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Aggregate structures formed by amyloid-p (Af) are correlated with
the progression of pathogenesis in Alzheimer’'s disease. Previous
works have shown that photodynamic photosensitizers were effec-
tive in oxidatively degrading amyloid-p aggregates and thus
decreasing their cytotoxicity under various conditions. In this work,
we designed and synthesized a benzothiazole—naphthalene con-
jugate, with high level of structural analogy to Thioflavin T which is
known to have high affinities for the amyloid peptide aggregates.
The endoperoxide form (BZTN-O,) of this compound, which
releases singlet oxygen with a half-life of 77 minutes at 37 °C,
successfully inhibited and/or reversed amyloid aggregation. The
endoperoxide is capable of singlet oxygen release without any need
for light, and its charge-neutral form could allow blood-brain
barrier (BBB) permeability. The therapeutic potential of such endo-
peroxide compounds with amyloid binding affinity is exciting.

Alzheimer’s disease (AD) is the most common form of
dementia." The discovery of amyloid beta (AB) plaques in the
extracellular space of the brains of AD patients in 1984, led to
the “amyloid hypothesis”.> This hypothesis posits that AB
monomers assemble into toxic oligomers and fibrous aggre-
gates, causing neuronal damage. Resulting clinical symptoms
are cognitive disfunction and memory loss. In addition to AB
plaques, neurofibrillary tangles (NFT) composed of tau protein
are correlated with cognitive disfunction.’ In one model of AD
initiation/progression, AR is the trigger and NFT are the bullets
for neurotoxicity.*

While AD has been linked to oxidative stress and reactive
oxygen species (ROS),” the process requires finer assessment of
the roles of individual ROS and/or reactive nitrogen species
(RNS) entities, and not appropriate for painting with a broad
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brush. In fact, a number of articles appeared recently,® clearly
demonstrating the fact that the oxygenation of amyloid pep-
tides under the conditions of photodynamic action reduced
their neurotoxicity. Furthermore, using Drosophila AD models
two different photosensitizers resulted in full recovery of the
locomotion defects.””¥ The photosensitized reaction is highly
specific, and the most important change is the oxidation of a
methionine residue at the position 35 (M35) of the APy,
peptide.”” This particular amino acid is critical for holding
the conformation needed for aggregation of AP peptides into
toxic oligomers and fibril structures, and its oxidation to
methionine sulfoxide inhibits the rate of aggregation.® The
reactivity and the mode of generation suggest that singlet
oxygen is involved in the oxidation reactions.” In fact, it is
known that singlet oxygen effectively reacts with methionine
residues to yield sulfoxide.”

Photodynamic generation of singlet oxygen suffers from two
inherent limitations, light cannot be transmitted through
tissues effectively,® especially through the skull,” in the case
of brain tissues. Also, photodynamic singlet oxygen generation
depletes local oxygen resources. Based on our previous experi-
ence with on target, and on demand delivery of singlet oxygen,
we set out to design and synthesize an AP binding compound
with endoperoxide moieties which could thermally release
singlet oxygen to disrupt AP oligomerization and aggregation.
To that end, we noted that Thioflavin T (Fig. 1) is known to be a
selective fluorescent stain for A fibril structures. On binding,
the fluorescence emission near 480 nm is significantly
enhanced. Well-known ''C PET tracer “Pittsburgh compound
B” (a.k.a. PiB, or BTA-1) is structurally related to ThT, and it is
highly selective for amyloid 8 deposits in brain.

The simple naphthalene derivative BZTN and its endoper-
oxide form BZTN-O, were designed in an attempt to keep
maximum structural similarity to ThT and PiB while introdu-
cing an endoperoxide module. The synthesis of the target
compounds (Fig. 2) starts with 1,4-dimethylnaphthalene (1).
Functionalization at the 6 positions was done by following a
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Fig. 1 Structures of Thioflavin T and the 'C-labeled PET imaging agent
Pittsburgh compound B. In this work, the compounds BZTN and BZTN-O,
were synthesized.
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Fig. 2 Synthesis path for the compounds BZTN and its endoperoxide
BZTN-O,.

useful regioselective borylation reported by the Suginome
group.’® Deprotection of the compound 2 was carried out
according to literature, followed by conversion of the boronic
acid functionality to a formyl group by a modified Petasis
reaction.'” Benzothiazole core was then generated by the reac-
tion of the aldehyde with p-toluidine, thiocyanate and iodine in
DMSO. BZTIN obtained in this way can conveniently be trans-
formed into endoperoxide BZTN-O,, by the reaction of singlet
oxygen obtained by photosensitization.

The cycloreversion reaction rate of the endoperoxide
BZTIN-O, was determined following the changes in the
'H NMR of the compound in CDCl,. The first order reaction
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Fig. 3 Temporal evolution of BZTN-O, H NMR in CDClz at 37 °C. It is
noteworthy that conversion is back to BZTN in a clean reaction without
any by-products.

rate and the half-life of the endoperoxide can be obtained by
following the changes in the integral ratios of the various
peaks, such as essentially unchanged singlet methyl peak of
the benzothiazole core near 2.45 ppm versus the two new singlet
peaks appearing near 2.7 ppm (Fig. 3).

The half-life at 37 °C was determined to be 77 minutes which
is in the expected range for most naphthalene endoperoxides.
We then proceeded to establish that the other product is indeed
singlet oxygen by carrying out the cycloreversion reaction of the
endoperoxide BZTN-O, (Fig. 4) in the presence of singlet oxygen
trap 1,3-diphenylisobenzofuran (DPBF).

In order to assess the utility of the BZTN-O, in degradation
of the AP aggregates we have carried out following experiments.
First, a solution of monomeric AB,_,, was prepared in
hexafluoro-2-propanol (HFIP) and kept at room temperature
overnight. The solution was divided into aliquots desiccated to
afford film-like lyophilized AB;_4,. For the ThT binding assay
(ESI) ABq_4, film was re-dissolved in ammonium hydroxide
solution, then diluted with phosphate buffer. A mixture of the
peptide (50 puM, final concentration) with or without BZTN or
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Fig. 4 The decrease in the absorption peak of DPBF (50 uM) in the
presence of BZTN-O, (500 pM) in DMSO in dark at 37 °C.
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Fig. 5 (a) ThT emission spectra following typical assay procedure for the
AB, Ap + BZTN and AB + BZTN-O, samples. Excitation at 450 nm.
(b) Absorption spectra obtained following DNPH assay procedures for
the AB, AB + BZTN and AP + BZTN-O, samples. BZTN-O, results in
significant oxidative transformations.

BZTN-O, (100 pM) was incubated at 37 °C for 48 h. After
incubation, ThT (5 pM) was added. Then the fluorescence
intensities were recorded after five minutes. ThT specific for
B-sheet aggregate structures and our data shows that BZTN-O,
very effectively inhibits formation of these structures (Fig. 5a)
as evidenced by the decrease of emission intensity. The inhibi-
tory effect of the BZTN itself is also expected as it is capable of
binding the B-sheet rich aggregates.

Another assay commonly used to assess oxidative transformation
of peptides is the chromogenic 2,4-dinitrophenylhydrazine (DNPH)
assay. A4, in solution was precipitated with a trichloroacetic acid
(TCA, 20% final concentration) solution at 0 °C, the peptide was
then collected by centrifugation. DNPH was added (10 mM DNPH
in 2.0 M of HCI) followed by 1 h incubation at room temperature.
The samples processed further and finally absorption spectra were
collected (Fig. 5b). As expected, +BZTN-O, results in large hydrazone
peak unlike +BZIN or AP alone, which is clearly due to singlet
oxygen mediated side chain oxidation. The process is selective,
under the same conditions, BSA is oxidized only to a small extent
(ESL Fig. S2).

Finally, we wanted observe the changes in the amyloid fibrils
and aggregate structures microscopically (TEM) compared var-
ious control cases, including curcumin, well-known"’ disruptor
of amyloid aggregation (ESIT). To that end, AB;_4, peptide stock

This journal is © The Royal Society of Chemistry 2022

View Article Online

Communication

Fig. 6 TEM images acquired for the samples subjected to following
conditions: (a) 25 uM AB;_4» alone t = 0 h (b) 25 uM AB;_42 alone, 48 h
incubation at 37 °C; (c) 25 uM AB1_42 and 25 pM curcumin 48 h incubation
at 37 °C; (d) 25 uM AB;_4> and 25 puM BZTN 48 h incubation at 37 °C;
(e) 25 uM AB;_45 and 25 uM BZTN-O, 48 h incubation at 37 °C. Bar 500 nm.

was diluted with phosphate buffer (pH 7.4) to 100 uM before
use. For the inhibition of AB,_,, aggregation, monomeric AB;_4,
was incubated with BZTN-O,, BZTN or curcumin at 37 °C for
48 h, respectively. Monomeric AB;_4, and aggregated AB; 4o
were used as control groups. The concentration of AB;_4, and
the test compounds were set as 25 uM (final concentration).
Aliquots of the samples were placed on a carbon coated copper/
rhodium grid and each grid was stained with 0.5% phospho-
tungstate solution for 2 min. The excess staining solution was
removed and the specimen was transferred for imaging with
transmission electron microscopy. Images acquired (Fig. 6)
show that 37 °C incubation results in in large aggregate
structures (Fig. 6b) whereas curcumin only leads to small
globular structures (Fig. 6¢). Compound BZTN is less effective
(Fig. 6d) than curcumin, but BZTN-O, (Fig. 6e) inhibits aggre-
gate structures altogether.

Similar experiments where BZTN-O2 is added after the
aggregation, also showed effective degradation of the pre-
formed aggregate structures (ESLf Fig. S7) as evidenced by
TEM images.

AFM images were also acquired (Fig. 7) for samples of AB;_4,
exposed to BZTN-O2. Large aggregate structures were success-
fully degraded in the presence of 25 uM.

Finally, toxicity of the compounds was assessed using two
normal cell cultures. We are pleased to report (Fig. 8) that
within the concentration range of our study, both BZTN and
BZTN-0O2 are not cytotoxic.

Fig. 7 AFM images acquired for the samples subjected to following
conditions: (a) 25 uM AB;_42 alone t = 0 h (b) 25 pM AB;_4, alone, 48 h
incubation at 37 °C; (c) 25 uM AB;_4, and 25 pM BZTN-O, 48 h incubation
at 37 °C. Bar 2 ym.
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Fig. 8 Cytotoxicity of BZTN and BZTN-O, against (a) HUVEC (b) LO2 cell
cultures.

In conclusion, we were able to demonstrate that an endo-
peroxide with an affinity to amyloid beta clusters, is capable of
inhibiting aggregation via oxidative transformation. The ther-
apeutic potential of this, and conceptually related compounds
are currently under study in our laboratories.
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