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Thiophene-Based Optical Ligands That Selectively Detect

Ap Pathology in Alzheimer’s Disease

Therése Klingstedt,” Hamid Shirani,” Bernardino Ghetti,” Ruben Vidal,"” and

K. Peter R. Nilsson*

In several neurodegenerative diseases, the presence of aggre-
gates of specific proteins in the brain is a significant
pathological hallmark; thus, developing ligands able to bind to
the aggregated proteins is essential for any effort related to
imaging and therapeutics. Here we report the synthesis of
thiophene-based ligands containing nitrogen heterocycles. The
ligands selectively recognized amyloid-f (AB) aggregates in
brain tissue from individuals diagnosed neuropathologically as
having Alzheimer's disease (AD). The selectivity for AP was

Introduction

Alzheimer's disease (AD) is the most common neurodegener-
ative disease and the leading cause of dementia accounting for
50-70% of all cases.' Similar to many other neurodegenerative
diseases, AD is associated with the accumulation of protein
aggregates in the brain. The histopathological hallmarks of AD
are the presence of extracellular deposits composed by the
amyloid- (AP) peptide and intraneuronal neurofibrillary tangles
(NFTs) made of hyperphosphorylated tau. The processes that
cause the formation of Af} plaques or NFTs are early events in
the pathogenesis of the disease and begin occurring before the
onset of clinical symptoms.”® Therefore, developing ligands
that bind to these pathological lesions is the focus of many
research groups. In fact, such ligands may aid in studying the
pathogenesis of AD and enable early detection and longitudinal
monitoring of pathological lesions.

The "'C-labelled benzothiazole Pittsburgh compound B (PIB)
was the first ligand to be used clinically as a positron emission
tomography (PET) tracer for AP} aggregates and is still the gold
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dependent on the position of nitrogen in the heterocyclic
compounds, and the ability to bind AB was shown to be
reduced when introducing anionic substituents on the
thiophene backbone. Our findings provide the structural and
functional basis for the development of ligands that can
differentiate between aggregated proteinaceous species com-
prised of distinct proteins. These ligands might also be powerful
tools for studying the pathogenesis of AP} aggregation and for
designing molecules for imaging of Ap pathology.

standard for such purpose.” Other AB selective ligands, such as
florbetapir, florbetaben, flutemetamol and AZD4694, based on
different heterocyclic molecular scaffolds, have also been
developed and evaluated in clinical studies.®'" For selective
detection of tau filamentous aggregates, several classes of
potential ligands have been identified. The first generation of
ligands, which includes, for example, '®F-THK5351, '8F-AV-1451
('®F-T-807) and ""C-PBB3, has shown encouraging results, but
unexplained retention of ligands in several brain regions has
been reported."*'® Therefore, a second-generation of ligands
for tau imaging is now being developed with the aim of
reducing the previously observed off-target binding. Structur-
ally, the new ligands are either modified versions of first-
generation tracers, as for example "F-PI-2620, or are designed
by using novel chemical scaffolds, as in the case of '*F-MK-
6240.718

Even though a variety of ligands for detection of AP or tau
aggregates now exist, there have been examples where they
have failed to label their respective targets.””? The lack of
detection of certain aggregated species of proteins might be
caused by the existence of distinct morphotypes of AB or tau
aggregates. The prion protein is a classic example of how an
identical protein primary sequence can form distinct aggregate
morphotypes giving rise to specific neuropathological and
clinical abnormalities (i.e. prion strains).”® A similar polymor-
phism has been suggested both for AR and tau
aggregates.”' " For example, by using cryo-electron micro-
scopy (cryo-EM), AP fibrils derived from AD brain were shown
to be polymorphic.®* Recent cryo-EM studies have also revealed
distinct structures of tau filaments purified from the brains of
patients diagnosed with AD, chronic traumatic encephalopathy,
corticobasal degeneration or Pick's disease, as well as filaments
composed of recombinant tau.2**"

Lately, a novel class of optical ligands known as conjugated
poly- or oligothiophenes (LCPs and LCOs) has been used to
study conformational variation of aggregates composed of

© 2021 The Authors. ChemBioChem published by Wiley-VCH GmbH


http://orcid.org/0000-0002-5582-140X
https://doi.org/10.1002/cbic.202100199
https://onlinelibrary.wiley.com/journal/14397633

Full Papers
ChemBioChem

doi.org/10.1002/cbic.202100199

Chemistry
Europe

European Chemical
Societies Publishing

proteins and peptides such as the prion protein, AB, tau and a-
synuclein®® |In addition, the possibility of designing
thiophene-based ligands that selectively target AP or tau
aggregates in AD was recently demonstrated.***® For tau, bi-
thiophene-vinyl-benzothiazole (b-TVBT) ligands were synthe-
sized by replacing the pyridinyl-butadienyl-motif structure of
tracer PBB3 (Figure 1A) with a bi-thiophenevinyl moiety.***"
When evaluated on AD brain tissue sections, the b-TVBTs
showed binding to NFTs, dystrophic neurites and neuropil
threads (NTs), and their affinity for tau was higher as compared

to PBB3.5” Hence, by introducing thiophene moieties to modify
the structure of PBB3, the binding potential for tau appeared to
increase. Herein, we have synthesized a library of ligands using
the second-generation tau tracer MK-6240"% (Figure 1A) as a
template. The overall aim of the study was to explore the effect
of combining thiophene-based ligands with the MK-6240
scaffold in regard to binding to AP} and tau aggregates in AD.
By replacing the 5-amino-isoquinoline motif of MK-6240 with
bithiophene units and linking them with azaindole or similar
nitrogen containing heterocyclic compounds, eight structurally
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Figure 1. Chemical structures and synthesis of thiophene-based ligands mimicking MK-6240. A) Chemical structures of previously reported ligands, MK-6240

(top), PBB3 (middle) and b-TVBT2 (bottom) that can be utilized for imaging of tau aggregates. B,C) Chemical structures of novel thiophene-based ligands

mimicking MK-6240. D) Reagents and conditions: (i) (G7) DMF, Cul, Cs,CO;, 180°C, 30 min, microwave; (ii) (G2) Toluene, Cul, N,N-dimethylenediamine, K;PO,,

110°C, 24 h; (iii) (G3) 1,4-dioxane/MeOH, PEPPSI™-IPr, K,CO,, 80°C, 1-3 h; (iv) (G4) a) LiOH (3M), 1,4-dioxane, 80 °C; b) HCl, 1,4-dioxane/H,0, NaOH (1 M).
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diverse ligands could be designed. When applying these ligands
on AD brain tissue sections, the result clearly showed that the
overall charge of the bithiophene unit, as well as the position of
nitrogen in the heterocyclic compounds, have great impact on
ligand binding to aggregates of AP or tau.

Results

Synthesis and optical characterization of thiophene-based
ligands mimicking MK-6240

MK-6240 contains two molecular motifs, an azaindole and a 5-
amino-isoquinoline moiety (Figure 1A). To generate a small
library of thiophene-based ligands resembling MK-2640, the 5-
amino-isoquinoline motif was first replaced by a methyl-
bithiophene-carboxylate building block to render ligand HS-276
(Figure 1B). Secondly, three ligands, HS-300, HS-302 and HS-315
(Figure 1B) were created, that have the same methyl-bithio-
phene-carboxylate component as HS-276, but the azaindole
unit respectively replaced by an indazole (HS-300), an azabenzi-
midazole (HS-302) or a benzimidazole (HS-315) building block.
All these ligands were afforded in moderately good yields using
two different synthetic routes (Figure 1D). Initially, the ligands
were  synthesized according to Buchwald arylation
methodology®® involving copper (l) catalysed cross-coupling
between the nitrogen heterocycles 1a-1d and methyl-bithio-
phene-carboxylate (3). Although the arylation of 6-azaindole 1a
and indazole 1b gave the target molecules HS-276 and HS-300
in good yields, this condition provided incomplete conversion
of the starting material when applied to imidazoles 1c and 1d
(typically 5 to 10 percent). Change of reaction conditions such
as the reaction time, solvent or various kinds of bases and
ligands had very little effect on the improvement of the
product’s overall yields. Therefore, we evaluated the scope of
arylation with slight modifications of the Buchwald method
under ligand-free conditions towards intermediates 4a-4d in a
microwave system. A Suzuki-Miyaura cross-coupling reaction
between these intermediates and pinacolboronic reagent (5)
provided the corresponding products with a relatively better
overall yield. Finally, four different analogues, HS-277, HS-301,
HS-303 and HS-316 (Figure 1C), having an anionic bithiophene-
carboxylate building block attached to the corresponding
nitrogen containing heterocyclic element discussed above,
were afforded by removing the methyl group from HS-276, HS-
300, HS-302 and HS-315 (Figure 1D).

When dissolved in dimethyl sulfoxide (DMSO) or water, all
ligands displayed distinctive absorption characteristics between
300 nm to 425 nm (Figure S1). HS-276 showed an absorption
maximum at 370 nm, whereas the other ligands, with the
azaindole unit replaced by an indazole (HS-300), an azabenzimi-
dazole (HS-302) or a benzimidazole (HS-315) building block,
revealed red-shifted (HS-300) or blue-shifted (HS-302 and HS-
315) absorption maxima. Upon excitation with the respective
absorption maximum, HS-276 and HS-300 showed similar
spectra with an emission maximum around 480 nm, whereas
HS-302 and HS-315 displayed emission spectra with two
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emission maxima at 450 and 470 nm (Figure S1). Thus, the
position of heterocyclic nitrogen influenced the optical charac-
teristics of the ligand. In addition, all the anionic ligands
demonstrated a slight blue-shift of the absorption maximum, as
well as a more pronounced blue-shift of the emission,
compared to their uncharged counterpart (Figure S1).

Substitution of benzothiazole with azaindole results in a shift
of selectivity from tau to Af

The first step in the biological characterization of the new
ligand family was that of comparing, in neuropathologically
diagnosed AD brain tissue, their binding properties with those
recently demonstrated using the tau selective b-TVBT ligands.®™
For this experiment, we chose to include HS-276 and b-TVBT2
(Figure 1A) as they share the same methyl-bithiophene-carbox-
ylate building block in their chemical structure; however, in
place of the benzothiazole moiety found in b-TVBT2, HS-276
contains an azaindole (Figure 1A, B). When applied on an AD
brain section, the staining pattern of HS-276 was different
compared to what was recently reported for b-TVBT2."” Instead
of binding to tau pathology, the ligand was labelling AR
accumulations, including cored plaques and diffuse plaques in
the grey matter as well as deposits in the white matter
(Figure 2A, B). The fluorescence intensity of HS-276 upon
binding was strong for all plaque types and they could easily be
detected; however, the core of cored plaques exhibited much
higher intensity of HS-276 emission compared to the diffuse
plaques or the halo surrounding the core of cored plaques
(Figure 2B). The cerebral amyloid angiopathy (CAA) lesions
present in the tissue, confirmed by staining with LCO ligand HS-
84, which has earlier been used for this purpose,”® were not
labelled by HS-276 (Figure 2B). By combining HS-276 or b-
TVBT2 with antibodies against AP (6E10) or hyperphosphory-
lated tau (AT8) on AD brain sections, the results clearly showed,
once again, that the ligands were labelling different structures.
HS-276 was binding to the various types of immuno-labelled AB
accumulations, whereas, as expected, b-TVBT2 and the anti-Af
antibody did not co-localize (Figure 2C). The emission maximum
of HS-276 upon interacting with A was 460 nm (Figure S2).
The corresponding value for HS-276 when diluted in PBS buffer
only was at 496 nm (Figure S2A). The blue-shift in emission
indicates that binding to AP aggregates locks the ligand in a
different conformation compared to when it is free in solution.
When tissue sections were incubated with the ligand and the
anti-tau antibody ATS, it was confirmed that HS-276 did not
bind to tau immuno-positive pathologies, whereas b-TVBT2, as
previously reported, labelled hyperphosphorylated tau (Fig-
ure 2D). Hence, in this comparison of HS-276 and b-TVBT2
binding properties, the staining experiment showed that i)
combining the methyl-bithiophene-carboxylate building block
with azaindole instead of benzothiazole resulted in a shift from
tau to AP selectivity, and ii) when substituting the 5-amino-
isoquinoline motif of the tau tracer MK-6240 with a methyl-
bithiophene-carboxylate building block, the resulting ligand,
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Figure 2. Substitution of benzothiazole with azaindole results in a shift of selectivity from tau to AP. A) Fluorescence image of AD brain tissue section showing
the staining pattern of ligand HS-276 in green. The blue structures represent autofluorescent lipofuscin. Scale bar, 2 mm. B) Fluorescence images depicting
different types of Ap} deposits in AD brain tissue section labelled with HS-276 (green) including cored plaque (left, top panel), diffuse plaque (middle, top
panel) and white matter plaque (WM, right, top panel). In the bottom panel, the staining result of a cerebral amyloid angiopathy (CAA) lesion in AD brain
tissue section is shown. The positive control (Pos C, right) represents staining with LCO ligand HS-84, whereas the negative control section (Neg C, middle)
was incubated with PBS buffer only. In the section stained with HS-276, the fluorescence from the CAA lesion is similar to that observed in Neg C, indicating
that HS-276 does not label vascular Af} deposits. Autofluorescence from lipofuscin can be seen in blue. Scale bar, 20 pum. C) Fluorescence images of AD brain
tissue sections labelled with anti-Af-antibody (magenta, 6E10) and ligand HS-276 (green, top panel) or b-TVBT2 (green, bottom panel). In the structure of HS-
276, instead of the benzothiazole moiety found in b-TVBT2, the bithiophene unit is linked to an azaindole. The substitution resulted in a shift from tau to Ap
selectivity as HS-276 demonstrated binding to AP plaques and co-staining with the antibody (arrow), whereas b-TVBT2 only labelled structures resembling tau
pathology (arrowhead). Note that the strong fluorescence from HS-276 when binding to the core of cored plaques dictated the intensity of the excitation
light when acquiring the image. This makes it harder to distinguish the surrounding halo of the cored plaques and also other plaque types due to weaker
fluorescence emitted from these structures. In the image, autofluorescence from lipofuscin is also shown (blue). Scale bar, 20 pm. D) Fluorescence images of
AD brain tissue sections labelled with anti-phospho-tau (p-tau) antibody (magenta, AT8) and ligand HS-276 (green, top panel) or b-TVBT2 (green, bottom
panel). HS-276 did not show any co-localization with the antibody (arrowhead), whereas immuno-positive tau aggregates, such as NFTs, were readily labelled
by b-TVBT2 (arrowhead). Autofluorescent lipofuscin is shown in blue. Scale bar, 20 pm.
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HS-276, did not show selective binding to tau in AD as MK-6240
but instead showed a high selectivity for Af} aggregates.

In the brain tissue, autofluorescent lipofuscin granules were
also observed. The granules are mainly composed of protein
and lipid degradation residues of lysosomal digestion.”* Since
lipofuscin has a broad autofluorescence,®™ it was sometimes,
depending on the used excitation intensity, observed in the
same fluorescence channels as the ligands. Therefore, to
confirm that these structures represented autofluorescence and
not ligand binding, an additional channel, in which the
acquisition settings only allowed lipofuscin excitation, was
used.

Combining ligands to distinguish between Af and tau
pathology in AD brain tissue

After establishing that HS-276 was only binding to A
aggregates in AD tissue, we next wanted to explore if this
ligand, in combination with the tau selective ligand b-TVBT2,
could be used to distinguish between AP} and tau pathologies.
Since the emission maximum of HS-276 when binding to A
was at 460 nm (Figure S2A), and the corresponding value for b-
TVBT2 emission when binding to NFTs has been reported to be
600 nm,*? it should be possible to separate AB and tau without
any overlap of the emission. In addition, the two ligands can be
excited with two different lasers, 405 nm (HS-276) and 580 nm
(b-TVBT2). An AD brain tissue section was stained with a
solution containing 100 nM HS-276 and 100 nM b-TVBT2, and
AP and tau binding was assessed by measuring the emission
from HS-276 and b-TVBT4 upon binding, using two different
channels (Figure 3A). The result showed that the combination
of ligands could be used to distinguish between AP and tau
pathology in AD brain tissue. The fluorescent properties of the
ligands when interacting with the aggregated proteins were
also explored using fluorescence lifetime imaging microscopy
(FLIM). By plotting the acquired data, the decay time of each
ligand could be specified as 1.5ns to 1.9 ns for HS-276 and
14ns to 2.1 ns for b-TVBT2 (Figure 3B). Autofluorescent lip-
ofuscin could also be seen; however, as the lifetime of lipofuscin
was shorter (0.5 ns to 1.2 ns) than the values obtained for HS-
276 and b-TVBT2, this structure could easily be distinguished
from both AP and tau (Figure 3B, C). The generated FLIM
images, in which the fluorescence decay times were visualized
and color-coded accordingly, revealed that the lifetime distribu-
tions of HS-276 was similar to that of b-TVBT2 (Figure 3C).

The position of heterocyclic nitrogen influences ligand
binding to tau, but not to Ap

We have previously reported that alterations of the heterocyclic
aromatic ring have an impact on ligand binding to protein
aggregates in AD."” Therefore, next, we wanted to investigate
if rearranging the nitrogen atoms in the heterocyclic unit of HS-
276, while keeping the methyl-bithiophene-carboxylate compo-
nent intact, would have any effect on ligand binding to Ap
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plaques. As described earlier, three ligands were synthesised, in
which the azaindole unit was replaced by an indazole (HS-300),
an azabenzimidazole (HS-302) or a benzimidazole (HS-315)
building block (Figure 1B). The ligands were then evaluated by
performing ligand and antibody double staining on AD brain
tissue sections. Similar to HS-276, all three ligands demon-
strated co-staining with the AP antibody 6E10, which confirmed
that also the newly introduced nitrogen heterocycles, in
combination with the methyl-bithiophene-carboxylate moiety,
resulted in binding to various types of Af plaques such as cored
plaques and diffuse plaques (Figure 4).

The emission spectrum of each ligand upon binding was
also collected, and the result showed that the emission
maximum of HS-276, HS-300 and HS-301 was at 460 or 470 nm,
whereas HS-302 and HS-315 emitted a more blue-shifted light
with a maximum at 440 or 450 nm (Figure S2). Similar to HS-
276, all ligands, except HS-301, showed a blue-shift in emission
upon binding to AP} aggregates compared to when being in
buffer (Figure S2A). Interestingly, in addition to Ap plaques, one
of the ligands, HS-300, was also binding to morphologies
resembling NFTs and NTs (Figure 5A). Since it is possible to
distinguish between b-TVBT2 and HS-276 fluorescence (Fig-
ure 3A), and the emission maximum of HS-276 is similar to that
of HS-300 (Figure S2), we performed a staining experiment in
which HS-300 and b-TVBT2 were added to the same AD brain
section. When analysing the result, it could be concluded that
several structures were labelled with both ligands (Figure 5B).
As the selectivity of b-TVBT2 for tau aggregates in AD has been
established,®™” the demonstration of co-staining with HS-300
and b-TVBT2 was a confirmation that the non-Af HS-300
positive structures were composed of tau aggregates. However,
both when applied alone and in combination with b-TVBT2, the
fluorescence intensity of HS-300 bound to tau pathologies was
considerably weaker than its emission from Af} plaques, and it
was sometimes difficult to detect labelled tau inclusions. HS-
300 staining was also performed in combination with AT8 tau
antibody, but when the section was pre-stained with the
antibody, the intensity of the light emitted from the ligand
upon binding was very low (Figure S3) making it difficult to
identify NFTs and NTs showing HS-300 and anti-tau double
staining. A spectral comparison of HS-300 labelling AP or tau
was also performed, and the result did not reveal any significant
difference in emission (Figure S2C). In addition to HS-300, HS-
302 and HS-315 also showed binding to tau; however, the
number of labelled NFTs and NTs was much lower compared to
what was observed with HS-300. In summary, by replacing the
azaindole unit in HS-276 with other heterocyclic aromatic
compounds, we observed that positional changes of the
heterocyclic nitrogen did not have an effect on AP binding in
AD brain tissue. It did, however, influence ligand labelling of tau
aggregates, with the nitrogen arrangement found in indazole
showing the highest affinity for tau.

© 2021 The Authors. ChemBioChem published by Wiley-VCH GmbH
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Figure 3. Combining ligands to distinguish between AP and tau pathology in AD brain tissue. A) Fluorescence image of AD brain section stained with HS-276
and b-TVBT2 simultaneously. The emission from HS-276 (green) and b-TVBT2 (magenta) could be separated into two channels, which allowed differentiation
of AP and tau pathology based on the colour of the emitted light. Autofluorescence from lipofuscin granules is also displayed (blue). Scale bar, 20 um.

B) Intensity-weighted mean lifetime (ti) distributions of HS-276 labelled AP deposits (green) and b-TVBT2 labelled tau pathologies (blue) in the AD brain
section. For the latter, the shorter lifetime distributions (0.5 ns to 1.2 ns) were observed due to autofluorescent lipofuscin. C) Fluorescence intensity (top) and
fluorescence lifetime (bottom) images of HS-276 (left) and b-TVBT2 (right) positive pathologies in the double labelled AD brain section described in panel A. In
the fluorescence lifetime images, the colour bar represents lifetimes from 0.4 ns (orange) to 2.5 ns (blue) and the images are colour coded according to

lifetime. Scale bar, 20 um.

The charge of the ligand influences binding to Ap and tau

The ligands evaluated so far, HS-276, HS-300, HS-302 and HS-
315, all have a chemical structure that is uncharged (Figure 1B).
The absolute majority of thiophene-based ligands developed in
our laboratory, with the purpose of detecting and characteriz-
ing protein aggregates, has been anionic. Therefore, we next
wanted to explore if the introduction of a negative charge on
the thiophene-based ligands mimicking MK-6240 would have
any effect on ligand binding to Af} and/or tau aggregates in AD.
As mentioned above, a set of four new anionic ligands were
achieved by removal of the methyl group from HS-276, HS-300,
HS-302 and HS-315. Staining with these anionic ligands, HS-277,
HS-301, HS-303 and HS-316 (Figure 1C) in combination with an
ApB antibody on AD brain tissue sections revealed that none of
the newly introduced ligands, with the exception of HS-301,
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showed any detectable binding to AP plaques or co-labelling
with the antibody (Figure 6). In all samples, a weak and blue-
shifted fluorescence could be seen from some of the plaques;
however, as this emission was also evident when omitting the
ligands (Figure S4), the observation was concluded as autofluor-
escence, which has been reported for AP plaques.”®” As
previously indicated, the only negatively charged ligand able to
bind to AP was HS-301. The labelling pattern displayed by HS-
301 overlapped with the antibody, and the interaction with the
aggregated AP resulted in strong emission from the ligand
(Figure 6). Structures morphologically resembling NFTs, NTs or
dystrophic neurites could not be detected with HS-277, HS-303
or HS-316, while a few weakly positive NTs could be seen in
sections stained with HS-301. Hence, introducing negatively
charged groups in the bithiophene building block resulted in
loss of binding to A, except when the thiophene moiety was

© 2021 The Authors. ChemBioChem published by Wiley-VCH GmbH
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Figure 4. The position of heterocyclic nitrogen does not influence ligand binding to Ap. Fluorescence images of brain tissue sections with AD pathology
stained with the indicated ligand (green, see Figure 1 for ligand structures) and anti-Af antibody (magenta, 6E10). Autofluorescent lipofuscin is also show
(blue). For each ligand, the arrangement of nitrogen in the heterocyclic aromatic compound differed. As all included ligands showed binding to Af plaques
and co-labelling with the antibody, the result indicated that the position of the heterocyclic nitrogen did not have an effect on ligand binding to Af} plaques.

Scale bar, 20 um.

linked to an indazole unit (HS-301). Ligand interaction with tau
was also inhibited when the negative charge was added to all
of the molecular scaffolds.

The ligands compete for binding of the anionic
oligothiophene g-FTAA-CN to Ap plaques

To investigate the binding mode of the new ligand scaffold to
AP aggregates we performed a staining experiment in which
AD brain tissue sections were pre-incubated with 10 uM of g-
FTAA-CN or HS-169, two LCOs that have been reported as
excellent tools for detection of AP deposits.*****® After a
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washing step to remove unbound LCOs, the sections were
stained with 100 nM HS-276.

The 100-fold excess of g-FTAA-CN or HS-169 made it
difficult to spectrally identify each ligand as the intensity of the
fluorescence emitted from HS-276, when exciting at 405 nm,
was considerably lower than the emission from g-FTAA-CN or
HS-169. Therefore, the possibility of detecting ligand binding by
using FLIM was explored. AP deposits in a brain section that
was only stained with 100 nM HS-276 displayed decay times
between 1.6 ns to 2.1 ns (Figure 7A), which was similar to what
was observed from HS-276 stained AP deposits in the HS-276
and b-TVBT2 double-stained tissue section (Figure 3B). In
contrast, in the section where HS-276 was added following a
pre-incubation step with g-FTAA-CN, a large number of labelled
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Figure 5. The position of heterocyclic nitrogen influences ligand binding to tau. A) Fluorescence images of AD brain tissue section labelled with ligand HS-300
(green). In addition to AP plaques, HS-300 was also binding to morphologies resembling NFTs and NTs (arrowhead). Blue/white structures are autofluorescent

lipofuscin (LF) granules. Note, in all images, the intensity of the green and blue channel has been improved to enhance visualization. Scale bar, 20 pm.
B) Fluorescence image of AD brain tissue section double-labelled with ligand HS-300 (green) and b-TVBT2 (magenta). HS-300 co-localized with b-TVBT2,
confirming that the ligand was binding to tau inclusions. Autofluorescence from LF is depicted in blue. Note, the intensity of the green channel has been

improved to enhance visualization. Scale bar, 20 um.

AR plaques could be seen, but no photons with decay times
corresponding to HS-276 were detected. Instead, the emitted
photons displayed much shorter decay times (0.30ns to
0.45 ns) representing g-FTAA-CN emission (Figure 7B). Thus,
pre-incubation with g-FTAA-CN prevented HS-276 from binding
to AP plaques, indicating that g-FTAA-CN and HS-276 share
analogous binding sites on these structures.

As HS-169 bound to AP deposits®® has different emission
characteristics than HS-276 when bound to AP aggregates
(Figure S2), the fluorescence decay of HS-276 and HS-169 could
be detected by using the same excitation wavelength, 405 nm,
as well as two complementary photomultiplier tube (PMT)
detectors; one that detected photons at wavelengths below
500 nm (< 500), and one that detected photons at wavelengths
above 500 nm (>500). With the >500 detector, photons
emitted from HS-169 (emission maximum at 670 nm) were
detected, and fluorescence decay times between 3.0 ns to
4.1 ns were observed (Figure 7C). Interestingly, photons were
also detected with the <500 detector implying that HS-276
(emission maximum at 460 nm) was able to bind to AP plaques
even after pre-incubation with 100-fold higher concentration of
HS-169 (Figure 7C). When staining a section with only HS-169
(10 uM), almost no photons could be registered from the Ap
plaques using the <500 detector (Figure S5). The decay times
of HS-276 were slightly shorter than previously observed
(Figure 3B, Figure 7A), indicating that HS-169 might bind in
close proximity to HS-276. Overall, the results suggest that HS-
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276 and HS-169 have different binding modes to Ap plaques in
AD.

To verify the non-competitive or competitive binding mode
for HS-276 with the other LCOs, we next compared the binding
mode of g-FTAA-CN and HS-169. After pre-incubation with
10 uM HS-169, the section was stained with 100 nM g-FTAA-CN.
Similar to the previous experiment, photons emitted from HS-
169 were detected in the >500 detector and demonstrated
comparable fluorescence decay values. With the <500 detector,
d-FTAA-CN emitted photons could be observed, confirming
that g-FTAA-CN, just like HS-276, did not bind to Ap plaques in
the same mode as HS-169 (Figure 7D). Presence of HS-169
seemed to have an effect also on g-FTAA-CN emission as the
decay times of the ligand were slightly longer than observed
earlier (Figure 7B). Alternatively, the longer decays might be
observed as a consequence of the lower concentration, 100 nM
instead of 10 uM, being used.

Discussion

The development of ligands to detect A plaques and tau
filamentous inclusions in the brain of AD patients would greatly
facilitate the diagnosis of the disease. Having access to
molecular tools for monitoring the formation and progression
of these pathological hallmarks might also result in important
information regarding their role in the pathogenesis of the
disease, as well as providing methods for evaluating the effect
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Figure 6. The charge of the ligand influences binding to AB and tau. A-D) Fluorescence images of brain tissue sections with AD pathology double-labelled
with anti-AB-antibody (magenta, 6E10) and ligand HS-276 (A, left), HS-277 (A, right), HS-300 (B, left), HS-301 (B, right), HS-302 (C, left), HS-303 (C, right), HS-315
(D, left) or HS-316 (D, right). Ligand positivity is shown in green and autofluorescence from lipofuscin in blue. See Figure 1 for ligand chemical structures. All
uncharged ligands, HS-276, HS-300, HS-302 and HS-315, showed binding to AP deposits and co-localization with the antibody. For HS-276 and HS-300,
binding to AP plaques has already been confirmed (see Figure 2 and Figure 4), however, they were included in the experiment for comparison. Scale bar,

20 um. A-D) When introducing an anionic substituent in the structure of the uncharged ligand HS-276, HS-302 or HS-315, the interaction with Af} deposits
was lost, and none of the resulting ligands, HS-277, HS-303 and HS-316, showed any positivity when applied to AD brain sections. B) The uncharged ligand
HS-300 showed co-localisation with the AP antibody, and, in comparison to the other included uncharged ligand structures, introducing an anionic
substituent in its structure did not have an effect on AB binding. The resulting ligand, HS-301, exhibited strong fluorescence upon its interaction with Af
deposits and demonstrated co-localization with AR antibody.

of therapeutic agents. However, as targets, AR plaques and tau  revealed a structural heterogeneity of AP deposits,*****% and

lesions are rather different compared to traditional biomole-  when high-resolution structures of tau filaments derived from
cules such as enzymes and receptors. Several studies have  human brains were determined, the results clearly showed a
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Figure 7. The ligands compete for binding of the anionic oligothiophene g-FTAA-CN to Af} plaques. A-D) intensity-weighted mean lifetime (t;) distributions of
(A) HS-276 (blue), (B) g-FTAA-CN (blue), (C) HS-276 (blue)/HS-169 (coral), or (D) g-FTAA-CN (blue)/HS-169 (coral) when binding to AP plaques in AD brain tissue
sections (left panel). The middle and right panel, respectively, show fluorescence intensity and fluorescence lifetime images of AD brain tissue section
incubated with (A) 100 nM HS-276, (B) 10 uM g-FTAA-CN and then 100 nM HS-276, (C) 10 uM HS-169 and then 100 nM HS-276, or (D) 10 uM HS-169 and then
100 nM g-FTAA-CN. PMT detectors registering photons with wavelengths below 500 nm (< 500) or above 500 nm (>500) were used. In the fluorescence
lifetime images the lifetimes are colour-coded according to the colour-bar representing lifetimes from 0.2-3 ns (A,B) or 0.2-5 ns (C, D). According to the
results, pre-treatment with 10 uM g-FTAA-CN, but not 10 uM HS-169, blocked subsequent binding with HS-276 suggesting that q-FTAA-CN and HS-276 share
analogous binding site on A plaques. Scale bar, 20 pm.

[36-38,40]

conformational variation of tau in different diseases. a high affinity for aggregates of A or tau. Herein, a small library

Hence, instead of targeting a defined molecular structure,
tracing agents for Af and tau aggregates must be directed
against targets that display a structural variation. To manage
the polymorphic nature of these pathological protein entities
and to achieve a complete assessment of aggregate morpho-
types, a variety of ligands is needed. Therefore, it is essential to
continue the screening for chemical scaffolds that demonstrate
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of ligands was synthesised by combining thiophene-based
ligands with the scaffold of the tau tracer MK-6240, which
exhibits high selectivity and specificity for NFTs in AD."® The
binding properties of the resulting structures were evaluated
on AD brain tissue as recent studies have shown a morpho-
logical difference between synthetic A or tau fibrils and
patient-derived aggregates.®** When performing double-stain-
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ing experiments with the ligand HS-276 and antibodies directed
against AP or tau, we observed that combining the azaindole
motif with a methyl-bithiophene-carboxylate unit instead of the
isoquinoline moiety found in MK-6240, resulted in a shift of
binding from tau to Af. Similarly, in a previous study aimed at
identifying potential tracers for AP pathology, linking methyl-
azaindole with oxazolo[5,4-b]lpyridine also resulted in high
affinity for AR plaques in human brain tissue.”” The methyl-
bithiophene-carboxylate moiety found in HS-276 is also present
in the structure of b-TVBT2; however, in b-TVBT2, it is not
combined with an azaindole motif but with a benzothiazole
unit. As b-TVBT2 is highly selective for tau aggregates in AD,*”
the staining results clearly showed that, by replacing benzothia-
zole with azaindole, a change of the binding site occurred from
tau inclusions to AP plaques. A similar shift in protein selectivity
was also observed when changing the sulphur atom in the
benzothiazole unit in the b-TVBT scaffold to a nitrogen.™”
Benzothiazole is also present in the chemical structure of the
tau ligand PBB3"" and when synthesising a structural analogue
of PBB3, in which the benzothiazole moiety was substituted
with a benzoselenazole constituent, selective binding to AR
instead of tau was observed.®" Furthermore, if the linker in
PBB3 is shortened and the nitrogen in the pyridine unit is
removed, the ligand is transformed into PIB.'*? Hence, the
preferred binding site can be shifted from tau to AP by
replacing the benzothiazole unit in the tau selective ligands b-
TVBT2 and PBB3, but also by introducing much smaller changes
in the chemical structure. Moreover, when connecting benzo-
thiazole with coumarin, nanomolar affinity towards A aggre-
gates was achieved.®™@ A coumarin-quinoline conjugate-based
near-infrared fluorescence probe, demonstrating high selectivity
for AP deposits in AD brain tissue sections, has also been
reported.®”

Interestingly, HS-276 labelled AP cored plaques and diffuse
plaques in the grey matter as well as Ap deposits in the white
matter, but the staining of CAA lesions was lacking. In addition,
the core of cored plaques displayed much higher intensity of
HS-276 emission compared to the diffuse plaques or the halo
surrounding the core of cored plaques. An explanation of this
might be that the core of the cored plaques consists of dense
compact amyloid. Furthermore, cored plaques show intense
staining with the amyloid dyes Thioflavin T and Congo red,
whereas diffuse plaques are only weakly labelled with these
agents.™ Studies have also shown that parenchymal and
vascular AP deposits consist of different lengths of the AP
peptide®*’%® suggesting that HS-276 might recognize aggre-
gated AP species comprised of specific variants of the AP
peptide. As recently showed with a multimodal chemical
imaging paradigm combining fluorescence microscopy and
imaging mass spectroscopy,®” a tetrameric and a heptameric
LCO displayed alternative binding to Af} deposits comprised of
specific variants of AP 1-40 or AP 1-42. Hence, a similar
methodology can most likely be utilized to investigate the
diverse binding of HS-276 to different aggregated A patholo-
gies and such experiments are ongoing.

The correlation between aggregate selectivity and minor
chemical alterations of the ligands was also noted when
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rearranging the nitrogen atoms in the azaindole unit of HS-276.
Ligands having an azabenzimidazole (HS-302) or a benzimida-
zole (HS-315) building block instead of the azaindole moity
displayed a similar AP selectivity as HS-276. In contrast, the
indazole containing ligand HS-300 labelled AP plaques as well
as structures resembling tau aggregates. It was, however,
difficult to achieve co-staining with a tau antibody, and a
plausible explanation for this might be that the antibody was
masking the epitope for HS-300. A similar phenomenon has
been reported previously when the labelling of prion aggre-
gates in scrapie-affected sheep brain sections with the
thiophene-based ligand PTAA was abrogated by pre-treatment
with an antibody.”*” Although the fluorescence intensity from
HS-300 was weaker when bound to tau aggregates, the ligand
demonstrated co-labelling with b-TVBT2 in AD brain sections,
which confirmed that the ligand was binding to tau and that
these ligands seemingly have different binding modes to these
deposits. Since HS-300 was the only ligand able to bind to tau,
the indazole moiety, with a distinct arrangement of nitrogen
atoms in the heterocyclic moiety, was considered necessary to
afford binding to tau aggregates. Interestingly, when compar-
ing the ligands by thin layer chromatography, HS-300 displayed
a more non-polar behaviour than the other ligands, suggesting
that a ligand with a certain lipophilicity is necessary to achieve
interactions with tau aggregates. The requirements of distinct
lipophilicity and amphiphilicity for achieving ligands that are
selective towards AP or tau aggregates have also been shown
for other molecular scaffolds, such as N'-benzylidene-benzohy-
drazide (NBBs) ligands.™

It has previously been shown that anionic oligothiophenes,
or LCOs, bind in a similar mode as Congo red and X-34, and
that the binding was highly dependent on interactions between
the anionic carboxyl groups of the ligands and the repetitive
cationic lysine residues along the fibril surface.**”'73! In this
study, when introducing an anionic group to the bithiophene
moiety of the new thiophene-based ligands, we observed that
only HS-301 showed staining of protein deposits, mainly AP
plaques, in AD brain sections. Thus, in contrast to LCOs, the
interaction between the new thiophene-based ligands and the
protein aggregate is not dependent on similar electrostatic
interactions, suggesting that these ligands have an alternative
binding mode than the previously reported
oligothiophenes.”’”¥ This assumption was also verified when
after pre-staining tissue sections with HS-169,°¥ an anionic
pentameric LCO, labelling of Af} deposits could still be observed
with HS-276, despite using a 100-fold excess of HS-169. In
contrast, pre-incubation with the tetrameric oligothiophene g-
FTAA-CN" completely abolished staining of AP aggregates
with HS-276, suggesting that these ligands have a similar
binding mode to AP deposits. A recent study showed that the
a-terminal cyano-group found in g-FTAA-CN had a major
impact on the ligand's affinity for AR deposits.“” In fact, when
substituting a hydrogen with the cyano-group, the ECg, value of
the ligand for brain-derived AP fibrils decreased from 300-
500 nM to less than 0.1 nM.* In addition, when introducing the
a-terminal cyano-group to the tetrameric thiophene scaffold,
an increased selectivity towards A} aggregates compared to
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tau deposits was also afforded in tissue sections with AD
pathology.”” The increased affinity as well as the AP aggregate
selectivity demonstrated by g-FTAA-CN might indicate that the
ligand exhibits an additional binding mode to AP deposits
compared to other LCOs. Similar to HS-276, g-FTAA-CN also
managed to label AP aggregates despite pre-incubation with
100-fold excess of the LCO HS-169. Since this binding mode is
most likely different than the one exhibited by other ligands
such as PIB, X-34 and LCOs, it will be of great interest to employ
theoretical calculations to assess the molecular details of the
HS-276/9-FTAA-CN specific binding, and such experiments are
ongoing. Ligands with alterative binding modes to conventional
ligands will be particularly relevant for mapping heterogenic Ap
deposits and examine their role in the pathogenesis of the
disease, as well as for developing novel PET tracers that will aid
in the clinical diagnosis of AD.

Conclusion

The discovery of novel methodologies aimed at achieving an
early and accurate molecular diagnosis of AD will be crucial to
combat the disease. In this regard, as the processes resulting in
the formation of the two pathological hallmarks, plaques
composed of AP} aggregates and neurofibrillary tangles made of
aggregated tau, presumably occur many years before the
clinical symptoms, ligands targeting these formations may have
great potential as diagnostic tools. Abundant evidence argues
that AP and tau form aggregates with distinct conformations,
which give rise to different pathological properties and clinical
features. Thus, to be able to detect the large variation of
aggregate morphotypes, a variety of ligands will be needed.
Herein, we have developed a new thiophene-based molecular
scaffold that selectively target AP aggregates in AD. The
selectivity was highly dependent on the molecular composition
of the ligand, and experiments indicated alternate binding
mode compared to ligands introduced earlier. Our findings
provide useful knowledge of how small changes of the
structure of the ligand influence its binding properties. This
knowledge may potentially aid in the design of new ligands
that can distinguish between different pathogenic protein
aggregates and expand the toolbox of ligands that can be
utilized to assign distinct aggregated species of AP. The latter
would be highly relevant both from a clinical perspective, as
well as for explaining the pathological relevance of specific Ap
aggregates in AD.

Experimental Section

Full experimental details including additional characterisation data
and NMR spectra of new ligands, as well as supporting figures, are
given in the Supporting Information. Frozen brain tissue from a
neuropathologically confirmed case of AD was obtained from the
Dementia Laboratory at the Department of Pathology and Labo-
ratory Medicine, Indiana University School of Medicine, Indianapolis,
USA. The studies carried out at the Indiana University School of
Medicine were reviewed and approved by the Indiana University
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Institutional Review Board and informed consent was obtained
from the patient or their next of kin. The experiments performed at
Linképing University were reviewed and approved by a national
ethical committee (approval number 2020-01197).
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