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ding site topology of amyloid
protein aggregates using multivalent ligands†
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A key process in the development of neurodegenerative diseases such as Alzheimer's and Parkinson's

diseases is the aggregation of proteins to produce fibrillary aggregates with a cross b-sheet structure,

amyloid. The development of reagents that can bind these aggregates with high affinity and selectivity

has potential for early disease diagnosis. By linking two benzothiazole aniline (BTA) head groups with

different length polyethylene glycol (PEG) spacers, fluorescent probes that bind amyloid fibrils with low

nanomolar affinity have been obtained. Dissociation constants measured for interaction with Ab, a-

synuclein and tau fibrils show that the length of the linker determines binding affinity and selectivity.

These compounds were successfully used to image a-synuclein aggregates in vitro and in the post-

mortem brain tissue of patients with Parkinson's disease. The results demonstrate that multivalent ligands

offer a powerful approach to obtain high affinity, selective reagents to bind the fibrillary aggregates that

form in neurodegenerative disease.
Introduction

Neurodegenerative disorders like Alzheimer's and Parkinson's
diseases are a growing medical problem in modern society.1

Although the molecular mechanism that leads to a propagation
of these diseases is not well-understood, it has been established
that the misfolding and aggregation of proteins such as b-
amyloid and tau in Alzheimer's disease and a-synuclein in
Parkinson's disease play a key role in the initiation and spread
of the disease. Aggregation ultimately results in the deposition
of insoluble brillary aggregates, which have a characteristic
cross b-sheet structure, amyloids.2,3 The resulting brils are
large in size, low in solubility, and are not crystalline. However,
the smaller soluble aggregates formed in this process appear to
be the toxic species that damage by different mechanisms and
ultimately kill neurons. Recently using super-resolution
imaging and atomic force microscopy, b-amyloid aggregates
ranging in size from 20–200 nm were observed in the
mbridge, Lenseld Road, Cambridge CB2
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son Brain Imaging Centre, University of

(ESI) available: Details of synthetic
tion, HPLC analysis of polydisperse
ration data, total internal reection
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99
cerebrospinal uid of patients with Alzheimer's disease, and the
development of protobrillar aggregates about 100 nm in
length was found to cause increased inammation.4 Thus
soluble brillary aggregates play an important role in the
development of Alzheimer's disease. However, currently there
are a limited number of approaches to detect and characterise
these soluble aggregates that are typically present in biouids at
low picomolar concentrations.5 The main approach is based on
the use of antibodies that either target the post-translationally
modied protein present in aggregates to make them aggre-
gate selective or are based on sandwiching the aggregate with
two antibodies that bind the same epitope on the protein.5

Small molecules such as thioavin T have been developed, but
the affinity and selectivity that can be achieved with these
compounds is limited. Here we describe an alternative strategy
where two head groups, which have a micromolar affinity for
brillary aggregates, are linked by a exible linker to obtain
nanomolar dissociation constants. We show how variation of
the linker length can be used to optimise the affinity and
selectivity of these constructs for the brillar aggregates of Ab,
tau and a-synuclein.

The misfolding of amyloid proteins generates aggregates
rich in b-sheet structures, giving rise to an ordered array of
similar binding sites (Fig. 1). When a ligand binds to a single
binding site, the affinity is measured by the dissociation
constant (Kd). But, if two ligand moieties are linked together,
the binding of the rst head group at one site will bring the
second head group into mutual proximity with another binding
site, and this increase in effective molarity (EM) will lead to an
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Multivalent binding to protein aggregates. A cross b-sheet fibrillar aggregate presents an organised array of similar binding sites. The
binding affinity of monovalent ligands (red) that bind at one site will be low. Divalent ligands (blue) that cooperatively bind at two sites simul-
taneously can lead to significantly higher binding affinities. The ratio of Kd for the first intermolecular binding interaction (highlighted in red)
compared to the effective molarity (EM) for the second intramolecular binding interaction (highlighted in blue) determines the overall increase in
binding affinity.
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enhancement in the overall affinity.6 If the linker is too short,
simultaneous binding to two head groups at two different
binding sites will not be possible. However, if the linker is
longer than the binding site separation in the aggregate,
cooperative binding of two head groups to two different binding
sites should be possible. Values of effective molarity generally
fall in the range 10–100 mM, even for long exible linkers, so
provided a ligand head group with a Kd signicantly lower than
10 mM is used, signicant enhancements in binding affinity
can be expected.7,8 Identication of the optimal linker length for
different amyloid proteins (Ab, a-synuclein or tau) will also
provide insights into the differences in the binding site topol-
ogies of the aggregates, providing new strategies for improving
selectivity.

Thioavin T dimers linked by short oligoethylene glycol
chains were previously found to have enhanced affinity for Ab40
aggregates.9 Thioavin T is charged, which limits biological
applications of these compounds, so we have applied this
approach to the neutral benzothiazole aniline head group 1
Fig. 2 Structures of (a) benzothiazole aniline derivative 1, and (b) the
BTA-PEGn-BTA dimers.

© 2021 The Author(s). Published by the Royal Society of Chemistry
(Fig. 2).10 Benzothiazole anilines (BTA) are uorescent dyes,11

which have been used for the detection of Ab related amyloid-
osis.12,13 We chose polyethylene glycol (PEG) as the linker,
because it is known to improve the solubility, stability, and
blood circulation time of drug conjugates, it does not compete
for interactions with biological molecules, and a range of
different chain lengths are readily accessible.14
Results and discussion
Monodisperse BTA dimers

BTA dimers were synthesised with oligoethylene glycol linkers
between 3 and 21 ethylene glycol units in length. The 3-unit and
6-unit linkers were commercially available. The longer linkers 2,
3 and 4 were prepared from benzyl triethylene glycol by an
iterative sequence of mesylation, Williamson ether coupling,
and hydrogenation to remove the benzyl protecting groups
(Scheme 1). BTA derivative 1 was synthesized using a three step
procedure previously reported.15 Coupling of oligoethylene
glycol mesylates 5–9 with compound 1 with gave the corre-
sponding BTA dimers 13–17 (Scheme 2), and the nal products
were puried by HPLC.16

For each of the BTA dimers, uorescence titrations were
carried out with brils of a-synuclein, Ab42 and tau in PBS 1�
buffered solutions (pH 7.4). Fig. 3 shows typical results from
a uorescence titration of 14 into a 1 mM solution of a-synu-
clein. The BTA dimers are uorescent in the absence of protein,
so for each titration, the increase in uorescence measured in
the presence of protein was compared with the uorescence
Chem. Sci., 2021, 12, 8892–8899 | 8893
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Scheme 1 Synthesis of oligoethylene glycol mesylates.

Scheme 2 Synthesis of monodisperse BTA-PEGn-BTA dimers.
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measured for a control sample in the absence of protein. At low
concentrations of BTA dimer, there is a sharp increase in the
uorescence emission intensity for the solution containing
Fig. 3 Fluorescence titration of compound 14 into a 1 mM solution of
a-synuclein in PBS buffer at pH 7.4 (squares) and into PBS 1� buffer
with no protein (circles) at 298 K. The spectra were recorded using
355 nm as excitation wavelength and using the emission spectra at
425 nm. The lines show the best fit to eqn (1)–(3).

8894 | Chem. Sci., 2021, 12, 8892–8899
protein relative to the control. Once saturation is reached, the
uorescence emission from the solution containing protein
continues to increase, but by a similar amount to the control.
The titration data must therefore be analysed allowing for the
emission of both the free and bound BTA dimer. Eqn (1)
describes how the emission intensity (I) is related to the
concentration of free and bound dye.

I ¼ 3fff[free] + 3bfb[bound] (1)

where 3fff and 3bfb are product of the UV-Vis absorption
extinction coefficient and the uorescence quantum yield for
the free and bound BTA dimer respectively.

The free and bound concentrations of the BTA dimer are
related to the dissociation constant for binding to the protein
brils (Kd) by eqn (2) and (3).

[L] ¼ [free] + [bound] (2)

½bound� ¼
Kd þ ½L� þ ½S� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðKd þ ½L� þ ½S�Þ2 � 4½L�½S�

q

2
(3)

where [L] and [S] are the total concentrations of BTA dimer and
protein binding sites respectively.

Eqn (1)–(3) can be t to the two sets of titration data in Fig. 3
to determine the dissociation constant Kd and brightness (ef) of
the free and bound BTA dimer, and in the case of high affinity
binding, the concentration of binding sites on the protein
brils. In all cases, the titration data t well to a 1 : 1 binding
isotherm, and the lines shown in Fig. 3 are the calculated lines
of best t. For the highest affinity ligands, where the concen-
tration of binding sites is well-dened by the titration data, the
values of [S] fall in the range 200–500 nM range, which indicates
that there is one BTA dimer binding site for every 2–5 protein
monomers in the brils. The BTA dimer with the 3-unit linker
13 was not sufficiently soluble to determine accurate dissocia-
tion constants, but the results for the other BTA dimers for all
three proteins are summarised in Table 1.

The results in Table 1 are plotted as a function of linker
length for each of the three proteins in Fig. 4. For tau, the
dissociation constants are in the micromolar range for all of the
BTA dimers, and there is little variation with linker length.17

However, for the other two proteins, a distinct optimum in
linker length is observed. For a-synuclein, the 9-unit linker gives
Table 1 Dissociation constants (Kd/nM) for binding of monodisperse
BTA dimers to protein fibrils measured using fluorescent titrations in
PBS 1� at pH 7.4 and 298 Ka

Compound n a-Synuclein Protein Ab42 Tau

13 3 — — —
14 6 190 � 140 1400 � 1600 900 � 700
15 9 2.7 � 1.5 78 � 26 1000 � 300
16 15 35 � 15 7 � 5 110 � 57
17 21 210 � 180 320 � 75 280 � 48

a All measurements were repeated at least three times, and the errors
are quoted at the 95% condence limit. n is the number of ethylene
glycol units in the linker.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Dissociation constants (Kd) measured for the binding of
monodisperse BTA-PEGn-BTA dimers to solutions of aggregates of a-
synuclein (1 mM blue), Ab42 (0.5 mM green) and tau (0.5 mM orange) in
PBS 1� buffer at pH 7.4 at 298 K.

Scheme 3 Synthesis of polydisperse BTA-PEGn-BTA dimers.

Fig. 5 Mass spectra of BTA dimers. The left panel shows the monodispe
linker) (d) 16 (15-unit linker) (e) 17 (21-unit linker). The right panel show
corresponding to the M+ and M2+ ions are indicated. For the polydisper
glycol units in the chain.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the highest binding affinity with a dissociation constant in the
low nanomolar range. For Ab42, the 15-unit linker gives the
lowest dissociation constant, again in the nanomolar range.
Thus, variation in linker length can modulate the affinity of
a BTA dimer by between two and three orders of magnitude.
More interestingly, the selectivity is different for different
proteins. Thus the 9-unit linker gives an a-synuclein-selective
dye, and the 15-unit linker gives an Ab42-selective dye, both
with nanomolar affinities. The differences in the affinities
observed must be related to differences in the arrangement of
the binding sites on the surfaces of the brils, which provides
some indirect information of the three-dimensional structures
of the aggregates. A monomeric BTA analogue equipped with an
oligoethylene glycol chain was also prepared (see ESI†). The
binding affinity of this compound for a-synuclein was too low to
measure (Kd > 1 mM), which shows that the linker is not involved
in enhancement of the binding affinity of the BTA dimers.
Polydisperse BTA dimers

It is possible to prepare BTA dimers in a more straightforward
manner by using polydisperse PEG linkers. Commercial poly-
disperse mixtures (PEG200, PEG400, PEG1000, PEG1500 and
PEG2000) were functionalised with BTA as shown in Scheme 3.
This route provides rapid access to a wide range of linker
lengths for screening purposes. The polydisperse mixtures of
BTA dimers were obtained with yields of 50–98% over two steps,
and the desired products were separated from unfunctionalized
PEG starting materials using preparative HPLC. Fig. 5 compares
the mass spectra of the polydisperse BTA dimers with the
monodisperse compounds described above. The polydisperse
samples contain a distribution of chain lengths, and the data in
Fig. 5 were used to calculate the average chain length of the
rse BTA dimers (a) 13 (3-unit linker) (b) 14 (6-unit linker) (c) 15 (9-unit
s the polydisperse BTA dimers (f) 23, (g) 24, (h) 25, (i) 26, (j) 27. Peaks
se samples, individual peaks are labelled with the number of ethylene

Chem. Sci., 2021, 12, 8892–8899 | 8895
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Table 2 Apparent dissociation constants (Kd/nM) for binding of
polydisperse BTA-PEGn-BTA dimers to a-synuclein fibrils measured
using fluorescent titrations in PBS 1� at pH 7.4 and 298 Ka

Mixture n �n Kd/nM

23 2–8 6 —
24 5–13 9 13 � 7
25 10–28 20 38 � 21
26 20–36 28 130 � 75
27 34–46 40 >1000

a All measurements were repeated at least three times, and the errors
are quoted at the 95% condence limit. n is the range of ethylene
glycol units in the linker, and �n is the average number of ethylene
glycol units in the linker.
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polydisperse BTA dimers (�n in Table 2). PEG200 contains the 3-
unit and 6-unit linkers, PEG400 contains the 6-unit and 9-unit
linkers, PEG1000 contains the 15-unit and 21-unit linkers, and
the other two polydisperse BTA dimers are longer than the
monodisperse analogues with linkers up to 46 ethylene glycol
units in length.

Fluorescent titrations with the polydisperse mixtures of BTA
dimers were used to measure the apparent binding affinities for
a-synuclein brils in the same way as described above for the
Fig. 6 Dissociation constants (Kd) measured for the binding of
monodisperse (blue) and polydisperse BTA dimers (red) to 1 mM
solutions of a-synuclein aggregates in PBS 1� buffer at pH 7.4 at 298 K.
The points for the polydisperse mixtures are plotted at the average
linker length n�, and the horizontal bars represent the range of values of
n observed in the mass spectra.

Fig. 7 TIRFM images of a-synuclein sonicated fibrils in the presence of (
200 nM samples of the monomer. All images have the same contrast. S

8896 | Chem. Sci., 2021, 12, 8892–8899
monodisperse BTA dimers. The titration data t well to a 1 : 1
binding isotherm allowing for the uorescence emission from
the free dye as described above, and the results are summarised
in Table 2. The BTA dimer with the shortest polydisperse linker
obtained from PEG200 was not sufficiently soluble to allow
accurate measurement of the dissociation constant, and the
dissociation constant for the longest polydisperse linker ob-
tained from PEG2000 was too low to be measured. The disso-
ciation constants for the other polydisperse BTA dimers are in
the same range as those measured for the monodisperse
analogues. In this case, the observed values are a weighted
average of the dissociation constants of all of the dimers
present, and Fig. 6 compares the results obtained for the
monodisperse and polydisperse BTA dimers. The dependence
on linker length observed for the polydisperse BTA dimers is
similar to that observed for the monodisperse dimers, and the
highest binding affinity was found for the mixture with an
average linker length of 9 ethylene glycol units. These results
show that polydisperse mixtures of linkers could be used to
provide a rapid screen of a large number of different linker
lengths to identify where to focus efforts on the synthesis of
monodisperse compounds with high affinity.
Total internal reection uorescence microscopy (TIRFM)
imaging

The highest affinity BTA dimers were investigated as uores-
cence imaging agents for protein aggregates. Fig. 7 compares in
vitro imaging of a-synuclein aggregates with 15 and with thio-
avin T (ThT). ThT is widely used to image aggregates, because
it has a very low uorescence emission intensity in the free
state, and there is a large increase in uorescence emission on
binding to protein aggregates. The corresponding change in
uorescence emission intensity is much lower for the BTA
dimers described here (see Fig. 3). However, the localisation of
15 provided by high affinity binding to the aggregates means
that the dye can be used at very low concentrations with
minimal background emission from the free dye. Fig. 7 shows
that the images obtained with nanomolar solutions of the BTA
dimer are brighter than the images obtained with micromolar
solutions of ThT, which is consistent with the three orders of
magnitude increase in binding affinity measured for 15 above.
a) 4 nM 15, (b) 200 nM 15 and (c) 5 mM ThT. Fibrils were obtained from
cale bar 10 mm.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Fluorescence microscope images of human brain sections. (a) Sections from patients with Parkinson's disease labelled with antibodies
against a-synuclein (LB509 and pS129) and stained with compounds 13, 14 and 15 (100 nM). (b) Sections from patients with Alzheimer's disease
labelled with antibodies against tau (dako tau) and Ab (4G8) and stained with compounds 13, 14 and 15 (1 mM). Scale bar 20 mm.
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Fig. 8 shows the results for imaging of aggregates in human
tissue. Brain sections from patients with Parkinson's disease
were labelled with antibodies against a-synuclein (LB509 and
pS129) and stained with compounds 13, 14 and 15 (Fig. 8a).
LB509/pS129-positive Lewy bodies, that were identied as
cytoplasmic spheres, were stained by both compounds 14 and
15 but not by compound 13. Compound 14 shows signicant
amounts of co-localisation with the antibodies elsewhere in the
brain section. To assess any potential cross-reactivity with other
pathological amyloid aggregates, such as Ab plaques and
neurobrillary tangles of tau, brain sections from patients with
Alzheimer's disease were labelled with antibody against tau
(dako tau) and Ab (4G8) and stained with compounds 13, 14 and
15 (Fig. 8b). Tau-positive neuronal inclusions and 4G8-positive
extracellular plaques were identied and showed no staining
by any of the compounds at concentrations one order of
magnitude higher than that which stained Lewy bodies. This
© 2021 The Author(s). Published by the Royal Society of Chemistry
result shows that compounds 14 and 15 both selectively bind a-
synuclein aggregates in human brain tissue.
Conclusions

Cross b-sheet protein aggregates present an ordered array of
binding sites that are ideally suited for a multivalent approach
to obtain high affinity ligands. In order to explore this strategy,
we have synthesised a series of ligands composed of oligo-
ethylene glycol linkers connecting two benzothiazole aniline
(BTA) head groups. The BTA head groups show micromolar
affinities for amyloid aggregates, when bound as monomeric
dyes. In contrast, some of the BTA dimers described here show
dissociation constants in the low nanomolar range. Two series
of BTA dimers were synthesised: in themonodisperse series, the
head groups were connected by ve different linkers between 3
and 21 ethylene glycol units in length; in the polydisperse
Chem. Sci., 2021, 12, 8892–8899 | 8897
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series, the head groups were connected by mixtures of linkers
with an average number of ethylene glycol units ranging from 6
to 40 in length. The dissociation constants for binding of the
monodisperse BTA dimers to Ab, a-synuclein and tau brils
were measured by uorescence titration experiments. In the
case of tau, all of the BTA dimers bind with micromolar affini-
ties, but for Ab and for a-synuclein, low nanomolar affinities
were observed. Moreover, there is a clear dependence of binding
affinity on the length of the linker connecting the two head
groups. For Ab, the highest affinity was observed for the 15-unit
linker, and for a-synuclein, the highest affinity was observed for
the 15-unit linker. This result suggests that there are repeating
binding sites on Ab aggregates that are spaced further apart
than those on the surface of a-synuclein aggregates. Thus it is
possible to achieve selectivity for different proteins based on the
topological distribution of binding sites rather than based on
binding site selectivity. This discovery opens new avenues for
the development of high affinity, high selectivity based on
multivalent ligands.

Excellent results were obtained when the highest affinity a-
synuclein ligands were tested as imaging agents in vitro.
Although binding of BTA dyes to protein aggregates leads to
a relatively small increase in optical brightness, the very high
affinities of the BTA dimers means that they can be used at
nanomolar concentrations where there is almost no back-
ground from unbound dye. The BTA dimers were also shown to
selectively image a-synuclein aggregates in human brain tissue.
Two of the dimers stained a-synuclein aggregates in brain
sections from patients with Parkinson's disease and did not
stain either Ab or tau aggregates in brain sections from patients
with Alzheimer's disease. The results demonstrate that multi-
valent ligands offer a powerful approach to obtain high affinity,
selective reagents to bind the brillary aggregates that form in
neurodegenerative disease.
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