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Proteophenes — Amino Acid Functionalized Thiophene-
based Fluorescent Ligands for Visualization of Protein
Deposits in Tissue Sections with Alzheimer’s Disease

Pathology

Linnea Bjork,” Marcus Back,” Linda Lantz,” Bernardino Ghetti, Ruben Vidal,"™

Therése Klingstedt,” and K. Peter R. Nilsson*®

Abstract: Protein deposits composed of specific proteins or
peptides are associated with several neurodegenerative
diseases and fluorescent ligands able to detect these
pathological hallmarks are vital. Here, we report the synthesis
of a class of thiophene-based ligands, denoted proteophenes,
with different amino acid side-chain functionalities along the
conjugated backbone, which display selectivity towards
specific disease-associated protein aggregates in tissue
sections with Alzheimer's disease (AD) pathology. The
selectivity of the ligands towards AD associated pathological

hallmarks, such as aggregates of the amyloid-p (AP) peptide
or tau filamentous inclusions, was highly dependent on the
chemical nature of the amino acid functionality, as well as on
the location of the functionality along the pentameric
thiophene backbone. Finally, the concept of synthesizing
donor-acceptor-donor proteophenes with distinct photophys-
ical properties was shown. Our findings provide the structural
and functional basis for the development of new thiophene-
based ligands that can be utilized for optical assignment of
different aggregated proteinaceous species in tissue sections.

Introduction

Protein aggregates composed of fibrils having an extensive
cross P-pleated sheet structure are the common pathological
hallmark of numerous neurodegenerative diseases, for example
Alzheimer’s disease (AD), and several fluorescent molecular
scaffolds, such as Congo red and thioflavins, targeting these
pathological entities have been developed.™'" Lately,
thiophene-based ligands, such as luminescent conjugated
oligothiophenes (LCOs) and bi-thiophene-vinyl-benzothiazoles
(bTVBTs), have been applied for fluorescence imaging of protein
deposits, and spectral assignment of distinct protein aggregates
can be obtained by individual LCOs or combinations of
ligands."*?® In tissue sections with AD pathology, the two
pathological hallmarks, amyloid-f (Af) aggregates and tau
deposits, can be distinguished by anionic LCOs with a distinct
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chemical composition,>'*'® or by thiophene-based ligands

targeting specific aggregated species."”?**” Furthermore, with a
dual staining protocol utilizing a tetrameric LCO and a
heptameric LCO, age-dependent differences of AP deposits in
transgenic mice with AD pathology, as well as AP aggregate
heterogeneity in different etiological subtypes of AD, can be
revealed.">'®?'?" Qverall, thiophene-based ligands with specific
chemical composition and distinct optical properties can be
utilized as powerful fluorescent tools for assigning protein
aggregates in tissue sections with various modes of detection,
such as excitation- and emission spectra, as well as fluorescence
lifetime imaging (FLIM).*

Earlier studies®>? have revealed that anionic LCOs, in a
similar fashion as Congo Red,” interact with regularly spaced
cationic lysine residues situated in well-accessible grooves on
the protein aggregates, and that the spacing of the carboxylic
groups along the oligothiophene backbone influences the
affinity of the LCO towards the protein deposits. Thus, electro-
static interactions between the LCO (carboxylic groups) and the
protein aggregate (lysine residues) are highly important for
efficient binding of the ligand to protein deposits in general.
However, while disease-associated protein aggregates seem to
share the cross f-pleated sheet structure, recent studies have
suggested a conformational variety of aggregates comprised of
the same peptide or protein.'®***" Structure determination
with cryo-electron microscopy has revealed a structural differ-
ence of aggregated tau species between individual
tauopathies,®¥ and fluorescent ligands and biochemical
techniques have shown a polymorphism of AP deposits in
AD.'"®***% Hence, it would be of great interest to generate
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fluorescent ligands targeting a specific type of protein deposits
instead of protein aggregates in general.

Thiophene-based ligands selectively targeting aggregated
AP or tau pathology in brain tissue sections have recently been
presented, and from a chemical perspective, the aggregate
selectivity was afforded by replacing distinct thiophene moi-
eties with other heterocyclic building blocks, verifying that
chemical modifications of the ligands have a major impact of
their binding to distinct protein deposits.®*” Herein, we
present the synthesis and characterization of pentameric
oligothiophenes, denoted proteophenes, with specific amino
acid side-chain functionalization along the thiophene backbone
(Figure 1). The proteophenes binding properties towards A
and tau aggregates in brain tissue sections with AD pathology
were evaluated, and alterations of amino acid functionalities of
the ligands were shown to reduce or eliminate their capability
for identification of distinct aggregated AP or tau pathologies.
Overall, these findings might aid in the chemical design of
ligands recognizing different disease-associated protein aggre-
gates, as well as increase the toolbox of ligands that can be
utilized to study the diversity of protein aggregates.

Results and Discussion

Synthesis and photophysical properties of proteophenes with
four homologous amino acid functionalities along the
thiophene backbone

To generate pentameric proteophenes with a chemical diver-
sity, we selected a pentameric oligothiophene, 3, functionalized
with methyl- and tert-butyl esters in orthogonal positions
(Scheme 1). The pentamer was achieved by tert-butylation of
the a-carboxylic acid side chain of a previously reported
thiophene dimer 1,7 and by applying bromination with N-
bromosuccinimide (NBS) in DMF followed by palladium medi-
ated Suzuki-Miyaura cross-coupling reaction to thiophene
diboronic acid, the pentameric thiophene was achieved in
affordable yield (Scheme 1). From this pentamer, the Li-salt of
four different proteophenes, denoted HS-84-E-E, HS-84-K-K, HS-
84-Y-Y and HS-84-V-V (Figure 1) were synthesized by repetitive
deprotecting reactions under either alkaline or acidic condi-
tions, depending on the protecting group, and hexafluorophos-
phate azabenzotriazole tetramethyl uronium (HATU)-mediated
amide coupling reactions using the methyl- or tert-butyl
protected L-amino acids tyrosine (Y), glutamic acid (E), valine (V)

(HO),B-_~S~_-B(OH)
N
(i, i)
—_—
86%
over two steps

or lysine (L) (Scheme 2). These four amino acids were chosen to
achieve proteophenes having side functionalities with different
characteristics, such as polarity, hydrophobicity, and charge. As
all the proteophenes have carboxylic groups in the a-positions
and p-positions of the pentameric thiophene backbone, the
previously reported anionic pentameric LCO, HS-84 (Figure 2A),
was also included as a reference ligand.***!

When diluted in phosphate buffered saline (PBS, 10 mM
phosphate, 140 mM NaCl, 2.7 mM KCl, pH7.4), all novel
proteophenes displayed similar absorption- and emission
characteristics (Figure 1, Supporting Information Figure S1 and
Table S1). HS-84-E-E and HS-84-V-V showed an absorption
maximum at 418 nm, whereas HS-84-K-K and HS-84-Y-Y dis-
played a slightly red-shifted absorption maximum at 423 nm
and 431 nm, respectively. A similar trend was also observed in
the emission mode since HS-84-K-K and HS-84-Y-Y displayed a
red-shifted spectrum compared to HS-84-E-E and HS-84-V-V
(Figure 1, Supporting Information Figure S1). The most red-
shifted emission maximum, 575 nm, was observed for HS-84-K-
K, whereas the other three proteophenes showed emission
maxima between 545 nm to 550 nm. Similar photophysical
characteristics have been observed for other pentameric
LCOs"134 QOverall, the photophysical measurements showed
that distinct amino acid side-chain functionalities had a minor
impact on the basic photophysical characteristic of the
respective ligand in PBS.

Histological staining of AD brain tissue sections with
proteophenes having four homologous amino acid
functionalities along the thiophene backbone

Earlier studies of oligothiophenes have shown that the chemical
composition of the ligand has a major influence on the ligand’s
ability to detect different protein aggregates in AD.'>'%¢
Therefore, we next wanted to examine if a similar behavior
could be observed for the proteophenes. To evaluate if the
ligands were interacting with Af or tau aggregates, the
respective proteophene, as well as the previously reported
pentameric LCO, HS-84 (Supporting Information, Figure S2),14**!
was applied for histological staining of human brain tissue
sections (frontal cortex) from three cases with AD pathology.
Human tissue sections were used since thiophene-based
ligands have shown higher affinity towards protein deposits in
AD brain compared to in vitro generated recombinant fibrils."”
As anionic pentameric LCOs have shown nanomolar affinity

S

Scheme 1. Synthesis of pentameric oligothiophene functionalized with methyl- and tert-butyl esters in orthogonal positions. Reagents and conditions: (i) 1,4-
dioxane, TBTA, BF;-OFEt,; (ii) DMF, NBS —15°C to r.t.; (i) PEPPSI™-IPr, K,CO,, 1,4-dioxane/MeOH (4:1), 80°C.
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Figure 1. Chemical structure and photophysical properties of the novel proteophenes. Chemical structure (left), absorption- (blue) and emission (red) spectra
(right) of the Li-salt of HS-84-E-E (A), HS-84-K-K (B), HS-84-Y-Y (C) and HS-84-V-V (D). The spectra were recorded after diluting each ligand to 30 uM in
phosphate buffered saline (PBS, 10 mM phosphate, 140 mM NaCl, 2.7 mM KCl, pH 7.4). For the emission spectra, an excitation wavelength corresponding to
the absorption maximum of the respective ligand was used.

towards protein aggregates,”” 100 nM ligand in PBS was used is avoided and the proteophenes are most likely only binding
for staining. With these staining conditions, unspecific binding  to the previously reported high-affinity binding site on the
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Scheme 2. Synthesis of proteophenes with four homologous amino acid functionalities along the thiophene backbone. Reagents and conditions: (i) DCM/TFA

(4:1); (ii) DMF, DIPEA, HATU; (iii) 1,4-Dioxane, LiOH (1 M); (iv) THF, NaOH (1 M).

protein aggregates.®*3? Previous studies have also shown that
when bound to protein aggregates, pentameric anionic LCOs
undergo a conformational change that is displayed as a severe
red-shift of the absorption- and excitation spectrum.>*! There-
fore we tested three different lasers, 405 nm, 458 nm or
488 nm, for excitation, and similar to earlier observations,"**”
the proteophenes displayed the highest emission when using
an excitation at 458 nm or 488 nm. When examining the
overview of the whole tissue sections with similar imaging
conditions (excitation at 488 nm), a variation of staining was
observed for the respective ligand (Figure 2). For the sections
stained with HS-84, intense fluorescence from several aggre-
gated species was observed throughout the grey matter (Fig-
ure 2A) and a similar, but slightly less severe, staining pattern
was observed in the section stained with HS-84-E-E (Figure 2B).

Chem. Eur. J. 2022, 28, €202201557 (4 of 13)

Furthermore, HS-84-K-K and HS-84-Y-Y labelled sections dis-
played less staining than HS-84-E-E, whereas the section stained
by the fourth proteophene, HS-84-V-V, showed drastically
reduced amount of fluorescent aggregated species in the grey
matter compared to all other ligands (Figure 2B). Thus, the
chemical nature of the amino acid side-chain functionalities of
the proteophenes had a major impact on the ligands’ ability to
detect protein aggregates in AD brain tissue sections. Tissue
sections stained with HS-84-Y-Y and HS-84-V-V also displayed a
slightly higher background fluorescence in areas containing
white matter, suggesting that proteophenes functionalized with
hydrophobic amino acids might render more unspecific binding
to these regions.

To examine the difference in detection of protein aggre-
gates in AD brain for the respective ligand in more detail, we

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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HS-84-Y-Y

HS-84-K-K

HS-84-V-V

Figure 2. Fluorescent detection of protein aggregates in brain tissue sections with AD pathology stained with different proteophenes. A) Chemical structure
(left) of HS-84 and an overview image of the whole tissue section stained with 100 nM HS-84-E-E (right). B) Overview image of the whole tissue section stained
with 100 nM HS-84-E-E (top left), HS-84-K-K (top right), HS-84-Y-Y (bottom left) or HS-84-V-V (bottom right). The staining was performed on adjacent sections
and the images correspond to 375 tiles taken with a 10 x objective. The tile images were recorded in spectral mode using an excitation at 488 nm and

collecting the emission between 450 nm to 700 nm. Scale bar represents 2 mm.

next analysed the staining of some characteristic types of
immuno-positive aggregated species; Af cored plaques, diffuse
AP plaques, cerebral amyloid angiopathy (CAA) lesions and tau
pathology (neuropil threads and neurofibrillary tangles (NFTs))
(Figure 3). The anionic pentameric oligothiophene, HS-84,
displayed strong fluorescence from all these aggregated
pathologies (Supporting Information, Figure S2). All proteo-
phenes displayed strong fluorescence from CAA lesions and A
cored plaques, whereas they showed a discrepancy in staining
towards diffuse AP plaques (Figure 3). HS-84-E-E and HS-84-Y-Y
clearly labelled these aggregated AP species, whereas HS-84-K-
K displayed weaker staining of this pathology. Notably, with HS-
84-V-V, the staining of diffuse A was completely lacking and
the absence of staining was also confirmed by co-staining with
a previously reported A specific thiophene-based ligand HS-
276" (Supporting Information, Figure S3). Hence, HS-84-V-V

Chem. Eur. J. 2022, 28, €202201557 (5 of 13)

stained strikingly less aggregated AP pathology than the other
proteophenes, suggesting that valine side-chain functionalities
along the pentameric thiophene backbone restricted binding of
the ligand to aggregated AP species. Likewise, differential
staining by the proteophenes could also be observed for
aggregated tau pathology (Figure 3). HS-84-Y-Y showed strong
and abundant staining of both neuropil threads and NFTs,
whereas HS-84-K-K labelled NFTs and some neuropil threads.
For HS-84-E-E and HS-84-V-V, only a fraction of the NFTs could
be observed, and staining of neuropil threads was lacking for
both these ligands. Thus, similar to the observation for AB
deposits, the chemical nature of the amino acid side chain
functionalities influenced the ligands’ ability to detect aggre-
gated tau pathology. When bound to the respective aggregated
species, all the proteophenes displayed different emission
spectra compared to free ligand in PBS (Figures1, 3 and

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 3. Fluorescent assignment of different Ap and tau pathologies in AD brain tissue sections stained with different proteophenes. Images and fluorescence
spectra from immuno-positive Af} deposits (green arrows), including cerebral amyloid angiopathy (CAA) lesions, A} cored plaques, diffuse Ap plaques, and tau
pathology (white arrows: neurofibrillary tangles (NFTs), white arrowheads: neuropil threads) in tissue sections stained with 100 nM HS-84-E-E, HS-84-K-K, HS-
84-Y-Y or HS-84-V-V. Autofluorescence from lipofuscin is seen in blue (top panel) or yellow (ligand staining). The staining was performed on adjacent sections
and the images were recorded in spectral mode using an excitation at 488 nm and the emission was collected between 450 nm to 700 nm. Scale bar

represents 20 um.

Supporting Information, Figure S4), verifying that binding to
protein aggregates resulted in distinct spectral signatures from
the ligands. The characteristic double-peaks in the emission
spectra (Figure 3 and Supporting Information Figure S4) have
also been observed for other oligothiophenes bound to protein
aggregates, and similarly to earlier observations with HS-84,
none of the proteophenes displayed a spectral difference
bound to AP or tau aggregates.'>'4164243

Chem. Eur. J. 2022, 28, €202201557 (6 of 13)

Synthesis and photophysical properties of proteophenes with
different amino acid functionalities along the thiophene
backbone

As the pentameric oligothiophene, 3, functionalized with meth-
yl- and tert-butyl esters in orthogonal positions (Scheme 1),
allows synthesis of proteophenes having different amino acid
functionalities in the B-positions of the thiophene moieties, or
at the terminal a-positions of the pentameric thiophene back-
bone, we next synthesized four additional proteophenes,
denoted HS-84-E-Y, HS-84-Y-E, HS-84-E-V and HS-84-V-E (Fig-
ure 4A). Similar as described above, these ligands were
synthesized by repetitive deprotecting reactions under either

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 4. Fluorescent detection of protein aggregates in brain tissue sections with AD pathology stained with proteophenes having different amino acid
functionalities along the thiophene backbone. A) Chemical structures, absorption- and emission spectra of the Li-salt of HS-84-E-Y, HS-84-Y-E, HS-84-E-V and
HS-84-V-E. B) Overview image of the whole tissue section stained with 100 nM HS-84-E-Y (top left), HS-84-Y-E (top right), HS-84-E-V (bottom left) or HS-84-V-E
(bottom right). The staining was performed on adjacent sections and the images correspond to 375 tiles taken with a 10 x objective. The tile images were
recorded in spectral mode using an excitation at 488 nm and the emission was collected between 450 nm to 700 nm. Scale bar represents 2 mm.

alkaline or acidic conditions, depending on the protecting
group, and HATU-mediated amide coupling reactions using the
methyl- or tert-butyl protected L-amino acids tyrosine (Y),
glutamic acid (E) and valine (V) (Supporting Information,
Scheme S1). These three amino acid side chains were chosen to
prove the concept of synthesizing proteophenes with different
amino acids in a-positions and B-positions. Positively charged
lysine (K) residues were discarded since it might be more
problematic to purify zwitter-ionic proteophenes. In PBS, all
these ligands showed similar photophysical characteristics, with
an absorption maximum around 420 nm and an emission
maximum around 545 nm (Figure 4A, Supporting Information

Chem. Eur. J. 2022, 28, €202201557 (7 of 13)

Table S1), as the other proteophenes. Thus, analogous to the
results obtained for the proteophenes with four homologous
amino acid functionalities along the thiophene backbone,
variations of the amino acid side chain functionalities had a
minor influence on the basic photophysical characteristic of the
respective ligand in PBS.
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Histological staining of AD brain tissue sections with
proteophenes having different amino acid functionalities
along the thiophene backbone

Next, we tested HS-84-E-Y, HS-84-Y-E, HS-84-E-V and HS-84-V-E
for histological staining. Similar as described earlier, 100 nM of
the respective ligand was applied on human brain tissue
sections (frontal cortex) from three cases with AD pathology
and the tissue sections were analysed with similar imaging
conditions (Figure 4B). For HS-84-E-Y, HS-84-Y-E and HS-84-V-E,
rather intense staining was observed throughout the grey
matter region, whereas HS-84-E-V showed slightly less staining
compared to the other ligands (Figure 4B). HS-84-E-Y and HS-
84-Y-E displayed intense emission when bound to A cored
plaques, diffuse AP plaques, CAA lesions, neuropil threads and
NFTs, and a similar emission spectrum, with the characteristic
double-peaks, was seen from the ligands bound to all these
aggregated species (Figure 5). Hence, in contrast to HS-84-E-E
(Figure 3), ligands having the glutamates (E) in the a- or f-
positions replaced by tyrosines (Y) exhibited strong staining
towards both neuropil threads and NFTs, verifying that amino

CAA lesions

Cored ApB

HS-84-E-V HS-84-Y-E HS-84-E-Y

HS-84-V-E

Diffuse Ap

acid functionalities have a major impact on the ligand-protein
aggregate interaction. Similarly, HS-84-V-E, the ligand having
valines (V) in the a-positions and glutamines (E) in (3-positions
revealed a strikingly different staining pattern compared to HS-
84-V-V (Figures3 and 5). For HS-84-V-E, all aggregated
pathologies of AP and tau displayed intense fluorescence,
whereas HS-84-V-V only labelled CAA lesions and Af} cored
plaques, as well as a minority of the NFTs. Furthermore, HS-84-
V-E also showed a different staining pattern compared to the
ligand with only glutamate side chain functionalities, HS-84-E-E,
which only labelled a fraction of the NFTs and failed to stain
neuropil threads (Figures 3 and 5). Notably, the ligand having
glutamates (E) in the o-positions and valines (V) in the (-
positions, HS-84-E-V, only stained CAA lesions, AP cored plaques
and some diffuse AP plaques (Figure5 and Supporting
Information, Figure S5), verifying that the distinct positioning of
certain amino acid functionalities in the a- or B-positions along
the pentameric thiophene backbone influences the ligands’
performance in detecting certain aggregated species.

From a chemical perspective, all the proteophenes have
carboxylic groups in the a-positions and B-positions, suggesting

Tau pathology
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Figure 5. Fluorescent assignment of different Ap and tau pathologies in AD brain tissue sections stained with different proteophenes. Images and fluorescence
spectra from AP deposits (green arrows), including cerebral amyloid angiopathy (CAA) lesions, AP} cored plaques, diffuse AB plaques, and tau pathology (white
arrows: neurofibrillary tangles (NFTs), white arrowheads: neuropil threads) in tissue sections stained with 100 nM HS-84-E-Y, HS-84-Y-E, HS-84-E-V or HS-84-V-E.
Autofluorescence from lipofuscin is seen in yellow. The staining was performed on adjacent sections and the images were recorded in spectral mode using an
excitation at 488 nm and the emission was collected between 450 nm to 690 nm. Scale bar represents 20 um.
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that the interaction with the protein aggregates will occur in a
similar fashion as reported for anionic LCOs.%=? However, the
interaction with regularly spaced cationic lysine residues
situated in well-accessible grooves on the protein aggregates
will most likely be dependent on the chemical nature of the
amino acid functionality in the a-positions and B-positions. As
shown above, the ligand, HS-84-V-V, having the non-polar
isopropyl side chain from valine in both a-positions and f3-
positions detected less aggregated species than ligands having
charged (HS-84-E-E and HS-84-K-K) or uncharged polar side
chains (HS-84-Y-Y) from the amino acids in both the a-positions
and P-positions (Figures 2 and 3). In addition, proteophenes
having uncharged- or non-polar side chains in the a-positions
and anionic polar side chains in the (3-positions, HS-84-V-E and
HS-84-Y-E, displayed intense staining of tau-pathologies, where-
as less or no observable staining of aggregated tau species was
observed for proteophenes with anionic polar side chains in the
a-positions and anionic, uncharged- or non-polar side chains in
the pB-positions, HS-84-E-E, HS-84-E-Y and HS-84-E-V (Figures 3
and 5). Overall, qualitative analysis of the proteophenes’ ability
to stain the four characteristic aggregated pathologies, AR
cored plaques, diffuse AP plaques, CAA lesions and tau
pathology, in frozen brain tissue from three neuropathologically
confirmed cases of AD (Table 1) showed that the chemical
nature of the amino acid functionalities at the a- or 8- positions
along the thiophene backbone had a major influence on the
ligands’ ability to detect certain aggregated species in AD brain
tissue. Hence, properly functionalized proteophenes might offer
the possibility to detect specific types of protein aggregates,
and the recently obtained cryo-EM structures of a diversity of
protein aggregates®***** might aid in assigning distinct
binding mode for different ligands. As recently shown,*”
combinatorial experimental/theoretical assessment could be
utilized to predict the binding mode, as well as photophysical
characteristics, of an AD-tau-specific thiophene-based ligand, b-
TVBT4, and similar studies with proteophenes are ongoing in
our laboratory to determine their binding modes to different
protein aggregates.

Table 1. Proteophene staining of different Af and tau pathologies in
human AD brain tissue sections.

Proteophene  CAAlesions Cored AR  Diffuse AR Tau pathology
HS-84-E-E ++ ++ ++ +)

HS-84-K-K ++ ++ (+) +

HS-84-Y-Y ++ ++ ++ ++
HS-84-V-V ++ ++ - (+)

HS-84-E-Y ++ ++ ++ ++
HS-84-Y-E ++ ++ ++ ++
HS-84-E-V ++ ++ +) -

HS-84-V-E ++ ++ ++ ++

+ + =excellent, + =moderate, (+)=poor, — =no staining.
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Synthesis and photophysical properties of a donor-acceptor-
donor (D-A-D) based proteophene

As donor-acceptor-donor (D-A-D) thiophene-based ligands have
been shown to exhibit different photophysical properties than
conventional oligothiophenes,>** we next synthesized a D-A-D
based proteophene (Supporting Information, Scheme S2). To
achieve a D-A-D type pentameric oligothiophene where the
middle thiophene building block was exchanged with a 2,1,3-
benzothiadiazole (BTD), thiophene dimer 2 was used as starting
material. In this regard, the nitrogen-containing heterocycle,
BTD, will be utilized as an effective electron acceptor and the
thiophenes as donors. Iridium catalyzed borylation was per-
formed using pinacolborane and 4,4'-di-tert-butyl-2,2"-bipyridine
(BBBPY) under nitrogen reflux yielding borylated thiophene
dimer 4 which was then cross-coupled through a palladium
mediated Suzuki-Miyaura reaction to 4,7-dibromo-2,1,3-benzo-
thiadiazole resulting in BTD-pentamer 5 in affordable yield.
BTD-pentamer 5 was then functionalized with L-valine using
the same HATU-mediated amide coupling procedure as
described above, and after deprotection, the D-A-D thiophene
based ligand, HS-169-V-V (Figure 6A), was afforded. Diluted in
PBS, HS-169-V-V showed different absorption- and emission
characteristics compared to the pure thiophene-based proteo-
phenes. The ligand showed three absorbance bands between
230 nm and 600 nm (Figure 6A). The two most red-shifted
bands likely arise from the m-mt* transition and the charge-
transfer transition, respectively.”>** Upon excitation corre-
sponding to the respective absorption band, HS-169-V-V
displayed a similar emission with a maximum around 720 nm
for both excitation wavelengths (Figure 6A). Similar absorption-
and emission profiles have also been observed for the
pentameric D-A-D thiophene based ligand HS-169."®' Overall,
the photo-physical measurements verified that HS-169-V-V
displayed distinct photophysical properties due to the incorpo-
ration of the central BTD moiety and that the chemical
composition had a great impact on the photophysical charac-
teristic of the ligand.

Histological staining of AD brain tissue sections with HS-
169-V-V

Previous studies®™***¥ have shown that D-A-D thiophene-based
ligands can be used for hyperspectral- or fluorescence lifetime
imaging (FLIM) of protein aggregates in AD brain tissue. To
examine if HS-169-V-V can be applied in a similar fashion, we
next tested the ligand on brain tissue sections with AD
pathology. In the same manner as for the other proteophenes,
100 nM of ligand was applied for histological staining, and
when examining the tissue sections, bright emission was only
observed from CAA lesions, whereas staining of other aggre-
gated AP species and tau pathology was lacking (Figure 6B).
Thus, HS-169-V-V detected even less aggregated species than
the corresponding pentameric oligothiophene HS-84-V-V, sug-
gesting that the replacement of the central thiophene moiety
with a BTD motif influences the binding mode of the ligand. In
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Figure 6. Fluorescent detection of protein aggregates in brain tissue sections with AD pathology stained with a D-A-D based proteophene. A) Chemical
structures, absorption- (blue) and emission spectra (red, purple) of the Li-salt of HS-169-V-V. The emission spectra were recorded with excitation wavelengths
corresponding to the two absorption maxima, 375 nm (red arrow) or 495 nm (purple arrow). B) Spectral image, fluorescence spectra and fluorescence lifetime
distribution of cerebral amyloid angiopathy (CAA) lesions (red arrows) in a tissue section stained with 100 nM HS-169-V-V. The images were recorded in
spectral mode using an excitation at 561 nm and the emission was collected between 500 nm to 690 nm Scale bar represents 20 um. C) Intensity images and
fluorescence lifetime distributions from CAA lesions (red arrows), cored AP plaques (blue arrows), diffuse AP} plaques (green arrows) or tau pathology (purple
arrow) in a tissue section stained with 100 nM HS-169-V-V and 100 nM HS-84-V-E. The images were recorded using an excitation at 490 nm and the
fluorescence lifetime distributions were recorded using excitation at 490/565 nm. Scale bar represents 20 pm.

addition, the length of the accumulated A peptides is different
in parenchymal deposits compared to vascular AP deposits,**="
hence, the preferential binding of HS-169-V-V to CAA lesions
might be due to differences in the biochemical composition of
the protein aggregates. When bound to CAA lesions, HS-169-V-
V showed a blue-shifted emission spectrum with a maximum
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around 615 nm, compared to the ligand in PBS, as well as a
distribution of fluorescence lifetimes between 2000 ps to
4000 ps (Figure 6). Similar decays have also been observed for
other D-A-D thiophene-based ligands when bound to protein
aggregates.”*®
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To examine the lack of binding of HS-169-V-V to AP cored
plaques, diffuse AP plaques and aggregated tau pathology in
more detail, we compared the staining result of HS-169-V-V
with the previously reported D-A-D thiophene based ligand HS-
169 (Supporting Information, Figure S6A).** In comparison to
HS-169-V-V, HS-169 has carboxylates in the a-positions and the
B-positions, but is lacking the non-polar side chain from valine,
the isopropyl group, in these positions. When using 100 nM
ligand, HS-169 clearly labelled all aggregated A} pathologies, as
well as neuropil threads and NFTs (Supporting Information,
Figure S6B). Thus, similar as shown above for the other
proteophenes, adding amino acid side chain functionalities in
the a-positions and B-positions influences the ligand’s ability to
detect different aggregated species.

Since the pure thiophene-based proteophenes and the D-A-
D based proteophene ligand exhibit different photophysical
properties and differential staining patterns, a dual staining
protocol combining HS-169-V-V and HS-84-V-E was applied on
brain tissue sections with AD pathology. Similar to the
observations above, HS-84-V-E stained all aggregated species,
including CAA lesions, cored and diffuse AP plaques, as well as
tau pathology, and ligand staining could be identified with
FLIM (Figure 6C). The ligand displayed intensity weighted mean
lifetime distributions between 600 ps and 1000 ps, which is
similar to other pentameric oligothiophenes.” In contrast, the
characteristic longer lifetime distributions, 2000 to 3000 ps,
from HS-169-V-V emission could only be observed from CAA,
whereas these longer decay times was completely lacking for
all the other aggregated species (Figure 6C). Thus, these experi-
ments verified that HS-169-V-V only labelled CAA lesions and
signified that a dual staining protocol with a combination of a
pure thiophene-based proteophene and a D-A-D based proteo-
phene can be utilized for assignment of distinct aggregated
species in tissue sections.

Conclusion

In conclusion, we have developed a new set of amino acid
thiophene-based ligands, denoted proteophenes, with different
amino acid side-chain functionalities along the conjugated
backbone. Depending on the chemical nature of the side-chain
functionalities in the B-positions of the thiophene moieties, or
at the terminal a-positions of the pentameric thiophene back-
bone, the ligands selectively targeted different A or tau
pathologies in AD brain tissue sections. In addition, a D-A-D
based proteophene with alternative photophysics compared to
the pure thiophene-based proteophenes was presented, and a
dual staining protocol allowing multiplex photophysical detec-
tion of distinct protein aggregates in tissue sections with AD
pathology was afforded when combining different proteo-
phenes. Our findings provide useful knowledge of how minor
chemical changes of the proteophenes influence their binding
properties towards different protein aggregates, as well as
expand the toolbox of fluorescent ligands that can be utilized
for fluorescent assignment of distinct aggregated proteinaceous
species. We foresee that proteophenes will aid in studying the

Chem. Eur. J. 2022, 28, €202201557 (11 of 13)

pathological 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 schemes are given in the Supporting Information.

Synthesis of ligands: The synthesis of compound 1, HS-84, HS-169,
b-TVBT2 and HS-276 has been published elsewhere.?°?"424 The
detailed synthesis of the proteophenes is described in the
Supporting Information (Supporting Information).

Optical characterization of the ligands: Stock solutions of ligands
(1.5 mM in de-ionized water) were diluted to 30 uM in in phosphate
buffered saline (PBS, 10 mM phosphate, 140 mM NacCl, 2.7 mM KCl,
pH 7.4). Excitation- and emission spectra of the ligands were
collected using an Infinite M1000 Pro microplate reader (Tecan,
Ménnedorf, Switzerland).

Immunohistochemistry: Frozen brain tissue from three neuro-
pathologically confirmed cases of Alzheimer's disease (AD) was
obtained from the Dementia Laboratory at the Department of
Pathology and Laboratory 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 Institutional Review Board and informed consent
was obtained from the patient or their next of kin. The experiments
performed at Linkdping University were reviewed and approved by
a national ethical committee (approval number 2020-01197).
Frontal cortex AD brain tissue sections (10 pm) were fixed in pre-
cooled acetone at —20°C for 5 min. After drying for 30 min at RT,
the sections were incubated in phosphate buffered saline (PBS,
10 mM phosphate, 140 mM NaCl, 2.7 mM KCl, pH 7.4) for 1 min to
remove OCT embedding compound, and then in PBS with 5%
normal goat serum (blocking buffer) for 30 min to block unspecific
binding. The sections were then incubated with 4G8 antibody
(Biolegend) directed against AP or GT-38 antibody (Abcam) directed
against tau for 2 h at RT. Both antibodies were diluted 1:1000 in
blocking buffer. After washing in PBS for 3x5 min, the sections
were inbubated for 1h at RT with goat anti-mouse secondary
antibody conjugated with Alexa Fluor 488 diluted 1:400 in blocking
buffer. The sections were then washed with PBS and mounted
using Dako mounting medium for fluorescence (Agilent). The
staining result was analyzed using an inverted Zeiss 780 confocal
laser scanning microscope (Zeiss).

Ligand staining: Sections of frontal cortex (10 um) from three AD
cases were fixed in 96 % EtOH for 10 min at RT, incubated 10 min in
50% EtOH followed by 10 min in dH,O at RT and then 10 min in
PBS. The sections were incubated with 100 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 excitation at
488 nm or 561 nm for spectral imaging.

Ligand double staining: Sections of frontal cortex (10 um) from
three AD cases were fixed, rehydrated and incubated in PBS as
described above (ligand staining). The sections were then incu-
bated with a combination of ligands, 100 nM HS-169-V-V and
100 nM HS-84-V-E, 200 nm HS-276[4] and 100 nM HS-84-V-V, or
100 nM b-TVBT2[3] and 100 nM HS-84-E-V, for 30 min at RT. The
sections were then washed with PBS three times and mounted with
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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 with the different
combination of ligands were analysed using an inverted Zeiss LSM
780 laser scanning confocal microscope (Zeiss) with the following
settings; HS-169-V-V/HS-84-V-E: excitation at 458 nm or 561 nm for
spectral imaging, as well as 490 nm and 565 nm for fluorescence
lifetime imaging (FLIM).HS-276/HS-84-V-V: excitation at 405 nm or
458 nm for spectral imaging.b-TVBT2/HS84-E-V: combined excita-
tion at 458 nm and 561 nm for spectral imaging.

Fluorescence lifetime imaging (FLIM): Fluorescence lifetime im-
ages were acquired using the same confocal microscope system as
described above 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 ym, and
for excitation at 490 nm (HS-84-V-E) or 565 nm (HS-169-V-V), a
pulsed tunable In Tune laser with a repetition rate of 40 MHz was
used. Data was analyzed in SPCimage 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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