compounds to have a multitargeting effect on the aggregation of
α-syn and tau.21−23 The nitrogen present in the urea/thiourea
linker has been coupled with different substituents, including
methyl, ethyl, and isopropyl, for effective structure−activity
relationship determinations. The best compounds were further
assessed with selected in vitro ADME assays and single-dose
pharmacokinetics (PK) studies using CD1 mice, in addition to
advanced characterization of their anti-oligomer, anti-inclusion,
anti-seeding, and disaggregation effects.
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■ RESULTS AND DISCUSSION
Synthesis of Urea/Thiourea-Based Small Molecules.

The synthesis of comparable bioisosteric analogues of urea
(denoted with the letter U) and thiourea (denoted with the
letter T) is achieved through a reaction of the corresponding
isocyanate or isothiocyanate with the respective amine via
nucleophilic addition, as shown in Scheme 1. The reaction
workup has been done with a simple crystallization with ethyl
acetate−hexane to obtain a pure product with an acceptable
yield ranging from 11 to 100% (Supporting Information, pages
S2−S35).
Our previous findings demonstrated that ureas and indoles

possess strong anti-aggregation activity. To validate our
hypothesis, a variety of substituents were applied on one side
of the urea/thiourea linker (Px in Scheme 1), which consisted of
phenyl, p-chlorophenyl, 3,5-dichlorophenyl, p-bromophenyl, p-
iodophenyl, p-acetylphenyl, p-methylphenyl, 3-methylphenyl,
3,5-methylphenyl, p-methoxyphenyl, 3-thiomethylphenyl, N,N-
dimethylphenyl, biphenyls, ethyl, and cyclohexyl. The aromatic
moiety was sometimes distanced from the linker by a methyl,
ethyl, or carbonyl moiety. In addition, different aromatic
moieties were attached to the urea/thiourea linker on the
other side (Py in Scheme 1) of the molecules; the moieties being
incorporated mainly consisted of an indole, benzothiazole,
aminofluorene, 4-morpholino, N,N-dimethylphenyl, p-trifluor-
omethyphenyl, and cyclohexyl. The nitrogen present in the
urea/thiourea linker has been coupled with different sub-
stituents, including methyl, ethyl, and isopropyl, in some
instances (Table 1).
The kinetics of α-syn fibril formation were assessed in the

presence of a high micromolar concentration of urea/thiourea
derivatives (Table 1). Due to the high number of compounds, a
prescreening was performed using α-syn at 2 μM. For the
selection of the best compounds, the cutoff was set using a
maximum ThT fluorescence intensity below 15% after the
subtraction of the standard error of the mean (SEM). It is
challenging to inhibit the aggregation of prone-to-aggregate
proteins. It is preferable to consider a very stringent cutoff to
make sure that weak compounds are funneled down. For the
compounds moving to advanced testing, assays were conducted
using a higher concentration of proteins and a range of
concentrations of compounds to assess dose−response.
Compounds bearing an indole (compounds 10U, 14U, 14T,
15U, and 19U), benzothiazole (compound 16T), or N,N-
dimethylphenyl (compound 6T) on one side with halo-

substituted aromatic moieties had shown less than 15% cutoff
fluorescence obtained with the ThT assay and were then moved
to advanced biophysical and biological testing. Compound 10U
was not pursued for further testing due to the lack of substituents
on the urea nitrogen and aromatic moiety. Compound 19U has
been characterized extensively20 and was only studied for PK
using CD1 mice. As an interesting trend, the aminoindole small
molecule derivatives were better to inhibit the α-syn aggregation
than the morpholino and aminofluorene analogues. Concerning
the α-syn anti-aggregation activity, inactive and very weak
compounds contained these moieties among others: aliphatic,
aromatic, biphenyl, and aminofluorene. An additional carbon
between the aliphatic and urea or thiourea linkers reduced
significantly the anti-aggregation activity. No other general trend
could be drawn from the study, i.e., if the phenyl urea analogues
exhibited superior anti-aggregation activities versus thiourea-
based small molecules and vice versa (Table 1).
ThT Anti-Fibrillization Kinetics. The ThT assay serves as

the first line of testing to evaluate the potential of synthesized
compounds for their anti-fibril effect. This assay employs
thioflavin T (ThT), which is a fluorescent dye that recognizes
and binds to the β-pleated sheet structures of misfolded protein
aggregates. Proteins that are susceptible to misfolding, such as
tau and α-syn, typically undergo a structural transformation
from their native conformation to adopt a β-sheet structure
when aggregated.24 We screened our compounds for their anti-
fibril effect on α-syn and three isoforms of tau (0N3R, 2N3R,
and 2N4R). Isoforms 4R and 3R are at equal concentrations in
AD brains, which justify the utilization of those in a drug
discovery program. The inhibition of aggregation is easier to
obtain using short isoforms. Tangles are composed of a mixture
of tau isoforms. Therefore, it is preferable to confirm the anti-
aggregation effect utilizing several of these six isoforms.
Compounds 6T and 14T showed the best anti-fibril action on
α-syn (Figure 1A), with compounds 14T and 19U having the
lowest percentage (Table 1). The kinetics of aggregation of α-
syn is examined closely by utilizing a higher concentration to
match the concentration used with the tau ThT assays.
Interestingly, during the α-syn aggregation kinetics (Figure
1A), a delay in the lag time (time for the elevation in
fluorescence intensity) is present following treatment with
14T and 6T, indicative of inhibition of oligomer formation.
Compound 19U has been extensively studied prior to this work
and was only used in the mice study.20 Prism analysis yielded a
LogEC50 of 29.8 ± 3.7 for compound 14T in the correlation
between Log (agonist) and the normalized response (variable
slope) (Figure 1B). To explore the dual target ability of the
compounds, we tested them for their tau anti-fibril effects. The
first of the tau series was the 0N3R isoform, where only
compounds 6T and 14T were tested, and compound 14T was
deemed the best, having a 66% reduction in fibril formation
versus 7% for compound 6T after 18 h of incubation (Figure
2A). In addition to evaluating compounds 6T and 14T, we
further examined additional sets of compounds (38T and 18T)
on tau 2N3R. At the conclusion of the experiment, it was
observed that virtually all the compounds effectively halted tau
2N3R fibrillization (Figure 2B). The compounds demonstrated
a significant reduction in tau 2N3R, with the following order of
efficacy: 18T (97%), 6T (96%), 14T (79%), and 38T (70%). As
for tau 2N4R, we observed a decrease of 34 and 67% for 6T and
14T, respectively (Figure 2B).
PICUP Assay Assessment of the Anti-Oligomer Effect

of Compounds. The photoinduced cross-linking of unmodi-

Scheme 1. Synthesis of Urea (U) and Thiourea (T)
Analogues Using Respective Isocyanate and Isothiocyanate
Reacting with Amines (R1 = H, Me, Et, or i-Pr and R2 = H)

ACS Chemical Neuroscience pubs.acs.org/chemneuro Research Article

https://doi.org/10.1021/acschemneuro.4c00282
ACS Chem. Neurosci. 2024, 15, 3915−3931

3917

https://pubs.acs.org/doi/suppl/10.1021/acschemneuro.4c00282/suppl_file/cn4c00282_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acschemneuro.4c00282/suppl_file/cn4c00282_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acschemneuro.4c00282/suppl_file/cn4c00282_si_001.pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.4c00282?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.4c00282?fig=sch1&ref=pdf
pubs.acs.org/chemneuro?ref=pdf
https://doi.org/10.1021/acschemneuro.4c00282?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Table 1. Maximum Thioflavin-T (ThT) Fluorescence Intensity in Percentage (%) Resulting from the Plateau Phase of the
Kinetics of α-Syn Aggregation with the Presence of DMSO and Diaryl Derivatives of Urea and Thioureaa
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Table 1. continued
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fied proteins (PICUP) assay utilizes the action of Tris(2,2′-
bipyridyl)ruthenium(II) chloride (Ru(bpy)3) and ammonium
persulfate (APS), which are electron- and radical-generating
compounds, respectively, to induce oligomer formation. This
photochemical assay has been utilized to examine the impact of

compounds on the formation of oligomers, which are the initial
events preceding fibril formation. PICUP assays with α-syn
cannot be achieved at a concentration lower than 30 μM with
our experimental settings. Various concentrations of com-
pounds were tested, and the desirable effect should occur at a

Table 1. continued

aData are presented as the mean of three replicates ± the SEM. The fluorescence intensity of α-syn with the vehicle (DMSO) was set at 100%. A
total of 140 molecules were tested at 100 μM, and the anti-fibrillary effect was evaluated with α-syn at 2 μM. Molecules resulting in a maximum
fluorescence intensity of 15% by subtracting the SEM (as indicated in red) were subjected to additional biophysical analyses. Among the 140 small
molecules prepared in this study, 9 of them have been already published by our research group in the following journal articles: *Fortin et al. in J.
Mol. Struct. 1267 (2022) 133574;18 **Maity et al. in J. Mol. Struct. 1249 (2022) 13156; and20 ***Fortin et al. in Can. J. Physiol. Pharmacol. 94
(2016) 341.19
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lower molar ratio. Compounds that showed an anti-fibrillization
effect from the ThT experiment with a cutoff below 15%
(including the subtraction of the SEM) were selected for the
PICUP assay, i.e., compounds 6T, 14U, 14T, 15U, and 16T.
Oligomer (around 37−40 kDa) formed fromα-synmonomers is
represented in Figure 3. Compared to the control, compounds
6T and 14T prevented the formation of oligomers. Compounds
14U and 15U did not inhibit oligomerization. Among the
promising compounds, 14T and 6T were the most effective.
Compounds 14T and 16T were further tested to determine
whether they have a dose-dependent effect. The compounds
proved to be effective from 12.5 to 50 μM (Figure 4). Our
previous work and the analysis herein indicate that the urea
compounds with indole and aromatic-N-methyl are most likely
to inhibit α-syn oligomers. The anti-oligomer effect detected
with PICUP assays herein correlates with the lag time delay
observed in Figure 1A.
The effect of compounds 14T and 6T was assessed in a dose-

dependent manner at different concentrations (50, 100, and 200
μM) on the oligomerization of tau 0N4R and 2N4R isoforms.
Across the tested concentrations, compound 14T showed no
effect on stopping the formation of both tau 0N4R and tau

2N4R oligomers (Figures 5 and 6). A similar result was observed
for the effect of compound 6T on tau 2N4R (Figure 6).
However, at 100 and 200 μM, compound 6T slightly reduced
oligomerization of tau 0N4R (Figure 5). The prospect of the
anti-oligomer effect of compound 6T was further explored on
tau 0N3R. When compared to the control with no compound
treatment, compound 6T showed a minimal effect on stopping
tau 0N3R oligomerization (Figure 7). The anti-oligomerization
of tau is challenging and depends on the isoform tested.
Compound 6T demonstrated a minimal degree of anti-
oligomerization with the shorter isoforms of tau.
Direct Visualization of Fibril Formation. For the

validation of the anti-fibrillar effect of compounds 6T and 14T
(the best inhibitors), transmission electron microscopy (TEM)
was used as a direct method to identify both α-syn and tau 2N4R
fibrils. After the completion of the α-syn ThT assay measuring
the kinetics of aggregation at low concentrations of the protein
(i.e., 2 μM), samples were obtained to examine fibrils and assess
the effect of the best compounds (100 μM of 6T and 14T) in
comparison to the control (DMSO). This is regularly done as
quality control to confirm the validity of the ThT assay. Both
compounds significantly reduced α-syn fibrillization (Figure 8)

Figure 1. Kinetics of α-syn aggregation showed a delay in the lag time (time for the elevation in fluorescence intensity) in the presence of compounds
14T and 6T, indicative of inhibition of oligomer formation. Compound 14T inhibited the α-syn aggregation in a dose-dependent manner. The ThT
fluorescence assay was employed to analyze the kinetic curves of compounds 14T and 6T at a concentration of 100 μMwith (A) α-syn (6 μM) and (B)
compound 14T dose-dependent inhibition at varying concentrations (3.125, 6.25, 12.5, 25, 50, and 100 μM) against α-syn (6 μM) fibril formation.
Data were collected in triplicate for each concentration at the plateau phase over the course of five consecutive time points. The error bars indicate the
SEM for each condition.

Figure 2. ThT kinetic curve showing the effect of the best anti-fibrillary compound (14T and 6T) when assessed with different tau isoforms. The
compounds were tested at a concentration of 100 μM along with 10 μM (10:1), including (A) tau 0N3R, (B) tau 2N3R, and (C) tau 2N4R. Several
compounds were tested for their anti-fibrillary effect on tau 2N3R. The best anti-fibrillary compounds were 14T and 6Twhen assessed with tau 0N3R
and 2N4R. The kinetics were performed in the presence of 2.5 μM heparin, 1 mM dithiothreitol (DTT), 1 mM 4-(2-aminoethyl) benzenesulfonyl
fluoride hydrochloride, and 30 μM ThT in a buffer solution containing 50 mM Tris and 25 mM NaCl, at pH 7.4. The positive control was the tau
isoform without compound treatment. The background (BG) signal was obtained with all components in the absence of tau proteins and compounds.
The depicted curves represent the average data obtained from three technical replicates.
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after visualization at 40k magnification. Compounds 6T and
14T were further evaluated at 6 or 12.5, 25, and 100 μM to
determine their dose−response effect using a higher concen-

Figure 3. Compounds 6T and 14T stopped the formation of α-syn-
induced oligomer formation resulting from the exposure of Tris(2,2′-
bipyridyl)ruthenium(II) chloride (Ru(bpy)3) and APS to light (1 s)
through the PICUP cross-linking assay. At 60 μM, α-syn was subjected
to cross-linking (PICUP assay) with 6T, 14U, 14T, 15U, and 16T at
100 μM. Compounds 6T and 14T effectively prevented the formation
of oligomers observed between 35 and 40 kDa. The high molecular
weight α-syn oligomer was observed in the Coomassie blue-stained
polyacrylamide gels with the control (0.125% DMSO). Other controls
include no light and no cross-linking agent (Ru(bpy)3), which yielded
no cross-linked products. The numbers indicated below the gels
represent the ratio of the oligomer and monomer. The pixel density of
bands was acquired by using ImageJ software.

Figure 4.Dosage-dependent ability of compounds (A) 14T and (B) 6T to inhibit α-syn oligomerization. In the oligomer induction experiment, α-syn
(60 μM)was cross-linked with different concentrations (50, 25, 12.5, 6.25, and 3.13 μM) of compounds 14T and 6T. Both compounds showed a dose-
dependent ability to stop the oligomerization of α-syn. The control consisted of DMSO (0.125%). The pixel density of monomer and oligomer bands
presented in the table was measured for each lane using ImageJ.

Figure 5. Using the PICUP assay, the anti-oligomerization activity of
the most promising compounds against tau 0N4R was evaluated in a
dose−response manner. In this assay, compounds 14T and 6T at
varying concentrations, 50, 100, and 200 μM, were incubated with the
protein (12 μM). Bands indicating higher molecular weights appeared
in the control condition, which lacked both light exposure and the
cross-linking agent, Ru(bpy)3. The anti-oligomer effect was observed
for compound 6T at 100 μM and 200 μM. The pixel density of
monomer and oligomer bands presented in the table was measured for
each lane using ImageJ.

ACS Chemical Neuroscience pubs.acs.org/chemneuro Research Article

https://doi.org/10.1021/acschemneuro.4c00282
ACS Chem. Neurosci. 2024, 15, 3915−3931

3922

https://pubs.acs.org/doi/10.1021/acschemneuro.4c00282?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.4c00282?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.4c00282?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.4c00282?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.4c00282?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.4c00282?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.4c00282?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.4c00282?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.4c00282?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.4c00282?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.4c00282?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.4c00282?fig=fig5&ref=pdf
pubs.acs.org/chemneuro?ref=pdf
https://doi.org/10.1021/acschemneuro.4c00282?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


tration of α-syn (i.e., 6 μMas depicted in ThT dose−response in
Figure 1B), and it was observed that its greatest effect occurred
at a concentration of 100 μM (Figure 9).
TEM analyses were performed on tau 2N4R from a

commercial source (rPeptide, Watkinsville, GA, USA) and
homemade in the lab. Compounds 6T and 14T were evaluated
at 100 μM. After incubation for 24 h at 37 °C, 6 μM tau 2N4R

from the commercial source resulted in multifocal packets of
intertwined fibrils, sometimes in row and chain conformations
after incubation. Compound 14T resulted in fewer fibrils with a
shorter appearance. Compound 6T had aminimal impact on the
reduction of tau 2N4R fibril formation. TEM analyses of the
reaction solution extracted at the end of the ThT assays, as
shown in Figure 2C, were performed with the homemade tau
2N4R at 10 μM. The fibrils obtained from the kinetics are
individualized and elongated (Figure 10). A similar trend was
observed from the two compounds after treatment. Compound
14T resulted in the formation of short and less dense 2N4R
fibrils when compared to the control (Figure 10). On the
opposite, compound 6T failed to reduce the density of fibrils.
Circular dichroism (CD) was used with α-syn to confirm the

change in the secondary structure induced by the best
compound. Compound 14T was subjected to this additional
analysis because of its effect in preventing the α-syn inclusion in
neuroblastoma cell (please see the results in Figure 15). CD
spectra of α-syn incubated at different time points in the absence
(control: 0.25% DMSO) and presence of compound 14T are
shown in Figure 11. The CD spectra of α-syn alone (control) are
characteristic of unfolded, random coils at time 0 h. Without any

Figure 6.Dose-dependent inhibitory effect of compounds 14T and 6T
on tau 2N4R (6 μM) oligomerization via PICUP. Both compounds did
not demonstrate dose-dependent inhibition of tau 2N4R oligomeriza-
tion. The control conditions (no compound treatment and Ru(bpy)3)
exhibited high molecular weight tau 2N4R oligomers.

Figure 7. Effectiveness of compound 6T (50 μM) in preventing tau
0N3R oligomerization was tested at 10 μM through the PICUP assay.
The control groups that did not contain Ru(bpy)3 and had no light
exposure showed no higher molecular weights.

Figure 8. Effect of compounds 6T and 14T on preventing the formation of α-syn mature fibrils was examined by TEM. (A) α-Syn (2 μM)was exposed
to DMSO (0.25%; “CTRL”). (B) α-Syn (2 μM) received treatment with compound 6T at 100 μM. (C) α-Syn (2 μM) underwent treatment with
compound 14T at 100 μM. All samples were incubated for approximately 22 h before TEM visualization. Scale bars represent 200 nm.

Figure 9. TEM evaluation of the dose-dependent effect of compounds
6T and 14T on preventing the formation of α-syn mature fibrils. The
protein α-syn (6 μM) was exposed to DMSO (0.25%; “CTRL”), and
the compounds were tested at 6.25 or 12.5, 25, and 100 μM. The
samples were left to incubate for approximately 22 h at 37 °C before
being visualized. Scale bars represent 200 nm.
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inhibitor of aggregation, there is a clear conversion of the α-syn
random coil conformation into the α-helix and beta-sheet
conformation at 48 and 72 h. The treatment with 100 μM of
compound 14T resulted in a delay of this conversion. In contact
with compound 14T, the α-syn protein remained in a random
coil with themixture ofα-helix/beta-sheet conformations at 48 h
and the transition into beta-sheet conformations occurred at 72
h (Figure 11). The peak at 225 nm corresponds to a beta-sheet
conformation at 72 h.
Disaggregation of Aβ Plaques Isolated from AD

Patients. The multitarget effect of compounds 6T and 14T
was further explored to determine if the compounds had a
disaggregation potential on Aβ plaques isolated from AD
patients. Samples were obtained from the brain of an AD patient
and subsequently treated with compounds 6T and 14T at 50
μM. TEM micrographs for Aβ plaques were taken at 2500, 20k,
and 40k magnifications. The 2500× magnification demonstrates
the plaque-like materials present after the incubation with

different treatments (Figure 12). The 20k magnification vividly
shows the compact arrangement (density) of the formed fibrils,
while the 40k magnification helps to distinguish the changes in
the fibrillar structures postcompound treatment. In comparison
to the control (0.25% DMSO), the micrographs demonstrated
the disaggregation effects resulting from compounds 6T and
14T (predominantly 6T) on the Aβ plaques extracted from AD
brains (Figure 12).
To confirm that the disaggregation activity of compounds

does not generate high molecular weight species (toxic
oligomers), incubation of preformed α-syn fibrils was done
followed by electrophoresis and Western blot analysis.
Compound 6Twas tested due to its predominant disaggregation
activity with the AD plaques. Disaggregation experiments were
performed with 60 μM α-syn fibrils in 10 mM PBS
supplemented with 0.5 mM SDS and 300 mM NaCl.
Compound 6T was tested at 200 μM for 4 days at 37 °C. The
compound did not generate more oligomers in comparison with

Figure 10.Treatment with compounds 6T and 14T led to a reduction in tau 2N4R (10 μM) fibrils, as observed through TEM.Unfolded tau 2N4Rwas
incubated with DMSO at 0.25% (CTRL, control), compound 6T at 100 μM, and compound 14T at 100 μM. TEM images were taken at 40k
magnification. Scale bars represent 200 nm.

Figure 11. Compound 14T delayed the conversion of α-syn into the beta-sheet conformation at 48 h by CD analysis. CD spectra were recorded to
provide structural information after the treatment of α-syn (at 15 μM) with 0.25% DMSO (control) or 100 μM compounds 14T for 0, 48, and 72 h.
The buffer consisted of 10 mM PBS supplemented with 0.5 mM SDS and 300 mMNaCl. Samples were incubated for 48 and 72 h at 37 °C before the
analysis. CD spectra were recorded. The BG signal (buffer alone) was subtracted.
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the control (DMSO). The antibody used for the Western blot,
shown in Figure 13 (anti-alpha-synuclein 33), detected the
oligomers located between 35 and 40 kDa. The oligomers are
less present with the mature fibrils treated with compound 6T.

The results presented on the anti-aggregation and disag-
gregation activity of compounds 6T and 14T are suggestive of a
general mechanism. Due to the broad activity on several prone-
to-aggregate proteins, these compounds most likely recognize a
general common structure. One of the mechanisms of action
suspected is that these compounds are disruptors of a beta-
pleated sheet.

α-Syn Inclusion-Forming Neuroblastoma Cell Assay.
M17D neuroblastoma cells expressing the fusion protein αS-
3K::YFP were utilized to assess the impact of compounds 6T
and 14T on both cell viability and inclusion formation. The
presence of the triple K mutations (αS E35K + E46K + E61K
(=αS3K)) “amplifies” the αS missense mutation E46K found in
familial PD patients.25−27 αS3K mutations make the protein, α-

syn, readily prone to form round cytoplasmic inclusions in the
cell system utilized, herein M17D neuroblastoma cells. These
cells expressing αS3K have delayed growth and exhibit cell stress
and toxicity.28 Several compounds were capable of reducing the
formation of the αS inclusions18,20,22,23,29,30 and αS-induced
cytotoxicity.28 The neuroblastoma cells utilized in this assay
expressed an αS-3K::YFP fusion protein in a doxycycline (dox)-
inducible-dependent manner. The induction caused pro-
nounced round YFP-positive inclusions in the cells treated
with the vehicle (DMSO) in the absence of a compound (Figure
14A,B). Compounds 14U, 15U, and 16T exhibited anti-
fibrillary activity below 15% but were unable to reduce the
oligomer formation. These compounds were used as negative
controls and did not exhibit a substantial anti-inclusion activity
below a concentration of 40 μM (Figure 14).
Compounds 6T and 14T have been identified for their anti-

fibril and anti-oligomer abilities using ThT and PICUP assays.
Using the α-syn inclusion-forming neuroblastoma assay,
compound 14T exhibited a significant reduction in the
formation of inclusions (Figure 15). Compound 14T had a
greater effect at 2.5, 5, 10, and 20, while compound 6T showed
the most significant effect (although weak) at 40 μM. The two
compounds did not show any effect on the confluency of the
cells.
Anti-Seeding Effect of Compounds 14T and 6T in

TauRD P301S FRET Biosensor Cells. Using the TauRD
P301S FRET biosensor model, we next looked at whether
compounds 6T and 14T reduced tau seeding. The cell-based
experiment entails the production of tau seeds and the treatment
of biosensor cells with the seeds. The production of tau seeds is
achieved by the expression of htauP301S in vitro. Human
embryonic kidney (HEK) 293T cells were transfected with the
htauP301S plasmid to overexpress human P301S tau. The
compounds (14T and 6T) or the vehicle (control, 0.01%
DMSO) was applied to HEK 293T cells post 24 h of
transfection. Following 48 h of exposure to the compounds at
5 and 20 μM doses, cell viability and tau seeding activity were
evaluated (Figure 16A). HEK 293T cell viability was not
impacted by treatment with the vehicle (0.01% DMSO) or
compounds 14T and 6T (Figure 16B). Cell lysates from P301S
tau overexpressing cells treated with compounds 14T and 6T
exhibited reduced seeding activity compared to lysates from cells
treated with the vehicle (0.01% DMSO) alone (Figure 16C,D).
In Vitro ADME Testing: Solubility and Microsomal

Stability. The MSU Medicinal Chemistry Core facility
conducted kinetic solubility assessments for the most promising
compounds, as detailed in Table 2. Compared to the 100 μM
concentration used in the ThT assay (all within the same buffer
solution), compound 6T has a solubility greater than 100 and
even 300 μM, and compound 14T has a solubility greater than
100 μM. This indicates a notable disparity in solubility between
the two compounds, with compound 6T showcasing consid-
erably higher solubility compared to compound 14T. For the
advanced testing, compounds 6T and 14T were tested using the
concentration within the range of solubility. The anti-
fibrillization effect observed with compounds 6T and 14T is
independent of the solubility.
In themouse microsomal stability assay (Table 3), the control

(imipramine) has a retention capacity of 44% of its initial
amount after 30min.When compared to the control, compound
6T demonstrates a higher value of 74% indicating potentially
higher stability while compound 14T exhibits a lower

Figure 12. Compound 6T demonstrated a reduction in Aβ plaques, as
confirmed through TEM. Aβ (0.217 ± 0.042 mg/mL) obtained from
the brain of an AD patient underwent incubation with DMSO (0.25%;
referred to as control), compound 6T (at 50 μM), or compound 14T
(at 50 μM) for 5 days before TEM visualization. Scale bars represent
200 nm.

Figure 13.Compound 6T reduced the formation of oligomer following
the disaggregation experiment performed with α-syn fibrils. Mature α-
syn fibrils were incubated with 100 μM compound 6T for 4 days at 37
°C and then loaded in 16% SDS−PAGE gel. The Western blot was
assessed using anti-alpha-syn 33 to recognize the oligomers (bands
higher than 35 kDa). The control consisted of the vehicle (0.25%
DMSO).
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percentage remaining at 25%, suggesting it might be more prone
to degradation.

Single-Dose PK. The PK study for the best drug candidate
was carried out by Pharmaron, China, using a CD1 male mouse

Figure 14. Compounds 14U, 15U, and 16T did not prevent substantially α-syn inclusion formation at a low micromolar concentration. (A) M17D
cells expressing the inclusion-prone αS-3K::YFP fusion protein (dox-inducible) were treated with 0.1%DMSO (vehicle; “0 μM”) as well as 1.25, 2.5, 5,
10, 20, and 40 μM of compounds 14U, 15U, and 16T at t = 24 h after plating. Cells were induced with dox at t = 48 h. Incucyte-based analysis of
punctate YFP signals relative to 0.1%DMSOwas done at t = 96 h (N = 2 independent experiments, n = 6−12 individual wells total 0 μM, n = 12; 40, 20,
and 10 μM, n = 6; all other concentrations, n = 12). (B) Plot of confluence fold changes relative to the DMSO vehicle (0 μM). All data are presented as
fold changes relative to DMSO control +/− standard deviation. One-way ANOVA, Dunnett’s post hoc test; ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001;
****p < 0.0001; ns, non-significant.

Figure 15. Compound 14T mainly prevents α-syn inclusion formation. M17D cells expressing the inclusion-prone αS-3K::YFP fusion protein (dox-
inducible) were treated with 0.1%DMSO (vehicle; “0 μM”) as well as 1.25, 2.5, 5, 10, 20, and 40 μMof compounds 6T and 14T at t = 24 h after plating.
Cells were induced with dox at t = 48 h. (A) Incucyte-based analysis of punctate YFP signals relative to 0.1% DMSO was done at t = 96 h in N = 4
(compound 6T) orN = 3 (compound 14T) independent experiments, n = 9−24 individual wells total. For compound 6T: 0 μM, n = 18; 40, 20, and 10
μM, n = 9; all other concentrations, n = 18. For compound 14T: 0 μM, n = 24; 40, 20, and 10 μM, n = 11; all other concentrations, n = 24. (B) Same as
panel (A), but confluence fold changes relative to the DMSO vehicle (0 μM)were plotted. (C) Representative Incucyte images of reporter cells treated
with the vehicle vs 40 μM compounds 6T and 14T (t = 96 h), phase and green channel. Arrows indicate αS-rich and YFP-positive inclusions. Scale bar
represents 50 μM. All data are presented as fold changes relative to DMSO control +/− standard deviation. Kruskal−Wallis tests plus Dunn’s multiple
comparisons test; ∗p < 0.05; ∗∗∗p < 0.001; ∗∗∗∗p < 0.0001, ns, non-significant.
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and single intravenous administration (Figure 17). The PK
studies were performed to determine the potential of the best
compounds to cross the blood−brain barrier. In addition to the
best compounds found herein, compound 19U, previously
characterized in vitro, was included in the PK study due to its
excellent α-syn anti-oligomer, anti-fibril, and anti-inclusion
activities.20 Compounds 6T, 14T, and 19U resulted in a
plasma:brain ratio ≥1, which supports that these compounds

cross the blood−brain barrier. When compared to 14T,
compounds 19U and 6T exhibited an increased exposure and
a larger volume of distribution in the plasma, suggesting superior
pharmacokinetic characteristics. A small amount of the
compound was administered, which may have resulted in a
short half-life. However, microsomal stability is below 70% for
compound 14T, which may indicate the involvement of phase 1
metabolism. Optimization of compounds will address the
microsomal stability issues in future studies.

■ CONCLUSIONS
We examined the anti-aggregation effect of 140 small molecules
containing a urea/thiourea linkage, with either an indole or
phenyl benzothiazole analogue, against the aggregation of α-syn.
Analysis of α-syn ThT fluorescence reveals that the compounds
exhibiting indole or N,N-dimethylphenyl on one end, along with
halo-substituted aromatic groups on the other, emerge as the
most efficacious inhibitors of fibril formation. The most
promising compounds were examined for their ability to inhibit
both anti-oligomer and anti-fibrillar activities on different tau
isoforms. Compound 6T emerged as the best inhibitor of tau
0N4R oligomerization. Compounds 6T and 14T both showed
great effects against 2N3R (ThT assay) and 2N4R (TEM)
fibrillization. Also, 6T was the best in disaggregating the Aβ
plaques. Compound 14T showed notable effectiveness in
reducing the Aβ plaques and the number of M17D α-syn
inclusions. Both compounds 6T and 14T reduced the level of
seeding of htauP301S in biosensor cells and crossed the blood−
brain barrier in CD1 mice. Mechanistic studies will confirm the
hypothesis of these compounds being most likely beta-sheet
breakers in future studies. Additionally, optimization will be
performed to improve pharmacokinetic properties in rodents,
i.e. metabolic stability and half-life.

Figure 16.Compounds 6T and 14T reduce the tau seeding activity in vitro. (A) Schematic of the experimental setup to test the effect of compounds on
tau seeding activity. The htauP301S plasmid was transfected to overexpress tau in HEK 293T cells, and the cells were treated with the compounds 24 h
later. Cell viability and tau seeding activity were assessed 48 h after treatment with compounds. (B) Viability of HEK cells after treatment with the
compounds. The compound treatments in HEK 293T were performed in 3 biological replicates (N = 3 per condition). (C) Representative images of
the FRET signal from biosensor cells after transfection with HEK cell lysates. (D) Seeding activity of cells overexpressing htauP301S and after
treatment with the compounds. Values are given as the means± SEM of two technical replicates of theN = 3 treated HEK 293T cells (B). Significance
was determined by unpaired one-way analysis of variance (ANOVA).

Table 2. Kinetic Solubility of Compounds 6T and 14Ta

compound measured solubility (μM)

6T >100
14T >100
mebendazole 40

aKinetic solubility of compounds. Compounds 6T and 14T (best
compounds) were solubilized in ThT buffer composed of 10 mM PBS
(pH = 7.4) with an additional 300 mM NaCl and 0.5 mM SDS. A
final concentration of DMSO consisted of 1%. Mebendazole was used
as a standard.

Table 3. Microsomal Stability of Compounds 6T and 14Ta

compound mouse microsome (% remaining at 30 min)

6T 74
14T 25
imipramine 44

aThe experiment involves using a test compound at a concentration
of 3 μM, with four replicates conducted to ensure reliability and
consistency of results. The solution comprises 100 mM phosphate
buffer (pH 7.4), 3 mM MgCl2, NADPH (cofactor) at a concentration
of 1 mM, and 1% DMSO. Mouse microsomes were set at 0.25 mg/
mL. At a specific time point of 30 min, the stability of the test
compound was assessed using LC−MS/MS analysis and the %
remaining was recorded.
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■ METHODS
Chemical Synthesis. General Information. The urea and thiourea

derivatives were prepared with the nucleophilic addition of commercial
anilines and isocyanates or isothiocyanates as published previ-
ously.18,20,21 Detailed chemical characterization can be found in the
Supporting Information.
Biophysical Methods. ThT Kinetic Assay. The thioflavin

fluorescence assay is an established technique used to study the action
of compounds in interfering with fibril formation. Previous studies have
examined the fibril formation kinetics of recombinant α-syn.18,23,30 A
stock solution of 277 μM α-syn was prepared by dissolving the protein
(obtained from r-peptide) in 20mMTris−HCl (pH 7.4). The resulting
solution was then diluted in ThT buffer (10 mM PBS buffer (pH 7.4),
0.5 mM SDS, and 300 mM NaCl). ThT and compounds at a final
concentration of 40 and 100 μM were first added to a 96-well
transparent flat bottom plate (nontreated). Diluted α-syn was then
added, with each well having a total volume of 150 μL to have the final
concentration of α-syn at 2 μM. The BG signal was generated using a
solution composed of ThT, buffer, and 0.25% DMSO. Conversely, the
positive control included α-syn, along with ThT, buffer, and 0.25%
DMSO.

We further examined the effect of the best compounds on tau
isoforms 0N3R, 2N3R, and 2N4R. Regarding this, tau at a final
concentration of 10 μM was diluted in CHELEX-treated buffer
containing 50 mM Tris and 25 mM NaCl (pH 7.4) and then
supplemented with 100 μM compound, 30 μM ThT, 1 mM DTT, 2.5
μM heparin, and 1 mM of 4-(2-aminoethyl)benzenesulfonyl fluoride
hydrochloride at an overall volume of 200 μL/well in a 96-well plate.
Untreated tau serves as a positive control. All components were used
without the addition of protein to acquire the BG signal. The BioTek
Synergy plate reader was used to generate the ThT fluorescent signal for
both tau 2N3R and α-syn. The plate was incubated at 37 °Cwhile being
shaken at 200 rpm at regular intervals, and fluorescence readings were
taken every 5 min. The data generated were plotted using the BioTek
Gen5 software, and the excitation and emission wavelengths were 440
and 480 nm, respectively. To ensure the reliability of the data, the
measurements were carried out in triplicate and repeatedmultiple times
using different stock solutions of both proteins.
Chemical and Protein (Peptide) Source. ThT for α-syn ThT assays

was acquired from Alfa Aesar (Ward Hill, MA), and for tau 0N3R ThT
assays, it was purchased from Sigma-Aldrich (St. Louis, MO).
Millipore-Sigma supplied the heparin sodium salt, and recombinant
α-syn and tau 2N4R were procured from rPeptide (Watkinsville, GA).
For tau 0N4R, a bacterial expression plasmid including the vector
pET30a bearing a cDNA encoding the human tau 0N4R isoform was
kindly provided by Dr. BenjaminWolozin (Boston, MA) for expression
and purification. The Rosetta BL21 E. coli (CamR) stock, which
contains pET30a[0N4R tau wt] (KanR), was cultured in the LB
medium supplemented with 50 μg/mL of kanamycin and 50 μg/mL of
chloramphenicol. One mM IPTG was added to the culture, and cells
were incubated for around 18 h at 37 °C to promote protein
overexpression; thereafter, cells were centrifuged at 6000g for 15 min at

4 °C to extract the pellets. Pellets were suspended in the lysis solution
(10 mMHepes pH 7.4, 50 mM NaCl, 1 mMMgCl2, 1 mM PMSF, 1×
PIC, 0.5 mMDTT), and the cells were lysed by sonication for about 3−
5 m at 30 s on, 1 min off, and between 30 and 45% power. The
supernatant was transferred with 7.8 mL (total) of 3 M NaCl after the
lysate was centrifuged at 10,000 g for 10 min at 4 °C. After 10 min of
incubation in a water bath at 80 °C, the lysate was cooled in an ice bath
for a further 10 min. The lysate was then centrifuged for 10 min at
10,000 g and 4 °C, and the supernatant was transferred to fresh tubes.
The supernatant was dialyzed overnight against a cation exchange
buffer (pH 6.0, including 50 mMMES, 1 M NaCl, and 1 mMDTT). A
linear gradient ranging from 50 mM to 1 M NaCl was used to elute the
proteins from the dialysate after it was put onto a HiPrep SP HP
column. After fractions that contained tau isoform 0N4R, the protein
solution was dialyzed against PBS (pH 7.4) and kept at −80 °C.
0N3R, 2N3R, and 2N4R Expression and Purification. The method

previously described for all three tau isoforms was used for their
expression and purification.31−33 Following transformation, BL21
(DE3) was produced from the pET-47b(+) vector carrying the
0N3R or 2N3R gene and the pET-14b vector carrying 2N4R. The
fantastic broth medium was inoculated with an overnight-grown starter
culture and cultivated at 37 °C with 200 rpm of shaking. 0.1 mM IPTG
was used for 3−6 h at 37 °C to produce protein overexpression at an
OD600 of 0.6−0.8. The expressing cells were again suspended in the lysis
buffer (pH 7.4), which contains 25 mMNa3PO4, 300 mMNaCl, 5 mM
imidazole, 1 mMDTT, and 1 mM PMSF. Via sonication, reconstituted
cells were lysed for 10 min at 60% power, with 30 s of on and 10 s of off.
The cell lysate was centrifuged at 100,000 g. Ni-NTAwas used to purify
tau from the supernatant. Imidazole was eliminated by dialyzing the Ni-
NTA elute. Human rhinovirus (HRV) 3C protease was then used to
cleave off the His-tag by incubating it with tau at a 1:100 molar ratio for
4 h at 4 °C. His-tag-free tau was then isolated using a second Ni-NTA
column. Before any additional processing, the Ni-NTA fraction
containing His-tag-free tau was dialyzed against a salt-free buffer
before purification. Using 50 mM Tris at pH 7.4 and 50 mM Tris, 1 M
NaCl at pH 7.4 as Buffers A and B, respectively, tau was purified using a
HiTrap SP Sepharose FF cation exchange column. Using a PD10
desalting column, fractions containing tau were buffer exchanged into
50 mM Tris, 25 mM NaCl, pH 7.4, and kept at −80 °C until needed.
One gram of CHELEX beads per one liter of buffer was added to each
buffer in this phase and left overnight.
PICUP Assay.The formation of α-syn and tau oligomers was induced

by cross-linking. The stock solution of α-syn was diluted in PBS to
obtain a final concentration of 60 μM. Tau (all isoforms) was diluted to
achieve a concentration of 6 μM. Two μL of Tris(2,2′-bipyridyl)-
ruthenium(II) chloride (Ru(bpy)3) complex, serving as a photo-
sensitizer, was added at a final concentration of 300 μM. The
compounds to be tested were first diluted from a stock of 40 mM in
DMSO to obtain a working concentration of 400 μM in PBS, and the
final concentrations that were used were based on the experiment setup.
Two μL of APS was added to complement the action of the Ru(bpy)3
complex, and the resulting mixture (a total volume of 20 μL) was

Figure 17. Mean plasma and brain concentration−time curve of compounds (A) 6T, (B) 14T, and (C) 19U in CD1 male mouse after intravenous
administration of 1 mg/kg. Data are expressed as mean with the standard deviation.
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exposed to light in order to induce the cross-linking of the protein
monomers. The controls include samples that have not been exposed to
light, did not contain Ru(bpy)3 or APS, and did not include any
compound (i.e., 0.125% DMSO). Both APS and Ru(bpy)3 were added
to the sample mixture before the light exposure. For α-syn, the exposure
time was 1 s, while the tau isoforms have a 60 s exposure time. Light
exposition was achieved using a 53W (120 V) glowing filament lamp in
a custom-built dark box. The radical reaction was terminated with the
addition of 8.3 μL of Laemmli loading buffer containing 15% β-
mercaptoethanol, followed by an incubation period of 10 min at 95 °C.
Tau and α-syn samples were loaded on a 16% SDS−PAGE gel and then
visualized following Coomassie blue staining.
TEM. TEM was used to detect the formation of fibrils after the

completion of the ThT kinetics of fibril formation. Ten μL of each
sample (tau, α-syn, and Aβ) was loaded onto a 400-mesh Formvar
carbon-coated copper grid (Electron Microscopy Sciences, Hatfield,
PA) in preparation for the EM analysis. The grid with the samples was
incubated for 1 min, followed by three successive rinses with distilled
water. The samples were carefully air-dried before being incubated for 1
min in a freshly prepared 1% uranyl acetate solution. Excess liquid was
absorbed from the grid with filter paper and then air-dried. The grids
were analyzed by using a JEOL 1400 Flash (from Japan) transmission
electron microscope. Micrographs were captured at 40-fold magnifi-
cation and an acceleration voltage of 100 kV.
CD. CD spectra were recorded at 25 °C under a constant flow of N2

using a JASCO-810 spectropolarimeter (Jasco, Easton, MD). The
instrument was set with a wavelength range of 180−250 nm.
Measurements were acquired using a quartz cuvette of 1 mm path
length and an instrument scanning speed of 100 nm/min, with a
response time of 2 s and a bandwidth of 1 nm. All α-syn samples were
prepared using a final concentration of 15 μM in 10 mM PBS buffer
(pH 7.4) containing 300 mM NaCl and 0.5 mM SDS. Prior to
measurement, samples were incubated at 37 °C for 0, 48, and 72 h.
0.25%DMSOwith the buffer alone (no α-syn) was used as the baseline
and subtracted from subsequent readings of all samples. Each result is
given as the average of 5 scans taken of three measurements at room
temperature.

α-Syn Inclusion-Forming Neuroblastoma Cell Experiment. A
previous study has performed this assay using the dox-induced M17D-
TR/αS-3K::YFP neuroblastoma cells.28 A 96-well plate was used for the
cell plating at a density of 30,000 cells/well. After 24 h of cell plating, the
tested compounds were added, and the induction of αS-3K::YFP
transgene expression was initiated 24 h later with the addition of 1 μg/
mL of dox to the culture media. Cells were incubated within the
Incucyte Zoom 2000 platform (Essen Biosciences), where continuous
imaging (capturing both green and bright field images) was performed.
An inclusion formation or growth end point study was performed after
48 h of induction (96 h after cell plating). The Incucyte processing
definition of “Inclusions” was designed as follows: parameters, fixed
threshold, threshold (GCU) 50; edge split on; edge sensitivity 100;
cleanup; hole fill (m2): 10; adjust size (pixels); filters; area (m2): max
50; mean intensity: min 60; integrated intensity: min 2000. The
following processing definition of “Cells” was utilized in determining
cell confluence: parameters, segmentation adjustment 0.7; cleanup, all
parameters are set to 0; filters, area (m2): min 345.00.
Cell Culture Cotransfection. The HEK 293T cell line was cultured

in DMEM (Invitrogen) with 10% FBS (Invitrogen). Human tau P301S
plasmid, cloned in pRK5, was transfected with Lipofectamine 3000
(Invitrogen), and the compounds were added to the cell culture 24 h
after transfection. The cells were collected 48 h after compound
treatment, and the cell viability was assessed using TypanBlue. Cells
were then lysed in 1X TBS with a protease inhibitor (Roche) by
sonication (1 min, 30% Amp, 5 s ON −5 s OFF). The lysate was
centrifuged at 21,100 g for 10 min at 4 °C. The supernatant (TBS
soluble fraction) was transferred into fresh tubes and used for the tau
seeding analysis.
Tau Seeding Assay. A seeding assay was performed as previously

described with modifications.34,35 TauRD P301S FRET Biosensor cells
(ATCC #CRL-3275) were plated at 35,000 cells/well in 130 μL of
media in a 96-well plate and then incubated at 37 °C overnight. The

next day, cells were transfected with cell lysates (4 μg of total protein per
well) by using Lipofectamine 2000 and then incubated at 37 °C for 48
h. Cells were harvested by trypsinization. Flow cytometry was
conducted with a BD LSRFortessa X-20 instrument with a high-
throughput sampler. The BV421 channel (Ex: 405 nm, Em: 450/50)
was used to detect CFP, and the BV510 channel (Ex: 405 nm, Em: 525/
50 + 505LP) was used to detect the FRET signal, with compensation to
remove the CFP spillover into the FRET channel. Data analysis was
performed with FlowJo as previously described.34 Seeding was
quantified by the integrated FRET density, defined as the product of
the percentage of FRET-positive cells and the median fluorescent
intensity (MFI) of FRET-positive cells. Illustrations were made using
BioRender.com.
Solubility Testing. Kinetic solubilities of compounds 6T and 14T

have been achieved at the Medicinal Chemistry Core Facility at
Michigan State University. Compounds were solubilized in 10mMPBS
(pH = 7.4) supplemented with 300 mMNaCl and 0.5 mM SDS. This is
the buffer used in the ThT assays. The final concentration of DMSO
consisted of 1%. Mebendazole was utilized as a control by the chore
facility. Compounds were tested with a concentration range of 1−100
μM. Three replicates were performed. The incubation time consisted of
2 h at 37 °C, and analyses were done with optical density at 620 nm.
Mouse Microsomal Stability. The mouse microsomal stability was

assessed by the Medicinal Chemistry Core Facility at Michigan State
University. Compounds 6T and 14Twere tested at a concentration of 3
μM. The control consisted of imipramine. Four replicates were
analyzed. The buffer consisted of 100 mMphosphate buffer (pH 7.4), 3
mM MgCl2, 1 mM NADPH (cofactor), and 1% DMSO. The mouse
microsome concentration was 0.25 mg/mL. After 30 min, the stability
of each compound was determined using LC−MS/MS. The remaining
percentage of compound was reported.
Animal Studies. The pharmacokinetic single-dose administration of

compounds 6T, 14T, and 19U was performed by Pharmaron using
male CD1 mice. Groups consisted of three mice per time point. Single-
dose administration of 1mg/kg was done intravenously. Formulation of
the compound consisted of 0.2 mg/mL solution of “10%DMA/90%
(20%HP-β-CD in water (w/w))”. Blood and brain sampling was
performed at 0.083, 0.5, 1, 2, 4, and 8 h. The bioanalytical assay was
performed with HPLC−MS/MS.
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