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A closer look at amyloid ligands, and what they
tell us about protein aggregatest

Timothy S. Chisholm (2 and Christopher A. Hunter (2 *

The accumulation of amyloid fibrils is characteristic of neurodegenerative diseases such as Alzheimer's
disease (AD) and Parkinson'’s disease. Detecting these fibrils with fluorescent or radiolabelled ligands is
one strategy for diagnosing and better understanding these diseases. A vast number of amyloid-binding
ligands have been reported in the literature as a result. To obtain a better understanding of how amyloid
ligands bind, we have compiled a database of 3457 experimental dissociation constants for 2076 unique
amyloid-binding ligands. These ligands target AP, tau, or aSyn fibrils, as well as relevant biological
samples including AD brain homogenates. From this database significant variation in the reported
dissociation constants of ligands was found, possibly due to differences in the morphology of the fibrils
being studied. Ligands were also found to bind to AB(1-40) and AB(1-42) fibrils with similar affinities,
whereas a greater difference was found for binding to A and tau or aSyn fibrils. Next, the binding of
ligands to fibrils was shown to be largely limited by the hydrophobic effect. Some AP ligands do not fit
into this hydrophobicity-limited model, suggesting that polar interactions can play an important role
when binding to this target. Finally several binding site models were outlined for amyloid fibrils that
describe what ligands target what binding sites. These models provide a foundation for interpreting and
designing site-specific binding assays.
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Amyloidogenic proteins are an expansive class of polypeptides
that self-assemble into fibrillar, highly structured, B-sheet rich
aggregates.' > The modern biophysical definition of an amyloid
fibril encompasses an unbranched protein fibre with a

Chris Hunter was educated at the
University of Cambridge. He was a
lecturer at the University of Otago
in New Zealand till 1991, when he
moved to the University of
Sheffield. He was promoted to a
chair in 1997, and in 2014, he took
up the Herchel Smith Professorship
of Organic Chemistry at the
University of Cambridge. In 2008,
he was elected a Fellow of the
Royal Society, and he is an
Honorary Member of the Royal
Irish  Academy. His research
focusses on the chemistry of non-covalent interactions, combining
physical organic chemistry, computational modelling and synthetic
supramolecular chemistry.

Christopher A. Hunter

This journal is © The Royal Society of Chemistry 2024


https://orcid.org/0000-0002-8693-3797
https://orcid.org/0000-0002-5182-1859
http://crossmark.crossref.org/dialog/?doi=10.1039/d3cs00518f&domain=pdf&date_stamp=2023-12-20
https://doi.org/10.1039/d3cs00518f
https://doi.org/10.1039/d3cs00518f
https://rsc.li/chem-soc-rev
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cs00518f
https://pubs.rsc.org/en/journals/journal/CS
https://pubs.rsc.org/en/journals/journal/CS?issueid=CS053003

Open Access Article. Published on 20 December 2023. Downloaded on 12/4/2025 11:58:37 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review Article

repeating substructure composed of B-strands aligned perpendi-
cular to the fibre axis, forming an extended cross-f sheet structure.
The accumulation and deposition of amyloid fibrils are character-
istic hallmarks of a range of neurodegenerative diseases.°™> The
most common fibrils implicated in these diseases are composed of
amyloid-$ (AB) peptide and tau in Alzheimer’s disease (AD), and o-
synuclein (o:Syn) in Parkinson’s disease (PD).

Detailed structural information of amyloid fibrils has been
historically challenging to obtain due to the difficulty in obtain-
ing crystalline samples for X-ray studies."® More recent applica-
tions of cryo-electron microscopy techniques have negated the
need for crystalline samples and revealed high-resolution
structures for several amyloid fibrils."”>" These structures
show that the fibrils are typically composed of two protofila-
ments, each containing an extended B-sheet structure.’'®*!
Structural investigations of amyloid fibrils have consistently
demonstrated a significant degree of polymorphism, where a
single amyloid protein can aggregate to form a range of fibril
structures.”*°™2° This polymorphism can arise due to differ-
ences in the structures of individual protofilaments, the num-
ber of protofilaments, and the arrangement of protofilaments
relative to one another. Amyloid structure is therefore not
strictly dictated by the primary sequence of the polypeptide,
but is instead a complex property that is dependent on envir-
onmental conditions during aggregation.>>**73¢

A range of amyloid-binding ligands have been reported for
studying and imaging amyloid fibrils.>*”"*® Amyloid-binding
ligands are typically either fluorescent or radiolabelled to allow
for binding to be detected and measured. Many fluorescent
ligands, such as Thioflavin T (ThT, 1) and Congo Red (CR, 2)
(Fig. 1), are solvatochromic and exhibit a change in fluores-
cence properties upon binding to amyloid fibrils. Fluorescent
ligands have a range of applications in microscopy, and in
identifying or characterising amyloid fibrils. These changes in
fluorescence properties can also be used to measure the pro-
portion of bound ligand in binding assays.

Radiolabelled ligands are important for the detection of
amyloids in vivo. These ligands are designed as radiotracers
for positron emission tomography (PET) by incorporating *H,
"¢ or *F (e.g. 3), or for single-photon emission computerized
tomography (SPECT) by incorporating '*°I (e.g. 4). Binding
assays of radiotracers are typically performed by isolating the
radioligand—fibril complex by filtration and determining the
concentration of this species by measuring radioactivity.*’~*°

@w@i;

Thioflavin T (ThT, 1) NH2 Congo Red (CR 2)

”CH3 (I :(j
\©:) <:> 125 7°NA"Ng s N
b

Pittsburgh B (PiB, 3) SIL23 (4)

Fig. 1 Examples of amyloid-binding ligands: fluorescent ligands thioflavin
T (ThT, 1) and Congo Red (CR, 2), and radiolabelled ligands Pittsburgh B
(PiB, 3) and SIL23 (4).
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Fig. 2 (a) A saturation binding assay involves addition of a fluorescent or
radiolabelled ligand (LO) into a solution of amyloid fibril. Binding of LO is
determined by either monitoring a change in fluorescence, or by isolating
the fibril-ligand complex and measuring radioactivity. (b) A competition
binding assay involves addition of a competing ligand (L1) into a solution
of amyloid fibril bound to a fluorescent or radiolabelled reporting
ligand (LO). Binding of L1 is determined by measuring the signal due to
displacement of LO.

The field has focused on developing high-affinity ligands
that selectively bind to aggregates comprised of a specific
protein. High binding affinities are a necessary feature for
PET ligands to provide strong signal-to-noise in imaging, and
for detecting dilute aggregates in biofluids.*** Selective bind-
ing is important as many diseases, such as Alzheimer’s disease
and Parkinson’s disease, are characterised by aggregates com-
prised of different proteins that are useful to differentiate.
Lower-affinity and less-selective ligands, such as ThT, can also
be useful as universal markers of amyloids for imaging and
biophysical studies.

Fluorescence or radiometric binding assays are frequently
employed to measure the dissociation constant (Ky) of amyloid
ligands. Two common experiments are saturation binding
assays and competition binding assays (Fig. 2). Saturation
binding assays involve titrating a ligand directly into a sample
of amyloid fibril and measuring the proportion of bound
ligand. Competition binding assays involve first binding a
reporter ligand (LO in Fig. 2) that is either fluorescent or
radioactive to an amyloid fibril. Then, a second competing
ligand (L1 in Fig. 2) is added. The change in signal due to
displaced L0 is used to indirectly monitor binding of L1, which
means that this experiment can be used to study L1 ligands that
are not fluorescent or radioactive.

Although a large number of ligand-amyloid fibril interac-
tions have been reported in the literature, a compilation and
review of these data has yet to be performed. Here we present
an analysis of literature data on amyloid-binding ligands and
use this information to provide some insights into the proper-
ties required for ligands to bind to amyloid fibrils and the
nature of the ligand binding sites that are present on different
types of amyloid fibril.

Database of amyloid ligands

We compiled a database of 3457 measurements of ligand-
amyloid fibril interactions from the scientific literature.’® 3%
The requirements to be included in this database were (1) a
known chemical structure, (2) a structure that does not contain
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Table 1 Distribution of fibril type in the database

Fibril or source® Number of data points

AB(1-40) 832
AB(1-42) 1014
Tau 279
aSyn 459
AD brain homogenates 720
Other 153

“ AB(1-40), AB(1-42), tau, and aSyn all refer to the fibrillar species
formed in vitro.

metals (metalloligands have been thoroughly reviewed elsewhere
in the literature®***¢9") (3) a K4 or IC5, measurement, and (4) a
fibril target related to AP, tau, or aSyn. Nearly half of the database
reports on binding to A fibrils formed in vitro, although recent
years has seen a shift in focus toward tau and «Syn fibrils formed
in vitro (Table 1). There is also a significant amount of data on
binding to AD brain homogenates. Most of the reported Ky values
in the database are in the nanomolar range, with smaller num-
bers of picomolar or micromolar values (Fig. 3). The database
contains 2,076 unique ligands, which are structurally diverse. The
most common structural cores are illustrated in Fig. 4.

We will use this database to investigate four questions. First,
how reproducible are the K4 measurements reported in the
literature? Second, how selective are ligands for different types
of fibril? Third, what properties of ligands lead to high affinity
binding? And fourth, what can we learn about the nature of the
binding sites present on amyloid fibrils?

Variation between reported measurements

Reproducibility underpins the scientific method yet for many
amyloid ligands, such as ThT 1, a wide range of K4 values have
been reported. The variability in K4 values in the database was
investigated by comparing K4 values for ligands binding to a
specific target and measured using the same method: fluores-
cence saturation assays, radioligand saturation assays, or radi-
oligand competition assays. Only binding measurements
corresponding to a one-site model were used, and Kq4 values
measured using competition binding assays were only com-
pared for reporting ligands from the same structural class
(Fig. 4). The results for all of the ligand-fibril combinations
with three or more Kg measurements are illustrated in Fig. 5,
and the structures of the ligands are shown in Fig. 6.

500

400

0
~12 -9 -6 -3
log(Ky/M)

Fig. 3 Frequency distribution of log(K4/M) values in the database plotted
as the number of ligands (N).
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Fig. 4 Common structural classes of ligand in the database.

For some ligands, the measurements of dissociation
constant are consistent between different publications. For
example, the results for BTA ligands 3, 5, 6, 7, 8, 10 (see
Fig. 6 for structures) show excellent reproducibility for binding
to AP(1-40) (Fig. 5(a)), and similarly for 16 binding to aSyn
(Fig. 5(d)) and 22 binding to AD brain homogenates (Fig. 5(f)).
However, the measured dissociations constants for ligand-
fibril combinations can vary by more than an order of magni-
tude. For example, the dissociation constants measured for 3
binding to AP(1-42) range from 0.8-77 nM (Fig. 5(b)), and
similar variation is found for 3 and 21 binding to AD brain
homogenates (Fig. 5(f)), and for 1 binding to aSyn (Fig. 5(d)).

Where multiple measurements of Ky are reported in a single
publication, such as for 22 binding AD brain homogenates, the
results are usually relatively consistent. The variability seen in
Fig. 5 may therefore come primarily from differences in sample
preparation or assay methodology between publications. A
main source of variability for amyloid binding is that fibrils
composed of the same protein can have different morpholo-
gies. Different publications often use different fibril aggrega-
tion procedures, or do not describe the aggregation procedure
in detail. For measurements using biological fibrils, the
method of isolating fibrils from brain homogenates varies
and may also influence fibril structure. Different studies may
therefore be screening different morphologies. Ideally, fibrils
should be characterised using techniques such as transmission
electron microscopy (TEM), circular dichroism (CD), or limited

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Variation of log(Kq/M) values for ligand binding to (a) AB(1-40), (b)
AB(1-42), (c) tau, (d) aSyn, (e) PD brain homogenates, and (f) AD brain
homogenates. Each datapoint corresponds to a single K4 measurement.
Datapoints correspond to fluorescence saturation assays (yellow triangles),
radioligand saturation assays (green squares), and radioligand displace-
ment assays (blue circles).

proteolysis, which can reveal differences and similarities in
morphology.

Differences in assay conditions can also influence the
measurement of ligand dissociation constants. For radioligand
assays, washing steps are used to separate bound and free
ligand. Poorly optimised washing steps may remove bound
ligand, leading to incorrect quantification of binding.*”**® For
fluorescence competition assays, 1 is commonly used as a
reporting ligand. However, 1 is typically sold as an impure
mixture with dye content as low as 65%, so purification by
recrystallisation is required for quantitative measurements.**>
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Fig. 6 Structures of ligands listed in Fig. 5 with three or more K4 mea-
surements reported in the literature.

Additionally 1 typically shows only micromolar affinities for
amyloid fibrils, but at concentrations above 4-5 uM in aqueous
solution 1 forms micelles and self-fluoresces.***°* Accurately
measuring the micromolar binding of 1 is therefore challen-
ging, possibly explaining the large variability in K4 values for 1
binding to aSyn. An additional source of error may be the
methods used to analyse titration data. Many publications do
not describe the procedure used to fit titration data to a binding
isotherm, and some use a two-site binding model to fit data
without a clear justification or comparison to a one-site model.

The variation of measurements reported within individual
studies, i.e. the reported error, is illustrated in Fig. 7. The
median error in the reported Kq4 was 15% or 0.35 log units,
and only 9% of the reported Ky measurements had an error
greater than 1 log unit. In contrast, 42% of the ligands listed in

500
400
= 300
200
100

0
0 1 2 3
Error in log(Kg/M) or log(ICso/M)

Fig. 7 Frequency distribution of reported errors in binding affinities in the
database.

Chem. Soc. Rev,, 2024, 53,1354-1374 | 1357


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cs00518f

Open Access Article. Published on 20 December 2023. Downloaded on 12/4/2025 11:58:37 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

Fig. 5 have Ky measurements with a range of more than 1 log
unit. The variations reported within individual studies is there-
fore less than the variation between studies. To accurately
represent this variation it is important that truly independent
replicates are performed, and that the meaning of provided
error values are stated. It should be clear whether a reported
error is, for example, a confidence interval or a standard error.
Steps can therefore be taken to reduce, or better understand,
the variability in reported Ky values: the method for fibril
aggregation and isolation should be reported in detail; fibrils
should be characterised using techniques such as TEM, CD,
and limited proteolysis; the method used for the binding assay
should be reported in detail; the method used to fit titration
data should be reported, as well as justification for the use of
isotherms that are more complex than a one-site model. In
other words, the variation in Ky values highlighted in Fig. 5 is
most likely due to differences in what was actually measured in
different reports of the same ligand-fibril interaction.

Ligand selectivity

Amyloid ligands that selectively bind to a specific type of fibril
are useful for imaging and diagnostic applications. To evaluate
binding selectivity between different fibril targets, ligands in
the database with K4 values for two or more types of fibril were
identified. As above, only K4 values measured using the same
assay method and a one-site binding model were compared,
and K4 values measured using competition binding assays were
only compared for reporting ligands from the same structural
class (see Fig. 4). When multiple K4 values were reported for the
same ligand-fibril combination with the same assay method,
the average value was used.

If the ligand binding profiles for different types of amyloid
fibril are similar, we can assume that the nature of the binding
sites that are present are likely to be similar. The root mean
square difference (RMSD) in ligand binding affinity as defined
by eqn (1) was therefore used for pairwise comparison of
different amyloid fibrils.

RMSD = \/ii (log(Ka,a) —log(Ka,in)) 1)
p

where n is the number of ligands, and Kq;4 and Ky, are the
dissociation constants for ligand i binding to fibril A and fibril
B respectively.

Fig. 8 shows that there is an excellent correlation between the
results obtained for ligand binding to AB(1-40) and AP(1-42)
fibrils. The RMSD between the log(K4/M) for AB(1-40) and the
log(K4/M) for AP(1-42) is 0.46, and most of the datapoints fall
very close to the y = x line. This result suggests that the binding
sites on AP(1-40) and AP(1-42) fibrils are structurally similar, so
the data for ligands binding to both AP fibril isoforms will be
combined and collectively referred to as AP fibrils. There are two
outliers highlighted in red in Fig. 8, and the structures of these
ligands are shown in Fig. 9. Thiazine red (ThR, 24) and curcumin
(25) show selectivity between the two AP isoforms with an affinity

1358 | Chem. Soc. Rev., 2024, 53,1354-1374

View Article Online

Review Article

&

log(KJM), AB(1-42)

-8 -6 -4
log(K4/M), AB(1-40)

Fig. 8 Comparison of values of Ky measured for ligand binding to
AB(1-40) and AB(1-42) fibrils (65 ligands, RMSD = 0.46 log units). The
solid line is y = x, and the dotted lines correspond to + 1 log unit. Red
datapoints are outliers that bind to one fibril target at least one order-of-
magnitude stronger than the other fibril target. The chemical structures of
these outliers are shown in Fig. 9.

for AB(1-40) that is more than an order of magnitude higher
than for AB(1-42).

Fig. 10 compares dissociation constants measured for the
same ligand binding to AP, aSyn, and tau. The ligand affinities
for AB and tau fibrils are broadly similar with most datapoints
clustered around the y = x line and an overall RMSD of
0.55 log units (Fig. 10(a)). However, when binding of a ligand
to either A or tau is compared with the affinity for aSyn fibrils,
the correlation is much weaker (RMSD = 0.66 log units for
Fig. 10(b), and 0.79 log units for Fig. 10(c)). These results
suggest that the ligand binding sites found on A and tau have
a high degree of similarity, but aSyn fibrils are quite different,
which would make aSyn selective ligands an attractive target.

The structures of the ligands that are outliers in Fig. 10
(highlighted in red) are shown in Fig. 10-12. The ligands in
Fig. 11 show selectivity for AR over aSyn. Ligands 29 and 30 also
show selectivity for AB over tau.>"*® The ligands in Fig. 12 show
selectivity for tau over AP, although 36 only bound to soluble
rather than insoluble tau aggregates.® Ligands 33, 34, and 35
also show selectivity for tau over aSyn. Fig. 13 shows the ligands
that selectivity bind to aSyn fibrils.>*>>°7~¢1

Fig. 14 compares the K4 values measured for ligands binding
to AD brain homogenates with the K4 values for binding to AB
and tau fibrils. Relatively small datasets are available, although
several selective ligands were identified. The benzoheterocycles
flutemetamol (43), AZD2184 (44), and 45 are all selective for AD
brain homogenates. IMSB (46) has a greater affinity for AP

,o‘saO &
- v
[ 0=8=0
O 'N \

OH N

ThR (24)
K4(AB(1-40)) = 49 nM
K4(AB(1-42)) = 2,500 nM
OH O
/00\
HO Curcumin (25) OH
K4AB(1-40)) = 0.2 nM
K4(AB(1-42)) = 3.6 "M
Fig. 9 Structures of ligands that show selectively between AB(1-40) fibrils
and AB(1-42) fibrils, highlighted as red datapoints in in Fig. 8.
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Fig. 10 Comparison of K4 values measured for ligand binding to (a) AB
and tau fibrils (139 ligands, RMSD = 0.55 log units), (b) AB and aSyn fibrils
(119 ligands, RMSD = 0.66 log units), and (c) tau and ocSyn fibrils (76 ligands,
RMSD = 0.79 log units). The solid line is y = x, and the dotted lines correspond
to £ 1 log unit. Red datapoints bind to one fibril type at least one order-of-
magnitude stronger than the other (structures in Fig. 11 and 12).

fibrils, and a screen of several indanones by Nan et al. demon-
strated that all had a higher affinity for A fibrils (e.g. 47).°>
Amyloid ligands are often screened against fibrils formed
in vitro (e.g. AP or tau fibrils) as a substitute for fibrils formed
in vivo (e.g. AD brain homogenates). Fig. 14 suggests that
binding affinities against in vitro AP and tau fibrils are similar
to binding affinities against AD brain homogenates, although a
larger dataset would help define the limitations of this compar-
ison. For example, different types of ligands target different
binding sites, and some binding sites on in vitro fibrils may more
closely resemble biological binding sites than others. Additionally,
different publications appear to be screening ligands against
different fibril morphologies. Some in vitro preparations will be
more representative of biological fibrils than others. Recently
in vitro aggregation procedures have been reported that produce
fibrils with biological morphologies, which would lead to more
biologically relevant binding assays.>®
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Fig. 12 Structures of ligands that show selective binding for tau fibrils,
highlighted as red datapoints in in Fig. 10(a) and (c).
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Fig. 11 Structures of ligands that show selective binding for AP fibrils,
highlighted as red datapoints in in Fig. 10(a) and(b).

Selectivity was also achieved by using different types
of binding assays. Honson et al. demonstrated that 24 selec-
tively targeted tau (Kg = 200 nM) over AB(1-42) (Kq > 2000 nM)
fibrils when measured by a fluorescence displacement
assay with thioflavin S (ThS, 54). However, 24 exhibited a
similar affinity to both fibrils (K4 = 1000-2500 nM) when
measured by a fluorescence saturation assay.®® This difference
in affinity may be due to different assays targeting different
binding sites.
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Fig. 13 Structures of ligands that show selective binding for aSyn fibrils,
highlighted as red datapoints in in Fig. 10(b) and (c).

Ligand hydrophobicity

The relationship between K4 and various molecular descriptors
of the ligands (e.g. molecular weight, topological polar surface

Q
~
IS

log(Ks/M), AD brain homogenates
.

-8 6
log(K4/M), AB

o

log(K4#/M), AD brain homogenates ~—~

-10

-10 -8 ) -4

log(K4/M), tau
Fig. 14 Comparison of values of K4 measured for ligand binding to (a) A
fibrils and AD brain homogenates (32 ligands RMSD = 0.70 log units), and
(b) tau fibrils and AD brain homogenates (7 ligands, RMSD = 0.40 log units).
The solid line is y = x, and the dotted lines correspond to + 1 log unit. Red
datapoints are outliers that bind to one fibril target at least one order-of-
magnitude stronger than the other fibril target. The chemical structures of
these outliers are shown in Fig. 15.

1360 | Chem. Soc. Rev,, 2024, 53,1354-1374

View Article Online

Review Article

HO. S, Vi
HO, S, N
\©: v NH 7\ N{-i
N N —
3

Flutemetamol (43) AZD2184 (44)
Kq(AB) = 15 1M KAB) = 20 nM
Kq(AD) = 0.7 nM K4AD) = 2 nM
O S, / [o]
-0
N
Kq(AB) = 7 1M a7
K4AD) = 0.2 nM KiAB)=7nM  W—
KqAD)=70nM 7

IMSB (46)
K4AB) = 0.2 "M
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Fig. 15 Structures of ligands that show selectively between A fibrils and
AD brain homogenates, highlighted as red datapoints in Fig. 14.

area, the number of rotatable bonds) was explored. The only
descriptor found to have any relationship with Ky was log P (see
ESIt). Amyloid ligands are thought to bind in hydrophobic
grooves on the surface of fibrils,*** and if the hydrophobic
effect is largely responsible for binding, there may be some
relationship between the log(K4/M) and the n-octanol-water
partition coefficient (logP) of the ligands. The value of logP
provides a measure of the free energy change associated with
replacing the solvation shell of a ligand dissolved in water with
a non-polar environment (Fig. 16(a)), and simple calculations
based on chemical structure provide reasonably reliable values
of log P.>*° In general non-polar groups, such as hydrocarbons,
increase the value of log P, while polar functional groups, such

(b)

Fig. 16 Relationship between ligand binding affinity and log P. (a) Transfer
of a ligand from water into 1-octanol involves release of high energy water
molecules from the non-polar surface of the ligand (red) into bulk water.
(b) Binding of a ligand to a hydrophobic pocket, which is collapsed and not
solvated, only requires desolvation of the ligand with release of the same
high energy water molecules (red). (c) Binding of a ligand to a hydrophobic
pocket, which is open and solvated, requires desolvation of both the ligand
and the binding pocket with release of twice as many high energy water
molecules (red).
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as hydroxyls, are well-solvated by water and decrease the value
of log P.

Fig. 17 compares the values of K; measured for ligands
binding to AD brain homogenates, A fibrils, tau fibrils, and
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Fig. 17 Comparison of ligand logP values®® with values of log(Ky/M)

measured for binding to (a) AD brain homogenates, (b) A fibrils, (c) tau
fibrils, and (d) aSyn fibrils. The slope of the solid red lines is —2, and the
slope of the dotted red line is —1. Examples of outliers with a binding
affinity greater than that predicted by the solid red line are highlighted in
red. The chemical structures of these outliers are shown in Fig. 18.
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aSyn fibrils with the corresponding values of log P. Although
there is no direct correlation between the two parameters, high
affinity ligands tend to have a log P value of 3 or more. There
appears to be a sharp cut-off in Fig. 17(a), indicated by the red
line, suggesting that there is a lower limit on the value of Ky
that can be achieved for a given value of log P. Many hydro-
phobic ligands lie to the right of this line and exhibit lower
binding affinities, but there are some polar ligands that lie
to the left of the line and exhibit a higher binding affinity.
The slope of this red line is —2, corresponding to where the
log(K4/M) of a ligand is proportional to twice the logP of the
ligand.

A slope of —2 would be expected for idealised ligand binding
that is based entirely on the hydrophobic effect. If a ligand was
completely desolvated on binding into a completely non-polar
pocket on the surface of a fibril, then the binding affinity would
be directly related to log P, if the binding pocket on the fibril
did not require any desolvation (Fig. 16(b)). However, ligand
binding involves not only desolvation of the ligand, it also
requires desolvation of the binding pocket. If the binding
pocket was perfectly complementary to the ligand, then the
molecular surface that would be desolvated on the fibril would
be the same as the surface of the ligand. The contribution due
to desolvation of both the ligand and the binding pocket would
therefore be twice the value of log P for the ligand (Fig. 16(c)).

Ligands that are not perfectly complementary to the binding
site or are not fully encapsulated inside the pocket on the
surface of the fibril will have lower affinities because they fail to
maximise the hydrophobic interactions that are possible.
Fig. 17(a) shows that increasing the hydrophobicity of the
ligand does not necessarily improve affinity, because hydro-
phobicity can be added in regions that do not contact the
binding site. For example, there are ligands with log P values
ranging from 2 to 8 that all achieve the same log (K4/M) of —8.

o
N o OoH o “/NH, o
OO0, XX
S oH OJ‘u o N

O OH,, O 4

OH O “'OH HO!

OH HO.

Sulng
OH OH

Fig. 18 Structures of polar AB ligands with high binding affinities, high-
lighted as red datapoints in Fig. 17(b).
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However, there are no ligands with a log P value less than 2 that
achieve a log (K4/M) of —8.

Although there is more scatter in the AR data shown in
Fig. 17(b), a similar cut-off appears to apply to these measure-
ments. There are two differences between Fig. 17(a) and (b).
Firstly, the cut-off for the majority of the datapoints in
Fig. 17(b) appears to be displaced to the right by about one
log P unit compared with the red cut-off line. Notably, when
binding of the same ligand to AD brain homogenates and A
fibrils was compared, significant differences were not observed
(Fig. 14(a)). However, Fig. 14 considered only a subset of
ligands that were screened against both targets, whereas the
data shown in Fig. 17 is for all ligands in the database. The
other notable difference between Fig. 17(a) and (b) is that a
small number of ligands lie to the left of the cut-off line and
have higher affinities for A fibrils than the hydrophobic effect
alone would allow (red datapoints in Fig. 17(b)). Polar interac-
tions with some of the functional groups on these more polar
ligands (Fig. 18) may play an important role in binding. Ligands
that make binding site-specific polar interactions are particu-
larly attractive lead compounds for the development of ligands
with increased fibril selectivity. Alternatively, polar groups like
the sugars in 27, 51 and 52 may sit outside the binding pocket
and have a minimal impact on binding, whilst significantly
decreasing log P of the ligand.

Fewer datapoints are available for ligand binding to tau and
aSyn fibrils. The relationship between K4 and logP for tau
fibrils is similar to that observed for AD brain homogenates
and AB fibrils. For aSyn fibrils, the datapoints are significantly
displaced to the right of the cut-off line (Fig. 17(d)). For ligands
with similar hydrophobicities, binding affinities for aSyn fibrils
were generally lower than observed for the other fibrils. This
result suggests that there may be some fundamental difference
in the structure of the binding sites present on aSyn fibrils,
which is consistent with the differences in ligand binding
affinities highlighted in Fig. 10. For example, if the aSyn
binding pocket were partially collapsed in the absence of
ligand, then the hydrophobic contribution to binding would
be substantially reduced. In the limit where no desolvation of
the binding pocket was required, because it was fully collapsed
and opened only to accommodate a ligand, then the maximum
log(K4/M) of a ligand would become proportional to twice the
log P of the ligand. The red dotted line in Fig. 17(b) shows this
situation and provides a rather good description of an alter-
native cut-off line for the aSyn data. Of course, it is also possible
that only relatively weak oSyn ligands have been discovered
to date.

Binding site heterogeneity

Competition binding assays are a useful tool for identifying
different binding sites on amyloid fibrils. Typically, a compet-
ing ligand is titrated into a solution of fibril bound to a
reporting ligand that produces either a fluorescent or radio-
active signal (Fig. 2). Binding of the competing ligand (L1) is
observed by monitoring changes in the signal produced by the
reporting ligand (LO). Using this assay format, ligands that
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target the same or different binding sites can be identified.
Several publications have used this approach and show that
some ligands independently bind to amyloid fibrils but do not
compete with one another, indicating the presence of different
types of binding sites.®**"?%” Similarly, if the dissociation
constant measured for a competing ligand changes as a func-
tion of the reporter ligand, then the presence of multiple
binding sites with different ligand affinities can be inferred.

A small number of binding site models have previously been
proposed for amyloid fibrils based on competition binding
assays and a range of analytical and computational
techniques.®®"®72%771%¢ 1ockhart et al, Ye et al., and LeVine
all reported AP(1-40) binding site models and include multiple
ThT 1 binding sites, a separate high-affinity FBH site, and a site
accessible to both ThT 1 and CRD.°®®”*°' Ye et al also
proposed that CRD and FBH share a binding site, which other
studies do not show.®” Hsieh et al. proposed a binding site
model for aSyn fibrils with three sites, denoted site 2, site 9,
and site 3/13.%° S5H were shown to bind to site 2, with a weaker
affinity for site 9, while PIP were shown to bind to site 9, with a
weaker affinity for site 2. OXI and PHT targeted site 3/13. Cai
et al. identified that FBH, QUI, and CAR all have separate high-
affinity binding sites in AD brain homogenates.**” However, all
of these binding sites consider a relatively small subset of
amyloid binding ligands and do not consider other data from
the literature.

Here, data from different competition binding assays is
collated to propose binding site models for each of these fibril
types. The ligands in the database were first grouped by
structural class (Fig. 4), as ligands with a shared structural core
are assumed to target the same subset of fibril binding sites.
Structural class BSB was found to consistently target the same
binding sites as CRD, and so these ligands are treated as a
single CRD class in the analysis that follows. Key reporter
ligands commonly used in competition assays are shown in
Fig. 19.

Heatmaps were used to summarise competition binding
experiments for each fibril type. Fig. 20 shows the heatmap
for AP(1-40) fibrils (see ESIT for other fibrils). Green tiles are
used to show that the ligand class on the y-axis displaces the
ligand class on the x-axis. Red tiles are used to show that no

ThS (54)

hee
7\
PBB3 (55) \—

Fig. 19 Structures of additional ligands commonly used in competition
assays. ThS 54 is used as a mixture of compounds, with the two most
abundant components shown.
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-

ThT (1)
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RHO

Fig. 20 Heatmap summarising competition binding experiments for
AB(1-40) fibrils. A green tile indicates that a ligand or structural class on
the y-axis displaced a ligand or structural class on the x-axis. A red tile
indicates that no displacement was observed, and a white tile indicates
that there is no data available.

displacement was observed, and white tiles indicate experi-
ments that have not been carried out. The data in the heatmap
can be used to construct the simplest binding site model that
satisfies the competition binding assay data for each fibril.

a) Binding Site Type b) Binding Site Type
A B C A B C

FBH X FBH X

FLV x STL, ThS (54), OXI

cro D X i Y X

ThT (1), FDDNP (12) ThT (1) x

STL X CRD x X

ThR (24), RHO, S-FBH

c) Binding Site Type d) Binding Site Type
A B C A B C
FBH X OXI, PT X
ThT (1), FDDNP (12), ThR (24), S5H, PIP X
OXI, ThS (54), S-FBH, RHO, CRD
CAR Al BF
ThT (1)
e) Binding Site Type

e/ X X X X
cro )
STL X
car X
QuI X

ThT (1)

X

FDDNP (12)

X

PBB3 (55)
Fig. 21 Binding site model for (a) AB(1-40) fibrils, (b) AB(1-42) fibrils, (c)

tau fibrils, (d) aSyn fibrils, and (e) AD brain homogenates. Ticks and crosses
indicate whether a ligand or structural class does or does not bind to a site.
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Analysis of the data in Fig. 20 requires three different binding
sites. For example, FBH bind to AB(1-40) fibrils with a high
affinity at a site we define as site A. Ligands FLV, STL, ThT and
FDDNP displace FBH and therefore also bind to site A. Several
reports suggest that FBH targets a second site on AB(1-40)
fibrils that is also shared with ThT, which we define as site B.
Ligand CRD is not displaced by either FBH or ThT, which
means that there is a third site, which we define as site C. Some
reports suggest that ThT and CRD share a binding site,***** so
ThT may also bind to site C. This assignment is supported by
reports that show that ThT completely displaces FBH, but FBH
partially displaces ThT.®® However, it is also worth noting that
other reports find no competition between ThT and CRD.®¢*?
The three binding site model shown in Fig. 21(a) accounts for
all of the competition experiments shown in the heatmap in
Fig. 20. A similar analysis was carried out for AB(1-42), tau,
aSyn, and AD brain homogenates to give the binding site
models summarised in Fig. 21 (see ESIt for details).

Using the results from reported competition binding assays
we have constructed models of the binding sites present on
different types of amyloid fibrils. Each site bound a different
combination of ligands, and many ligands were shown to bind
to multiple sites. While different binding studies may employ
morphologically distinct fibrils, these models were supported
by data from multiple sources. Some inconsistencies were
observed between publications, such as the orthogonal binding
of ThT 1 and CRD to AP(1-40) fibrils. These inconsistencies
may suggest that certain binding sites are particularly sensitive
to fibril morphology and could therefore inform the develop-
ment of morphology-selective ligands. These binding site
models also allow specific binding sites to be targeted by
designing competition assays using specific combinations of
ligands.

Conclusions

In summary we have compiled a comprehensive database of
amyloid-binding ligands, comprising a total of 3457 experi-
mental dissociation constants for 2076 unique compounds.
This represents the largest reported database of ligands that
bind amyloid fibrils involved in neurodegenerative diseases.
Our hope is that this database will be used to guide ligand
development and to improve our understanding of how ligands
interact with amyloid fibrils.

The reproducibility of binding measurements in this data-
base was then investigated. Many examples of ligands with
binding constants spanning more than an order of magnitude
were found. This variability may be a result of ligands being
assayed against different fibril morphologies, which must be
considered when comparing binding studies.

Ligands were then shown to bind to AB(1-40) and AB(1-42)
fibrils with similar affinities, whereas a greater difference was
found for binding to AP or tau and aSyn fibrils. This result may
be due to aSyn fibrils possessing the most unique binding sites,
or due to the larger number of studies developing oSyn-
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selective ligands. Ligands were then found to bind AD brain
homogenates similarly to AR and tau fibrils that were formed
in vitro, although more work is needed to confidently determine
how representative these in vitro fibrils are of biological fibrils
for binding studies.

The binding of ligands to fibril binding sites was then found
to be limited by the hydrophobic effect. Near complete desolva-
tion of both the ligand and binding site is observed for high-
affinity ligands binding to AD brain homogenates. For AB
fibrils, some ligands did not fit into this hydrophobicity-
limited model suggesting that polar interactions can contribute
to binding this target. For aSyn fibrils, relatively little desolva-
tion of the binding site was required for binding to occur.

Finally, binding site models were constructed for AB(1-40),
AB(1-42), tau, and oSyn fibrils, and AD brain homogenates.
Three to five binding sites were found for each fibril, and the
ligands that target each site were identified. This result pro-
vides a framework for interpreting the results of binding assays,
and for designing new site-specific assays.
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