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Binding modes for the amyloid-p(1-42) fibril fluorescent dyes
thioflavin T and Congo red were predicted by molecular dynamics
simulations and binding free energy calculations. Both probes bind
on the fibril surface to primarily hydrophobic grooves, with their
long axis oriented almost parallel to the fibril axis. The computed
binding affinities are in agreement with experimental values. The
binding modes also explain observables from previous structural
studies and, thus, provide a starting point for the systematic search
and design of novel molecules, which may improve in vitro
diagnostics for Alzheimer’s disease.

Alzheimer’s disease (AD) is a progressive, unremitting, neuro-
degenerative disorder.'™ In 2018 it was assumed that more
than 50 million people worldwide are living with dementia,
with two-thirds associated with AD. Recent estimates assume
that by 2030 more than 80 million people will be diagnosed
with dementia.>® The considerable number of dementia
patients will incur high costs for the healthcare system, which
are predicted to rise to worldwide $2 trillion by 2030.° Thus,
dementia and AD, in particular, constitute serious challenges
for the modern healthcare system.

AD is related to the production-elimination-imbalance of the
peptide amyloid-beta (AB).” At high concentration, AB peptides
tend to aggregate to oligomers or arrange to symmetric, periodic
fibrils, both denoting pathological hallmarks in AD.*”™°
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One diagnostic strategy focuses on detecting biomarkers for
AD,>® such as the accumulation of AB fibrils.”® As changes in
the brain begin 20 years or more before AD-related symptoms
are expected to occur,® a conclusive test will be essential.
This is all the more true as a therapeutic intervention in the
very early stages of AD is currently considered necessary to stop
its progression.>® Fluorescent dyes that detect AP fibrils,
for example, thioflavin T (THT) and Congo red (CR)'*'
(Fig. S1, ESIY), are thus essential for an accurate and conclusive
diagnosis.

THT and CR form fluorescent complexes with amyloid and
amyloid-like fibrils."*™** For both probes, previous studies
suggested binding modes,'®'"'> but the exact nature of how
the probes bind to the AB(1-42) fibril remained elusive. Such
knowledge is, however, essential for the systematic search for
novel molecular probes.’®'" The recent success in structure
determination of the AB(1-42) fibril*® offers the possibility to
predict the binding modes of THT and CR to that fibril.

We applied all-atom molecular dynamics (MD) simulations of
free THT and CR diffusion in the presence of the AB(1-42) fibril
of an aggregate time of 45 ps to derive such binding modes. The
simulations were not biased by any prior information on
potential binding epitopes. Over simulation times of 1 pus, THT
repeatedly binds to and unbinds from the fibril (Fig. S2 and
Movie S1, ESIt). CR, by contrast, does not unbind completely but
moves across the fibril surface once bound (Fig. S3 and Movie S2,
ESIt), suggesting that CR binds with higher affinity.

To identify the most likely binding epitopes, we computed
probability densities of the location of either dye. THT pre-
dominantly binds in the vicinity of V18, F20, and E22 on either
protofilament (Fig. 1A). For CR, by contrast, multiple areas are
identified across the fibril surface (Fig. 2A). Likely, this is
because CR can form hydrophobic, ionic, and hydrogen bond
interactions, enabling binding to different sites. The vicinity
of V18, F20, and E22, however, is weakly occupied by CR,
suggesting that both probes bind to distinct epitopes. Stably
bound conformations (Fig. S4, ESIT) were clustered to extract
the most relevant binding poses. The ten largest clusters were
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Fig.1 (A) 3D density grids representing the probability density of the
thioflavin T (THT) position around the AB(1-42) fibril (blue-orange
cartoon-surface representation). (B and C) Predominant THT binding pose
(sphere representation) from the cO cluster in side (B) and top-view (C),
with amino acids (cyan ball-stick model) binding THT.

further subjected to molecular mechanics generalized Born
surface area (MM-GBSA)"” and normal mode analysis (NMA)"®
calculation, yielding AGping (eqn (S1)-(S3), ESIT). Although the
MM-GBSA method is established as a fast and reliable method
to estimate effective binding energies, considering the entropic
contributions by NMA may introduce some uncertainty."**° In
the present study, however, the MM-GBSA and NMA calcula-
tions were performed on pre-clustered sets of dye poses, such
that the total error (eqn (S6), ESIT) for most THT cluster is
<1.0 keal mol ™" and for CR cluster is < 1.5 kcal mol™* (Tables S1
and S2, ESIt) and, thus, comparable to the uncertainty of more
rigorous, but computationally less efficient methods.*" From
AGRing we derived the dissociation constant K™ (eqn (S4), ESIt)
for each cluster. Focusing on the interpretation of K5™P and its
upper and lower limits, we derive binding mode models that are
in agreement with previous observables.

Experimental binding affinities (K5P) of THT to AP(1-42)
fibrils range from 294-4000 nM.>>** We identified three THT
clusters the configurations of which yield k5" in excellent to very
good agreement with K (Table S1, ESIf). The c0 cluster results
in the most favorable affinity (AGpinq = —9.06 + 0.42 kcal mol *,
K$™P = 113-470 nM, Table S1, ESIY), followed by ¢3 (AGRina =
—8.37 + 0.52 keal mol ', K5™P = 305-1759 nM, Table S1, ESIY),
and c1 (AGping = —8.14 % 0.45 keal mol *, K5™P = 506-2331 nM,
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Table S1, ESIT). The intramolecular mobility of THT is reduced
in the bound conformation (Fig. S5, ESIT), which is a structural
prerequisite for a dye to fluoresce.>® THT configurations of
these clusters bind to V18, F20, and E22, with THT’s protonated
amino function forming a salt bridge with E22, and F20 and
V18 accommodating the aromatic moieties (Fig. 1B, C and
Fig. S6, ESIf). In doing so, the side chains of F20 adopt a
V-shaped orientation, forming m-rn-stacking interactions with
the aromatic rings in THT. THT binds across multiple AB(1-42)
peptides with its axis oriented almost perpendicularly to the
orientation of the stacked B-strands. The observation provides
an explanation of why THT recognizes fibrillary structures but
no single AB(1-42) peptides.>**®

K5P values of CR to AB(1-42) fibrils range from 209-3070 nM.>”
We identified two CR clusters the configurations of which yield
K5'™P in excellent agreement with experiments (Table S2, ESIT).
The c3 cluster results in the more favorable binding affinity
(AGPing = —11.07 + 1.31 keal mol ™, K&™P = 0.84-70 nM, Table S2,
ESIt) than the c7 cluster (AGping = —9.78 + 1.82 keal mol 7,
Kp™P = 3-1458 nM, Table S2, ESIf). The intramolecular
mobility in the bound conformation is reduced markedly in
the central biphenyl group and to some extent across the diazen
moiety (Fig. S7, ESIf). CR binds to the groove between Y10
and V12, forming edge-to-face aromatic and hydrophobic inter-
actions between its almost planar biaryl core with Y10 and V12,
respectively. CR also forms hydrogen bonds with the backbone
carbonyl oxygen of E11, while the sulfonic acid and sulfonate
groups are solvent-exposed (Fig. 2B, C and Fig. S8A, ESIf). CR
binds across six layers of Ap(1-42) peptides with its axis oriented
almost perpendicularly to the orientation of the stacked
B-strands of the AP fibril. In one simulation, CR intercalates
into the protofilament (Fig. S8B, ESIT), with AGpinq = —14.38 +
1.95 kcal mol™' and K§™P = 0.001-0.79 nM (Table S2, ESI¥).
However, this pose was only observed in one of 45 simulations,
suggesting that it is the consequence of a kinetic trapping rather
than a thermodynamically favorable binding.

The reported binding epitopes and modes for THT and CR
agree with experimental observables on multiple accounts.
First, the differences in the occurrence frequencies of THT in
the vicinity of amino acids V18, F29, and E22 (Fig. 1) and CR
across the entire surface of the AB(1-42) fibril (Fig. 2) are in line
with in vitro data suggesting that THT-type ligands and CR-type
ligands bind to distinct, non-overlapping sites on AP aggregates:
one type could not be replaced by the other when bound to AB
aggregates. Second, the binding stoichiometry of CR to insulin
fibrils is ~20-fold higher than of THT, suggesting that there are
likely more binding sites for CR,"* which agrees with our observa-
tion that CR tends to bind to the entire fibril surface. By contrast,
in early studies on CR binding to amyloid fibrils, a single binding
site was identified only.® Recent high-resolution structures of
amyloid fibrils'®**?> revealed highly symmetric and periodic
complexes, however, supporting the view of multiple, identical
binding sites. Luminescent-conjugated oligothiophene biomarkers
were also shown to bind concurrently to the fibril.*®

THT is predicted to bind to V18, F20, and E22 on the fibril
surface. The fast kinetics of THT binding to fibrils suggests that

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (A) 3D density grids representing the probability density of the
Congo red (CR) positions around the AB(1-42) fibril (blue-orange cartoon-
surface representation). (B and C) Predominant CR binding pose (sphere
representation) from the c3 cluster in side (B) and top-view (C), with amino
acids (cyan ball-stick model) binding CR.

THT’s binding site is easily accessible,* which holds true for the
predicted site. Studies also suggest a minimal THT binding site
on the fibril surface that covers four consecutive B-strands,>*"° a
feature we also identified (Fig. 1B and C). THT binds to A fibrils
but does not bind to monomers or other oligomeric states,**
supporting the view that multiple B-strands are involved in THT
binding. In the case of amyloid spherulites, THT binds with its
long axis almost in parallel to the long axis of the spherulites.
This orientation was also observed in an X-ray structure of THT
attached to a PSAM ladder, during MD simulations of THT
binding to a protofilament,'® and herein (Fig. 1B and C). Finally,
previous studies suggested that THT binds to hydrophobic
channels formed by adjacent side chains along the long axis of
amyloid fibrils.>® By contrast, the X-ray structure of THT attached
to a PSAM ladder suggested that THT binds on surfaces formed
by tyrosine residues,? which align in a V-shaped orientation,>®
similar to the orientation of F20 found here (Fig. 1B and C). In
contrast to a previous study suggesting multiple binding sites for
THT to AB(1-42) with different binding affinities,*® during our
MD simulations, THT binds exclusively to one site with similar
affinity. However, no structural information is available that
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characterizes the previously proposed binding sites.*® As the
structure of AP(1-42) fibrils strongly depends on the experi-
mental conditions,'®?”*® the deviation with the previous study
may arise from a different fibril structure.'® Note that our
binding model still allows the binding of multiple THT mole-
cules, as the number of binding sites increases with fibril size.

CR is predicted to bind to a hydrophobic channel formed by
Y10, E11, and V12. Two structural features are essential for CR
binding to AP aggregates: first, two negative charges separated
by ~19 A’ and, second, a biaryl core framework.'® Modifying
the gap between the negative charges reduces the binding
affinity,"® but modifying the substituents of the biaryl core
barely influences the binding affinity.’®*° The spacing of
~19 A corresponds to the spacing of five pleated and stacked
B-strands,'™'® suggesting that CR binds across multiple layers,
thereby forming ionic interactions. CR was shown to bind to
the surface of stacked B-strands, that way creating ionic inter-
actions between the sulfonic groups of CR and lysine residues
of the HET fibril."® As the CR molecule considered in our
simulations, however, does not carry two negatively charged
groups (Fig. S1B, ESIY), it is not surprising that we did not
observe the ionic interaction model. Still, we find that CR binds
to the surface of stacked B-strands (Fig. 2B and C). In our case,
however, CR forms mainly hydrophobic contacts, which may be
explained by a suggested second binding site for CR-type
ligands,'® for which the importance of hydrophobic interac-
tions for CR binding has been stressed.""*>*! By contrast, some
experimental results cannot be explained by the ionic model."®
Interestingly, for CR derivatives where no ionic state is expected
at physiological pH, the binding affinity increased relative to
CR," supporting the view that hydrophobic interactions are
crucial for CR binding. The affinity of CR-like probes also
decreases significantly after replacing the amino by hydroxyl
groups,'® which is surprising at first sight, as amino and hydroxyl
groups both are hydrogen bond acceptor and donor groups. As
observed for other azo dyes,">** a hydroxyl group in the ortho
position relative to the azo group implements azo-hydrazone
tautomerism, a feature that must be considered during evalua-
tions of the experiments.'® Interestingly, in our model, the amino
groups form hydrogen bonds with the carbonyl oxygen of E11,
and the same stabilizing interactions were also observed for CR
binding to HET fibrils.”” Finally, most studies suggest that
CR binds with its long axis perpendicular to the direction of the
B-strands,"** as shown herein (Fig. 2B and C).

We corroborated the binding modes by comparing
Kp™P with available K5®, which are in good agreement; note that,
to our knowledge, binding affinities of the probes to the recently
resolved AP(1-42) fibril structure at pH 2 have not yet been
determined.'® Besides the AB(1-42) fibril structure obtained at
PH 2 used here, other AP structures provide further evidence for
two symmetrically arranged stacks of AB peptides.®”*>*

Throughout the simulations, the fibril preserved its structural
organization, and dye binding has no significant influence on
the fibril structure (Fig. S9, ESIt), although minor structural
changes were observed at the fibril ends (see Movie S2, ESIT after
37 s). Changing the pH may be of relevance for THT, as the
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affinity to insulin and HET fibrils decreases at acidic pH condi-
tions, suggesting a pH dependency of THT binding."""*® As to
CR, there is no evidence suggesting a pH dependency, although
most of the affinity studies are done at neutral pH.*®

In conclusion, we present binding sites and modes for THT
and CR to the AB(1-42) fibril. Binding sites, modes, and affinities
agree with previous experimental observations. The insights
provide a starting point for the systematic search and design
of novel probes that bind to Ap(1-42) fibrils, which is essential
for conclusively diagnosing AP(1-42) fibrils-related diseases.
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