Chemistry WILEY. vcH

Europe

European Chemical
Societies Publishing

Excellence in Chemistry Research

Chemistry
Europe

Excellence in Chemistry Research Worldwide

journal.chemistry-europe.org

el

Announcing
our new
flagship journal

® Gold Open Access
® Publishing charges waived
® Preprints welcome

® Edited by active scientists

WILEY #vcH

Meet the Editors of ChemistryEurope

0

e |

Luisa De Cola Ive Hermans Ken Tanaka
Universita degli Studi University of Tokyo Institute of
di Milano Statale, Italy Wisconsin-Madison, USA Technology, Japan


https://chemistry-europe.onlinelibrary.wiley.com/action/showCampaignLink?uri=uri%3Af80b6240-3b1d-4763-ae3f-c76104165b56&url=https%3A%2F%2Fchemistry-europe.onlinelibrary.wiley.com%2Fjournal%2F27514765&pubDoi=10.1002/chem.202203568&viewOrigin=offlinePdf

W) Check for updates

Research Article
doi.org/10.1002/chem.202203568

European Chemical
Societies Publishing

Chemistry—A European Journal

www.chemeurj.org

Thiophene-Based Ligands for Histological Multiplex
Spectral Detection of Distinct Protein Aggregates in

Alzheimer’s Disease

Linda Lantz,® Hamid Shirani,” Bernardino Ghetti,” Ruben Vidal,” Therése Klingstedt,” and

K. Peter R. Nilsson*?!

Abstract: The aggregation and accumulation of proteins in
the brain is the defining feature of many devastating neuro-
degenerative diseases. The development of fluorescent
ligands that bind to these accumulations, or deposits, is
essential for the characterization of these neuropathological
lesions. We report the synthesis of donor-acceptor-donor (D-
A-D) thiophene-based ligands with different emission proper-
ties. The D-A-D ligands displayed selectivity towards distinct
disease-associated protein deposits in histological sections
from postmortem brain tissue of individuals affected by
Alzheimer's disease (AD). The ability of the ligands to
selectively identify AD-associated pathological alterations,

such as deposits composed of aggregates of the amyloid-3
(AP) peptide or tau, was reduced when the chemical
composition of the ligands was altered. When combining the
D-A-D ligands with conventional thiophene-based ligands,
superior spectral separation of distinct protein aggregates in
AD tissue sections was obtained. Our findings provide the
structural and functional basis for the development of new
fluorescent ligands that can distinguish between aggregated
proteinaceous species, as well as offer novel strategies for
developing multiplex fluorescence detection of protein
aggregates in tissue sections.

J

Introduction

Fluorescent ligands are vital for visualizing accumulations of
protein aggregates, which are the pathological hallmarks of
many neurodegenerative diseases such as Alzheimer's disease
(AD)." A diversity of molecular scaffolds targeting the cross p-
pleated sheet structure of protein aggregates has previously
been presented.®' The azo dye Congo Red (CR) was discov-
ered by Bennhold in 1922, and a variety of CR derivatives,
including Chrysamine G, X-34,") Methoxy-X-04® and K114,
have been designed to improve the ligands performance for
identifying protein deposits. Likewise, a variety of molecular
rotors, such as thioflavins and derivatives thereof, have been
utilized as ligands for protein aggregates."®'® Thioflavin T (ThT)
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was introduced as a fluorescent ligand for amyloid detection in
1959 and has since then been the most commonly used ligand
for assessing protein fibril formation in vitro.'*">™ A derivative
of ThT, denoted Pittsburgh compound B (PiB), can also be
utilized for positron emission tomography (PET) imaging of Ap
deposits in AD patients."® Furthermore, carbazole derivatives
and Amino Naphthalenyl-2-Cyano-Acrylate (ANCA)-based li-
gands have been presented as efficient tools for detection of
protein aggregates."”” For the latter, fluorescent differentia-
tion between different types of protein deposits could be
afforded due to the stabilization of the ground versus excited
states of these ligands as a function of the polarity of their
microenvironment."®* A selection of near infrared emissive
ligands optimized for optical invivo imaging of protein
aggregates has also been described.*'2

Lately, luminescent conjugated oligothiophenes (LCOs)
have been used for fluorescence imaging of protein aggregates.
Unlike conventional ligands, such as CR and ThT, individual
LCOs or combinations of LCOs allow for the spectral assignment
of distinct protein deposits in tissue sections.”~*” From a
chemical perspective, several chemical determinants, such as
the number of thiophene units and distinct spacing of anionic
groups along the thiophene backbone, have been shown to be
crucial for achieving superior LCOs for spectral separation of
amyloid-B (AP) and tau deposits.”******3 |n addition, a dual
staining protocol utilizing a tetrameric LCO and a heptameric
LCO was recently used to reveal age-dependent conformational
rearrangement within A} aggregates in transgenic mice with
AD pathology, as well as AP polymorphisms in different
etiological subtypes of AD.F®*-3¢ Qverall, LCOs with specific

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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chemical compositions and intrinsic fluorescence qualities can
be applied as powerful tools for identifying distinct protein
aggregates in tissue sections with several modes of detection,
such as full excitation/emission spectra, and fluorescence decay
time.B"

As the fluorescent characteristics of LCOs to some extents
are restricted, thiophene-based ligands covering a wider range
of emission will be important for designing multiplex detection
methodologies for protein aggregates in tissue sections. In this
regard, donor-acceptor-donor (D-A-D) thiophene-based ligands
were recently presented.*' ™ By replacing the central
thiophene moiety with a benzothiadiazole (BTD) unit, pentame-
ric and heptameric ligands, having emission around 700 nm
were developed and these D-A-D based ligands showed specific
staining of protein aggregates.”*'*? In addition, a heptameric D-
A-D based ligand with a distinct spacing of anionic groups

along the backbone could also be utilized for spectral
separation of different types of AP aggregates in transgenic
mice.”” Thus, D-A-D thiophene-based ligands with different
photophysical properties compared to conventional LCOs can
be used as additional tools for visualizing disease-associated
protein aggregates.

Herein, we present the synthesis and characterization of a
set of additional anionic D-A-D based oligothiophene deriva-
tives with different chain length and alternative spacing of
carboxylate groups along the backbone (Figure 1). In order to
assess distinct chemical determinants that are necessary for
optical detection of Ap} and tau deposits, the novel ligands, as
well as similar oligothiophenes and previously reported”** D-
A-D based oligothiophene derivatives, were applied to human
brain tissue sections with AD pathology and their binding
towards AP and tau aggregates was evaluated. Alterations in
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Figure 1. Chemical structure and photophysical properties of the novel D-A-D thiophene-based ligands for protein aggregates. Chemical structure of D-A-D
thiophene-based ligands (A) and their corresponding absorption- (B) and emission spectra (C-D). The spectra were recorded for 30 uM ligand in de-ionized
water. For the blue emission spectra (C), an excitation corresponding to the absorption maximum at shorter wavelengths (blue arrows) was used, whereas an
excitation corresponding to the absorption maximum at longer wavelengths (red arrows) was used for the red emission spectra (D).
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the chemical composition of the ligands were shown to reduce
or eliminate their capability for identification of Af or tau
deposits. Thus, these findings might aid in the chemical design
of ligands recognizing distinct aggregated proteinaceous spe-
cies. Finally, a combination of thiophene-based ligands was
utilized to design a multiplex detection methodology for
superior spectral assignment of different A and tau aggregates
in tissue sections.

Results and Discussion

Synthesis and photophysical properties of novel D-A-D
thiophene based ligands

In order to generate D-A-D thiophene-based ligands with a
chemical diversity, we utilized mono-brominated thiophene
building block 1,”® a bi-thiophene building block 11,%*" as
well as boronic acid pinacol esters of 2,1,3-benzothiadiazole
(BTD) 2, and naphthol[1,2-c:5,6-c'Ibis([1,2,5]thiadiazole) (NTD) 9
The thiophene units act as donors and BTD or NTD units as
acceptors. By applying palladium-mediated Suzuki-Miyaura
cross coupling followed by removal of protecting groups to
have anionic side chain functionalities, LL-6, LL-8 and LL-9 were

(i) HO s

achieved in affordable yields. In a similar fashion, a di-
brominated trimer building block was generated by applying
palladium-mediated Suzuki-Miyaura cross coupling followed by
N-bromosuccinimide (NBS) in DMF/ chloroform. From this trimer
building block, LL-5 and LL-7 were generated by applying
symmetric addition of different brominated thiophene building
block through Suzuki-Miyaura cross coupling followed by
removal of protecting groups to have anionic side chain
functionalities (Scheme 1). During the synthesis of compound 3,
a side-product, 8, was also isolated. This side-product was the
homocoupled arylboronic ester, with two BTDs carbon-carbon
coupled and a thiophene flanking each side. Palladium
catalysed homocoupling of aryl- and heterocyclic boronic acids
and boronic esters has been reported to occur under a variety
of conditions, though, it is common to occur with oxygen in the
system.* Studies of the influence of electronic effects on
homocoupling display that some compounds, for example
phenyl boronic acids, bearing electron-donating groups homo-
coupled with higher yields than phenyl boronic acids with
electron-withdrawing groups.*® The BTD-BTD homocoupled
product was produced as a competing reaction to the Suzuki
cross-coupling and appeared in substantial yield under a few
tested conditions (solvents), therefore, it can be speculated that
one side of the BTD-bispinacol ester was first Suzuki-Miyaura

Scheme 1. Synthesis of different D-A-D thiophene-based ligands. Reagents and conditions: (i) PEPPSI™-/Pr, K,CO,, 1,4-dioxane/toluene/MeOH (1:1:1), 80°C,
2 h; (i) NBS, DMF/chloroform (1:1), —15°C to r.t., 18 h; (i) PEPPSI™-IPr, K,COs, toluene/MeOH (1:1), 80°C, 3 h; (iv) NaOH (1 M, aq.), 1,4-dioxane, 40°C; (v)
PEPPSI™-IPr, Cs,CO,, 1,4-dioxane, 80°C, 3 h; (vi) NaOH, MeOH/CH,Cl, (1:10), r.t,, 24 h.
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coupled to a bromothiophene, and due to the thiophene’s
electron-donating properties, this compound facilitated the
homocoupling to another BTD-bispinacol ester on the other
side. LL-8 and LL-9 (Figure 1A) resemble the previously
synthesized tetrameric oligothiophene t-HTAA®® (Supporting
Information, Figure S1), with a four units long backbone and
two carboxylate side chain functionalities at distinct positions,
but with a central di-BTD or NTD moiety instead of a bi-
thiophene unit. Similarly, LL-5, LL-6 and LL-7 with five units
long backbones and two or four carboxylate side chain
functionalities at distinct positions resemble the previously
reported pentameric LCOs p-HTAA, p-FTAA and HS-84%32
(Supporting Information, Figure S1), respectively, but with a
central BTD or NTD moiety instead of a thiophene.

When diluted in de-ionized water, all the novel D-A-D
ligands displayed distinct absorption- and emission character-
istics (Figure 1). Between 300 nm and 600 nm, all ligands
showed two absorbance bands (Figure 1B), a high energy band
followed by a low energy band, and these bands likely arise
from the m-m* transition and the charge-transfer transition,
respectively.*#? LL-8 displayed a blue-shift of the absorption
maxima (310 nm and 410 nm) for both these bands compared
to LL-9 (maxima at 350 nm and 425 nm). LL-5, LL-6 and LL-7
showed a similar maximum (around 350 nm) for the high
energy band, whereas the lower energy band was more red-
shifted for LL-6 (520 nm) compared to LL-5 and LL-7 (440 nm).
Upon excitation corresponding to the high energy or low
energy absorption band, LL-8 and LL-9 displayed a similar
emission with a maximum around 600 nm for both excitation
wavelengths (Figure 1C and 1D). In contrast, LL-5 showed a
blue-shifted emission spectrum with a maximum around
400 nm when using excitation at the high energy absorption
band (Figure 1C), whereas a red-shifted broad emission spec-
trum (500 nm to 800 nm) with a maximum around 640 nm was
obtained with excitation at the lower energy absorption band
(Figure 1D). LL-6 and LL-7 demonstrated emission spectra with
two distinct emission maxima, 400 nm and 700 nm, when using
an excitation related to the high energy absorption band
(Figure 1C). A similar emission profile with two distinct emission
bands has also been observed for a pentameric D-A-D
thiophene based ligand, HS-169, and theoretical calculations
have suggested that these emission bands correlate with
different electronic transitions.*'*? Excitation correlated with
the high energy absorption band resulted in predominant
emission at the longer wavelength (around 700 nm) from both
LL-6 and LL-7. Overall, the photo-physical measurements
verified that the chemical composition had a great impact on
the photo-physical characteristic of the respective ligand.

Histological staining of AD brain tissue sections with D-A-D
thiophene-based ligands with different chain lengths

Previous studies of LCOs have shown that the number of
thiophene units along the backbone, as well as conformational
flexibility of the conjugated backbone, have a major influence
on the ligands’ ability to detect different protein

Chem. Eur. J. 2023, e202203568 (4 of 12)

aggregates.®® 334 Therefore, we then examined if similar
properties could be observed for D-A-D thiophene-based
ligands, and to test this hypothesis, LL-8, LL-9, LL-6, LL-7 and
the previously reported heptameric D-A-D thiophene-based
ligand LL-1"¥ (Supporting Information, Figure S1), were se-
lected. In addition, the corresponding tetrameric, pentameric
and heptameric LCOs, t-HTAA, p-FTAA, HS-84 and h-FTAA, were
included (Supporting Information, Figure S1). To evaluate if the
ligands were interacting with Af} and tau aggregates, 300 nM of
ligand was applied for histological staining of human brain
tissue sections with AD pathology (Figure 2).

When combined with an antibody towards Ap (4G8), the
tetrameric ligands, LL-8 and LL-9, displayed very weak or no
fluorescence from immunopositive cored plaques, diffuse
plaques or cerebral amyloid angiopathy (CAA) lesions, whereas
the corresponding tetrameric oligothiophene, t-HTAA, showed
abundant labelling of cored plaques and CAA, as well as weak
fluorescence from diffuse plaques (Figure 2A, Figure S2). Hence,
t-HTAA stained strikingly more aggregated A pathology than
the tetrameric D-A-D thiophene-based ligands LL-8 and LL-9,
suggesting that replacement of the central bi-thiophene moiety
with bi-BTD (LL-8) or NTD (LL-9) restricted the ligand detection
of aggregated A species. Likewise, the pentameric LCOs, p-
FTAA and HS-84, exhibited more pronounced staining of
immunopositive cored plaques, diffuse plaques or CAA com-
pared to the corresponding pentameric D-A-D thiophene-based
ligands, LL-6 and LL-7 (Figure 2B, Figure S3 and S4). Thus,
replacing the central thiophene moiety of pentameric LCOs
with BTD or NTD resulted in limiting the ligands’ ability to
detect certain types of AP pathology. When bound to cored
plaques and CAA, LL-6 and LL-7 displayed blue-shifted emission
spectra compared to free ligand in de-ionized water (Support-
ing Information, Figure S5), verifying that binding to these AB
deposits resulted in distinct spectral signatures. The heptameric
D-A-D thiophene-based ligand, LL-1, showed similar detection
of cored plaques and CAA, as the heptameric LCO h-FTAA
(Figure 2C, Figure S6). However, diffuse AP plaques displayed
more evident staining with h-FTAA than with LL-1, verifying
that the substitution of the central thiophene moiety with BTD
influenced the detection of certain AP deposits also with
heptameric thiophene-based ligands. Overall, the D-A-D
thiophene-based ligands showed similar results as previously
reported for LCOs,®*” the pentameric and heptameric D-A-D
thiophene-based ligands demonstrated improved detection of
AP deposits compared to tetrameric D-A-D thiophene-based
ligands. In addition, confining the conformational flexibility of
the thiophene backbone by replacing central thiophene motifs
with BTD, di-BTD or NTD also influenced the performance of the
D-A-D thiophene-based ligands, since diffuse plaques were
easier to detect with pure oligothiophenes.

When examining the ligands’ ability to stain tau pathology,
similar trends as for A deposits were seen (Figure 3). For t-
HTAA, two of the classical tau pathologies, neurofibrillary
tangles (NFTs) and dystrophic neurites could be observed,
whereas no tau pathology could be detected with LL-8 or LL-9
(Figure 3A, Figure S7). The pentameric D-A-D thiophene-based
ligands LL-6 and LL-7 displayed staining of NFTs and some

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 2. Fluorescence images of brain tissue sections with AD pathology stained with anti-Ap antibody and different thiophene-based ligands. Images
showing staining of different aggregated A pathologies (cored plaques, diffuse plaques and CAA lesion, highlighted by arrows) with anti-Af} antibody 4G8
(red) and A) the tetrameric thiophene-based ligands t-HTAA, LL-8 and LL-9 (green), B) the pentameric thiophene-based ligands HS-84, LL-6, p-FTAA and LL-7
(green) or C) the heptameric thiophene-based ligands h-FTAA and LL-1 (green). Scale bar represents 20 um. Autofluorescent lipofuscin granules are
highlighted by green arrowheads.

dystrophic neurites (Figure 3B, Figure S8 and S9). However, observed with HS-84 and p-FTAA, the pentameric LCOs (Fig-
these two lesions, as well as neuropil threads, could be ure 3B, Figure S8 and S9). Hence, similar to the results obtained

Chem. Eur. J. 2023, 202203568 (5 of 12) © 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 3. Fluorescence images of brain tissue sections with AD pathology stained with anti-tau antibody and different thiophene-based ligands. Images
showing staining of different aggregated tau pathologies (neurofibrillary tangles, neuropil threads and dystrophic neurites, highlighted by white arrowheads)
with anti-tau antibody GT-38 (red) and A) the tetrameric thiophene-based ligands t-HTAA, LL-8 and LL-9 (green), B) the pentameric thiophene-based ligands
HS-84, LL-6, p-FTAA and LL-7 (green) or C) the heptameric thiophene-based ligands h-FTAA and LL-1 (green). Scale bar represents 20 um. Autofluorescent
lipofuscin granules are highlighted by green arrowheads.

for A pathology, the pentameric LCOs stained a wider based ligands demonstrated improved detection of tau depos-
selection of tau deposits compared to pentameric D-A-D  its compared to tetrameric D-A-D thiophene-based ligands.
thiophene-based ligands. All three types of tau lesions could be

observed with the heptameric ligands h-FTAA and LL-1 (Fig-

ure 3C, Figure S10). Thus, like the observations for aggregated

AP deposits, the pentameric and heptameric D-A-D thiophene-
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Histological staining of AD brain tissue sections with
pentameric and heptameric D-A-D thiophene-based ligands
with distinct spacing of anionic groups along the backbone

Distinct spacing and amount of anionic groups along the
thiophene backbone are other chemical determinants that have
been shown to be crucial for distinguishing protein aggregates
with LCOs.”¥ To test if a similar performance could be observed
for D-A-D thiophene-based ligands, we tested two additional
pentameric ligands, LL-5 (Figure 1A) and HS-169 (Supporting
Information, Figure S1),“" with different spacing and amount of
anionic groups along the conjugated backbone compared to
LL-6 and LL-7 (Figure 1A). As described above, 300 nM of ligand
was applied for histological staining of human brain tissue
sections with AD pathology. For both HS-169 and LL-5, cored
plaques, diffuse plaques and CAA lesions could readily be
observed (Figure 4). In addition, tau pathology, such as NFTs,
neuropil threads and dystrophic neurites displayed bright
fluorescence with both HS-169 and LL-5 (Figure 4, Figure S11).
Thus, diffuse AP plaques and tau neuropil threads that were not
stained by the pentameric D-A-D thiophene-based ligands, LL-6
and LL-7 (Figures 2B and 3B), could be visualized by HS-169 and
LL-5. Previous studies®®>" have shown that anionic LCOs, in a

CORED PLAQUE

DIFFUSE PLAQUE

similar fashion as Congo Red,”" interact with regularly spaced
cationic lysine residues positioned in well-accessible grooves on
the fibril surface, and that the spacing of the carboxylic groups
along the oligothiophene backbone influences the affinity of
the LCO towards the protein aggregate. In addition, the amount
of carboxylic acid side chain functionalities, as well as their
spacing along the conjugated backbone, were recently assigned
as crucial chemical determinants for achieving heptameric D-A-
D thiophene-based ligands superior for spectral separation of
aggregated AP species in brain tissue from transgenic mice."
Similar to LL-7, HS-169 has four carboxylate side chain
functionalities, but the positions of the acetate side chains are
altered on the thiophene rings adjacent to the central BTD
moiety. Thus, HS-169 is an isomer to LL-7, having the acetate
side chains of the central trimeric thiophene-BTD-thiophene
unit tail-to-tail instead of head-to-head. LL-6 also has a similar
chemical configuration as HS-169, but replacement of the BTD
moiety with an NTD motif shifts the distance between the
acetate side chains of the central trimeric building block. LL-5
has a similar configuration as LL-7 with the acetate side chains
of the central trimeric thiophene-BTD-thiophene unit positioned
head-to-head; however, the LL-5 structure only contains two
carboxylate side-chain functionalities since the a-terminal

NEUROFIBRILLARY

CAA LESION TANGLE

Figure 4. Fluorescence images of brain tissue sections with AD pathology stained with the pentameric D-A-D thiophene-based ligands HS-169 or LL-5. Images
showing staining of different aggregated A species (cored plaques, diffuse plagques and CAA lesions) and tau pathology (neurofibrillary tangles) with A) HS-
169 (green) or B) LL-5 (green). Autofluorescence from lipofuscin can be seen in blue. Single channels are shown in white to enhance visualization. Due to
some spectral overlap, ligand fluorescence can occasionally also be observed in the lipofuscin channel. Scale bar represents 20 um.
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carboxylic groups are lacking. Thus, minor re-arrangements of
the carboxylic groups, as well as the number of anionic charges,
along the conjugated backbone influenced the binding of
pentameric D-A-D thiophene-based ligands to both Af and tau
pathology in human AD brain tissue sections.

Histological staining of AD brain tissue sections with a
combination of thiophene-based ligands

Previous studies have shown that a combination of LCOs can
be utilized for spectral assignment of different A and tau
aggregates in tissue sections.?***>% However, the ligands used
in the dual staining protocols show rather large spectral
overlap, which might limit the spectral assignment of distinct
proteinaceous species. In this regard, combinations of LCOs and
D-A-D thiophene-based ligands might offer a better spectral
resolution, since these classes of ligands display completely
different emission properties. In addition, as shown above, D-A-
D thiophene-based ligands and their corresponding oligothio-
phene derivative detect different types of protein aggregates.
Based on our previous findings, as outlined above, we tested a
dual staining protocol with 300 nM t-HTAA (Supporting In-
formation, Figure S1) and 300 nM HS-169 (Figure S1). Since t-
HTAA and HS-169 show completely different excitation- and
emission characteristics,”®*" the stained AD brain tissue section
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was analyzed with a two-channel mode setup reflecting these
photophysical parameters. For t-HTAA, excitation at 405 nm
and detection of emission between 470 nm to 545 nm were
used, whereas excitation at 550 nm and detection of emission
between 610 nm to 745 nm were applied for HS-169. When
examining an overview of the brain tissue section, distinct areas
with differential staining patterns of t-HTAA (green color) and
HS-169 (red color) were observed (Supporting Information,
Figure S12). Vascular AP deposits, CAA, displayed rather homo-
genous staining patterns with both t-HTAA and HS-169 (Fig-
ure 5A). The presence of both ligands on these aggregated A
species was also verified by fluorescence lifetime imaging
(FLIM). When using 405 nm as excitation wavelength, a
distribution of decays (200 ps to 600 ps) corresponding to t-
HTAA was observed, whereas excitation at 550 nm rendered a
distribution of longer decay times (3500 ps to 5500 ps), similar
to those previously reported for HS-169 (Figure 5A).“? Thus,
both these ligands stained vascular Af} deposits. In contrast,
diffuse AP plaques were only labelled by HS-169, since they
could only be observed in the red channel with the photo-
physical settings used for HS-169 (Figure 5B). In the green
channel, used for t-HTAA emission, only autofluorescent lip-
ofuscin granules surrounding the Ap aggregates were observed.
These observations were also confirmed by FLIM. With
excitation at 550 nm, longer decay times, corresponding to HS-
169, were displayed from the diffuse Af deposits, whereas no

B) Bt (t-HTAA) ° | Exc: 550 nm (HS-169)

Exc:550nm
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T
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Figure 5. Fluorescence assignment of protein aggregates in brain tissue sections with AD pathology stained with t-HTAA and HS-169. Color-coded
fluorescence images (top panel), FLIM intensity images and fluorescence decays (bottom panel) of A) CAA lesions, B) diffuse Ap plaques, C) neuritic A
plaques and D) NFTs, stained with t-HTAA and HS-169. For t-HTAA, an excitation at 405 nm was used and emission was recorded between 470 nm to 545 nm,
whereas HS-169 was excited at 550 nm and detection of emission between 610 nm to 745 nm was applied. Autofluorescence from lipofuscin in (B) are
highlighted with white arrow heads, whereas HS-169 stained tau pathology in (C) is shown with white arrows. Scale bars represent 20 um.
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adequate decay times could be obtained when using the FLIM
settings (excitation at 405 nm) for t-HTAA (Figure 5B). With
excitation at 550 nm, decays times (600 ps to 3000 ps) from the
autofluorescent lipofuscin structures were also detected.

When analysing the emission profiles from neuritic plaques,
fluorescence from both ligands could be detected, and also
FLIM revealed distribution of decays correlating to both t-HTAA
and HS-169 (Figure 5C). However, dystrophic neurites infiltrat-
ing the plaques and neuropil threads surrounding the A
pathology only displayed HS-169 emission characteristics and a
distribution of decays related to this ligand (Figure 5C). Similar
results were observed for NFTs (Figure 5C). Hence, aggregated
tau was only stained by HS-169, whereas different types of Ap
pathology displayed a variation in t-HTAA and HS-169 staining
patterns.

m
N

=
o

Normalized Intensity
(=]
o

e
>

To test an additional combination of an LCO and a D-A-D
thiophene-based ligand for multiplex spectral detection of
distinct protein aggregates in human AD tissue section, we next
utilized a dual staining protocol with the two pentameric
ligands p-FTAA (Supporting Information, Figure S1) and LL-5
(Figure 1). In contrast to the previous combination of ligands, t-
HTAA and HS-169, the same excitation wavelength, 490 nm, can
be used for p-FTAA and LL-5, allowing simultaneous spectral
imaging and FLIM. Like the previous dual staining protocol,
areas with different ligand staining patterns were observed
when assessing an overview of the brain tissue section
(Figures 6A-D). CAA and neuritic plaques displayed spectral
profiles with the characteristic emission spectra for both p-FTAA
(emission maxima at 515 nm and 545 nm)®” and LL-5 (emission
maximum at 625 nm) (Figure 6E). However, the emission from
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Figure 6. Fluorescence assignment of protein aggregates in brain tissue sections with AD pathology stained with p-FTAA and LL-5. A) Overview image of the
whole tissue section showing the correlation between p-FTAA (green) and LL-5 (red) staining. B-D) Zoom in of the different regions highlighted in (A). Red
square (B), blue square (C) and green square (D). E) Emission spectra from different aggregated Af (CAA, diffuse and neuritic plaque) and tau (NFTs and
dystrophic neurites) with excitation at 490 nm. The p-FTAA emission maxima are observed at 515 nm and 545 nm, whereas LL-5 displays an emission
maximum at 625 nm. F) Fluorescent decays from different aggregated AP pathologies (CAA, diffuse and neuritic plaque) and tau pathologies (NFTs and
dystrophic neurites) with excitation at 490 nm. The distribution of decays for p-FTAA is observed between 600 ps to 1200 ps, whereas LL-5 displays
distributions of decays between 2000 ps to 3500 ps. G-J) Spectral images (left panel), FLIM images (middle panel) and color-coded FLIM images (right panel)
from different aggregated AP pathologies, CAA (G), neuritic (H) and diffuse plaque (1)) and tau pathologies, NFTs (J) with excitation at 490 nm. The color bars
(right panel) represent 500 ps to 3500 ps. Scale bars represent 1000 pm (A), 200 um (B-D), 50 um (G) and 20 um (H-J).
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LL-5 was more pronounced than the fluorescence from p-FTAA,
and when analysed with FLIM, these aggregated Af pathologies
predominantly displayed distributions of decays (2000 ps to
3500 ps) related to LL-5 (Figures 6F-H). As reported
previously,®"” p-FTAA bound to protein aggregates displays
shorter decays, 600 ps to 1200 ps, and such decays were
observed from diffuse AP aggregates (Figures 6F and 6l) and
aggregated tau pathology, such as NFTs and tau deposits
infiltrating or surrounding the neuritic plaques, whereas the
distribution of decays (2000 ps to 3000 ps) related to LL-5 was
completely lacking (Figures 6F, 6H and 6 J). Thus, in contrast to
CAA and neuritic plaques, diffuse A deposits, as well as tau
lesions, were only stained by p-FTAA. The observations from
FLIM were also verified by spectral analysis since these
aggregated species displayed an emission profile related to p-
FTAA (Figure 6E). Notably, as reported previously,”’?® p-FTAA
displayed a slightly red-shifted emission profile when bound to
tau aggregates compared to AP deposits (Figure 6E). This
aggregate specific photophysical alteration could also be
observed with FLIM, which showed that tau deposits stained
with p-FTAA displayed slightly longer decay times compared to
p-FTAA labelled AB deposits (Figure 6F).

In general, the observations from the dual staining set ups
agree with the results obtained when using the single ligands.
t-HTAA only displayed weak staining towards diffuse A
plaques and NFTs, whereas HS-169 clearly labelled both types
of deposits. Hence, only HS-169 was observed from these
aggregated pathologies when using the combination of
ligands. For the second protocol, dual staining with p-FTAA and
LL-5, the difference in staining patterns of the ligands is most
likely due to a competition between the ligands towards
different aggregates, since both ligands stained all the
aggregated pathologies when used individually. Hence, LL-5
most likely have a better affinity for CAA and neuritic Ap
deposits, whereas p-FTAA binds better to diffuse AB plaques
and NFTs. From a chemical perspective, the preferential binding
towards certain protein aggregates might be associated with
the overall net charge of the pentameric ligand. p-FTAA has
four anionic groups, whereas LL-5 only has two carboxylate
groups, suggesting that four anionic groups are necessary for
achieving a more optimal interaction with diffuse AP deposits
and tau pathologies. Likewise, less charges along the con-
jugated backbone seems to favour binding towards CAA and
neuritic A} deposits. From a biochemical perspective, the
length of the accumulated AP peptides is different in paren-
chymal deposits compared to vascular AR deposits.”*¥ In
addition, cored plaques and CAA show intense staining with
conventional amyloid ligands, such as Thioflavin T and Congo
red, whereas diffuse plaques are only faintly labelled with these
agents.”™ Likewise, a tetrameric and a heptameric LCO
displayed alternative binding to AP deposits comprised of
specific variants of AB1-40 or AP 1-42.59 Hence, the difference
in binding of the ligands used for the dual staining protocols
might be due to chemical variations of the ligands, as well as
various biochemical composition of the protein aggregates.

Overall, the dual staining experiments showed that the
combination of a pure oligothiophene and a D-A-D thiophene-
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based ligands can be utilized to assign different aggregated Ap
and tau pathologies in human AD brain tissue sections. Previous
studies have shown that combinations of small fluorescent
ligands,”**"" as well as different oligothiophenes,****3%*% can
efficiently be employed to reveal different aggregated AR
deposits in transgenic mice with Af} pathology, or AB poly-
morphisms in different etiological subtypes of AD. Hence, it
would be interesting to apply the dual staining protocols
reported herein towards brain sections from transgenic mice
with distinct Ap deposits, as well as comparing different classes
of AD, such as sporadic, familiar and rapidly progressive AD. In
addition, staining protocols with different combination of
ligands might also be of relevance for protein aggregates in
other proteopathic neurodegenerative diseases, since a struc-
tural polymorphism has also been reported for tauopathies.*-**

Conclusions

In conclusion, we have developed a new set of D-A-D
thiophene-based ligands that selectively target AP and tau
deposits in AD brain tissue sections. Similar to pure oligothio-
phenes, the selectivity of a distinct ligand was highly dependent
on several chemical determinants, such as the length and
flexibility of the conjugated backbone, as well as the amount
and spacing of anionic groups along the conjugated backbone.
In addition, dual staining protocols with different combinations
of an oligothiophene and a D-A-D thiophene-based ligands
allowed multiplex spectral detection of distinct protein aggre-
gates in tissue sections with AD pathology. Our findings provide
useful knowledge of how minor changes of the chemical
structure of D-A-D thiophene-based ligands influence their
binding properties towards different protein aggreagtes, as well
as expand the toolbox of fluorescent ligands that can be
utilized for fluorescent assignment of distinct aggregated
proteinaceous species. We foresee that dual staining protocols
with thiophene-based ligands will aid in studying the patho-
logical relevance of distinct protein deposits in several protein
aggregation diseases.

Experimental Section

Full experimental details including additional characterization data
and NMR spectra of new compounds, as well as supporting figures
and tables are given in the Supporting Information.

Synthesis of ligands: The synthesis of t-HTAA, p-FTAA, HS-84, h-
FTAA, LL-1 and HS-169 has been published elsewhere 72324143 The
detailed synthesis of the other precursor molecules and ligands is
described in the Supporting Information.

Optical characterization of the ligands: Stock solutions of ligands
(1.5 mM in de-ionized water) were diluted to 30 uM in de-ionized
water. Excitation- and emission spectra of the ligands were
collected using an Infinite M1000 Pro microplate reader (Tecan,
Méannedorf, Switzerland).

Ligand and antibody double staining: Frozen brain tissue from a
neuropathologically confirmed case of Alzheimer’s disease (AD) was
obtained from the Dementia Laboratory at the Department of
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Pathology and Laboratory Medicine, Indiana University School of
Medicine, Indianapolis, USA. The studies carried out at the Indiana
University School of Medicine were reviewed by the Indiana
University Institutional Review Board. An autopsy consent including
permission to carry out research on tissue obtained post mortem
was obtained from the legal next of kin at the time of the affected
individual's death. The experiments performed at Linkdping
University were reviewed and approved by a national ethical
committee (approval number 2020-01197). Sections of frontal
cortex (10 um) were fixed in 70% EtOH for 3 min at 4°C, incubated
2x2 min in dH20 at RT and then 10 min in phosphate buffered
saline (PBS, 10 MM phosphate, 140 mM NaCl, 2.7 mM KCl, pH 7.4).
After a blocking and permeabilization step in PBS with 0.1% triton
x-100 (PBS-T) and 5% normal goat serum for 1h, the primary
antibody, mouse monoclonal 4G8 (Biolegend) or mouse mono-
clonal GT-38 (Abcam), reactive against the amyloid-§ peptide or AD
tau, respectively, was added. Both antibodies were diluted 1:1000
in PBS-T containing 5% normal goat serum, and the length of
incubation was 16 h at 4°C. The sections were washed in PBS-T and
then incubated with goat anti-mouse secondary antibodies con-
jugated with Alexa 488, 594 or 647 (ThermoFisher) diluted 1:400 in
PBS-T containing 5% normal goat serum for 1h at RT. After
washing in PBS, the sections were incubated with 300 nM LL-1, LL-
6, LL-7, LL-8, LL-9, t-HTAA, p-FTAA, HS-84 or h-FTAA in PBS for
30 min at RT. The sections were then washed with PBS three times
and mounted with Dako mounting medium for fluorescence
(Agilent). The mounting medium was allowed to solidify at least
overnight before sealing the cover slips with nail polish. The result
was analysed using an inverted Zeiss LSM 780 laser scanning
confocal microscope (Zeiss) using the following excitation/emission
settings: LL-1: ligand 550/555-680 nm; antibody 490/499-632 nm;
lipofuscin 405/410-514 nm, LL-6: ligand 550/555-680 nm; antibody
490/499-632 nm; lipofuscin 405/410-514 nm, LL-7: ligand 550/555-
696 nm; antibody 490/499-579 nm; lipofuscin 405/410-499 nm, LL-
8: ligand 405/565-708 nm; antibody 490/499-597 nm; lipofuscin
568/585-712 nm, LL-9: ligand 405/565-711 nm; antibody 490/499-
597 nm; lipofuscin 568/585-712 nm, t-HTAA: ligand 405/410-
514 nm; antibody 633/638-755 nm; lipofuscin 561/570-632 nm, p-
FTAA: ligand 458/484-706 nm; antibody 633/647-755 nm; lipofuscin
580/588-632 nm, HS-84: ligand 458/484-706 nm; antibody 633/647-
755 nm; lipofuscin  580/588-641 nm, h-FTAA: ligand 490/499-
632 nm; antibody 633/638-755 nm; lipofuscin 405/410-514 nm.

Ligand staining: Sections of frontal cortex (10 um) from an AD
patient were fixed in 96% EtOH for 10 min at RT, incubated 10 min
in 50% EtOH followed by 10 min in dH20 at RT and then 10 min in
PBS. The sections were incubated with 300 nM of the respective
ligand in PBS for 30 min at RT. The sections were then washed with
PBS three times and mounted with Dako mounting medium for
fluorescence (Agilent). The mounting medium was allowed to
solidify at least overnight before sealing the cover slips with nail
polish. The sections were analysed using an inverted Zeiss LSM 780
laser scanning confocal microscope (Zeiss) using the following
excitation/emission settings for acquiring fluorescence images: HS-
169: ligand 550/599-751 nm; lipofuscin  405/545-615 nm, LL-5:
ligand 550/599-751; lipofuscin 405/545-615, and the following
excitation wavelengths for spectral recording: LL-1: 535 nm, LL-5:
535 nm, LL-6: 550 nm and LL-7: 535 nm.

Ligand double staining: Sections of frontal cortex (10 um) from AD
patient were fixed, rehydrated and incubated in PBS as described
above (ligand staining). The sections were then incubated with a
combination of ligands, 300 nM t-HTAA and 300 nM HS-169 or
300 nM p-FTAA and 300 nm LL-5, in PBS for 30 min at RT. The
sections were then washed with PBS three times and mounted with
Dako mounting medium for fluorescence (Agilent). The mounting
medium was allowed to solidify at least overnight before sealing
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the cover slips with nail polish. The sections were analysed using an
inverted Zeiss LSM 780 laser scanning confocal microscope (Zeiss)
using the following settings: t-HTAA/HS-169: excitation at 405 nm
and emission between 471-545 nm (t-HTAA); excitation at 550 nm
and emission between 609-744 nm (HS-169), p-FTAA/LL-5: excita-
tion at 490 nm and emission between 490-694 nm. Fluorescence
lifetime images were acquired using the same confocal microscope
system and the data were recorded by a Becker & Hickl Simple-Tau
152 system (SPC-150 TCSPC FLIM module) with the instrument
recording software SPCM version 9.42 in the FIFO image mode
using 256 time channels (Becker & Hickl GmbH, Berlin, Germany).
For all acquisitions, the pinhole was set to 20.2 um, and for
excitation at 405 nm (t-HTAA), a laser diode 405 nm CW/PS with a
repetition rate of 50 MHz was utilized. For excitation at 490 nm (p-
FTAA and LL-5) or 550 nm (HS-169), a pulsed tuneable In Tune laser
with a repetition rate of 40 MHz was used. Data was analysed in
SPClmage version 3.9.4 (Becker & Hickl GmbH, Berlin, Germany). As
described previously,®"*? decays were fitted to a bi-exponential
decay and the associated lifetimes and weights were used to
calculate an intensity average lifetime for plots and comparison.
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Multiple colors. A palette of fluores-
cent donor-acceptor-donor
thiophene-based ligands with distinct
photo-physical properties was synthe-
sized. Ligands with specific chemical
composition displayed selectivity
towards distinct protein aggregates in
tissue sections with Alzheimer’s
disease pathology and by applying
different combination of ligands,
multiplex spectral detection of
distinct protein aggregates could be
afforded. We foresee that these
ligands will aid in fluorescent assign-
ment of disease-associated protein
aggregates.
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