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Binding modes for two amyloid-((1-42) fibril tracers, namely Thioflavin T and Congo red,
were identified using unbiased all-atom molecular dynamics simulations and binding free-
energy computations. Both dyes bind to primarily hydrophobic grooves on the amyloid fib-
ril surface, perpendicular to its (3-strands. Binding affinities computed by the MM-GBSA
method are in excellent agreement with experimental values and corroborate the proposed bind-
ing modes. The binding modes can guide the rational design of novel biomarkers for amyloid
fibrils.

1 Introduction

Alzheimer’s disease (AD) is a progressive, unremitting, neurodegenerative disorder, and
the leading cause of dementia.'™ In 2018 it was estimated that more than 50 Mio. people
in the world are living with dementia, with two-thirds associated with AD.> 6 There is a
new dementia patient around the world every three seconds, and it is estimated that by
2030 more than 80 Mio. will be diagnosed with dementia.® The considerable number of
dementia patients is directly associated with the healthcare system facing high costs, and it
is estimated that the costs will rise to worldwide $2 trillion by 2030.° Thus, dementia and
AD, in particular, are significant challenges for the modern healthcare system.

Since 1998, more than 100 drug candidates have been tested, but only four have been
approved for therapeutic applications in AD.> ¢ The authorised drugs, however, only help
to manage some of the symptoms but do neither stop nor slow the progression.>® Thus,
currently, there is no cure for AD, and considering the underlying pathologic causes of AD,
there is not going to be a cure in near future.>

The AD type of dementia has been related to an imbalance between the production and
elimination of the protein fragment amyloid-beta (Af3).” Accumulation of A outside of
the nerve cells (neurons) is associated with cell death in AD.> % The consequence is that
neurons essential for cognitive function are damaged or destroyed and, because AD is a
progressive disease, more and more neurons will be destroyed over time.> ¢

Currently, there is no test available that conclusively diagnoses AD. Diagnostic strate-
gies focus on multiple tools and aspects, such as detecting key biomarkers for AD.> ¢ For
AD, the accumulation of AP has been recognised as a biomarker.>® As changes in the
brain begin 20 years or more before any AD-related symptoms are expected to occur,® a
conclusive test for AD-related biomarkers will be essential. This is all the more so as a
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therapeutic intervention in the very early stages is currently considered necessary to slow
or stop the progression of AD.>®

Under high concentration, A3 peptides can aggregate to more senior oligomeric com-
plexes or arrange to symmetric and periodic fibrils, which denote pathological hallmarks
in AD.*7-% 19 Thus, molecular probes that detect amyloid fibrils in vitro or in vivo, such
as Thioflavin T (THT, Fig. 1A) and Congo red (CGR, Fig. 1B),' 12 are essential for an
accurate and conclusive diagnosis of amyloid fibrils-related diseases. THT and CGR are
potent fluorescent dyes that form fluorescent complexes with amyloid and amyloid-like fib-
rils.'*"1% For both probes, previous studies suggested binding modes,!"* 1> 16 but the exact
nature of how both probes bind to the AD-related A(3(1-42) fibril remained elusive. Such
knowledge is, however, essential for the rational search for novel molecular probes.!'!: 12

Recently, the first high-resolution structure of the A 3(1-42) fibril was obtained by cryo-
electron microscopy and nuclear magnetic resonance spectroscopy,'’ opening up the pos-
sibility to predict the binding modes of THT and CGR at the atomistic level. Here, we
used molecular dynamics (MD) simulations of free diffusion of THT and CGR in the pres-
ence of the AP(1-42) fibril to derive such binding mode models. The probes were not
biased throughout the binding process by any prior knowledge of the binding epitopes.
That way, the probes spontaneously recognise energetically preferred binding epitopes,
yielding binding mode models that are in agreement with previous observables.

\@E ; CH3
CH3 . . Hz
Thioflavin-T (THT)
/OH
Congo red (CGR)

Figure 1. Structures of amyloid biomarkers. Structure of Thioflavin-T (THT, A) and Congo red (CGR, B) with
protonation states according to pH 2.

2 Methods

System preparation and molecular dynamics simulations

To investigate THT and CGR binding to the AB(1-42) fibril (PDB ID 50QVY), we per-
formed unbiased MD simulations. The protonation states of all residues of the fibril at pH 2
were resolved by NMR spectroscopy and incorporated in our setup. That way, the proto-
nation states in the simulations match those in in vitro experiments. THT and CGR were
also prepared for pH 2 using Epik!® !° (Fig. 1). We randomly placed one dye molecule
and the Af3(1-42) fibril structure into an octahedral box using PACKMOL,? and neu-
tralised and solvated the systems with chloride atoms and TIP3P?! water, respectively. For
both dyes, we prepared 45 different initial configurations, in which the distance between
the dye molecule and the AP(1-42) fibril ranged from 13 A to 62 A. The systems were
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subjected to production simulations of 1 ps length each, to study THT and CGR bind-
ing to the AP(1-42) fibril. The minimisation, thermalisation, and equilibration protocol
is reported in Ref. 23, which was already applied previously to study ligand binding pro-
cesses.”* > All minimisation, equilibration, and production simulations were performed
with the pmemd.cuda module®® " of Amber16>> on JUWELS.?®

During visual inspection of the MD trajectories, we observed multiple binding and
unbinding events of the dye molecules to and from the A{3(1-42) fibril (the workflow is
exemplarily shown for THT in Fig. 2). We determined all stably bound dye poses by
calculating the Root Mean Square Deviation (RMSD) of the dyes after superimposing the
AR (1-42) fibril structure. That way the RMSD becomes a measure for the spatial displace-
ment of a dye molecule between two snapshots. THT poses with RMSD < 1.2 A and CGR
poses with RMSD < 1.5 A, respectively, were defined as stably bound. The stably bound
poses were subjected to hierarchical clustering, using the minimum distance between the
clusters as cluster criterion. Starting from ¢ = 2.0 A, we gradually increased € in 0.5 A
intervals until the population of the largest cluster remained unchanged (et = 5.0 A and
€cGgr = 4.5 A)

| Starting structure I Simulation run Trajectory analyses

IUnbound { Ligand diffusion I Detection of binding and unbinding events |
unbound A )
amyloid-B(1-42) fibril
\
7 ) RMSD =222 A
o \
o
THT b - bound A
0.1+ y T T T RMSD =0.9 A
0.0 0.2 04 0.6 0.8 1.0
Time [us]
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Figure 2. Schematic workflow to identify a binding mode from an MD simulation of ligand binding. From left to
right: In the starting configuration, the A[3(1-42) fibril structure (cartoon-surface representation) and Thioflavin-
T (THT, sphere model) are spatially separated. During MD simulations of ligand binding, the A3(1-42) fibril
and THT molecules diffuse freely and without guiding force (only the diffusion of the THT is shown for clarity
purposes). The THT diffusion (shown as stick models) is coloured according to the simulation time (see the colour
range). The resulting trajectory is analysed with respect to THT binding to or unbinding from the A (3(1-42) fibril.
In this study, the RMSD between two consecutive THT conformations, after superimposing the fibril, was used
to characterise the (un-)binding events. The larger the RMSD, the larger is the spatial displacement between two
consecutive THT conformations, as indicated on the right. In this example, THT is considered stably bound, if
the RMSD < 1.2 A (indicated by the red line).

Molecular mechanics generalised Boltzmann surface area (MM-GBSA) calculations

The most-populated clusters were further investigated by binding free energy calculations,
performed with MMPBSA py,”> % yielding AGpina.’%3! We obtained the standard free
energy of binding AGY, , for a standard state of 1 M,* which is directly related to the
dissociation constant Kp according to Eq. (1)

AGying = RT In(Kp) (1)
where R is the universal gas constant (R = 0.001987 kcal K! mol’l), and 7 = 300 K.
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3 Results

Unbiased MD simulations of THT and CGR binding to the A{3(1-42) fibril and subse-
quent binding free energy calculations were applied to determine the binding epitope and
a binding mode in full atomic resolution for both probes.

During MD simulations of THT and CGR binding, we observed multiple binding and
unbinding events of the dyes to and from the AP(1-42) fibril structure. The unbinding
events are more likely in the case of THT, suggesting that THT binds weaker to the
AB(1-42) fibril structure than CGR. To identify the binding epitopes of THT and CGR,
we focused our analyses on the bound probe conformations. As to THT, stable bound
structures were predominant around amino acids V18, F20, and E22. Due to the sym-
metric organisation of the A(3(1-42) fibril, high THT concentrations are observed at both
protofibrils (Fig. 3A). As to CGR, by contrast, the stably bound poses are distributed across
the complete A(3(1-42) fibril surface (Fig. 3B), and CGR conformations parallel and per-
pendicular to the fibril axes are observed. In contrast to THT, the area around V18, F20,
and E22 is less populated by CGR molecules, suggesting that both probes most likely bind
to two distinct epitopes.

To extract the predominant binding pose from all stable bound conformations of THT
and CGR, all structures shown in Fig. 3A + B were subjected to hierarchical clustering.
The ten most populated clusters were further subjected to binding free energy calculations,
yielding a dissociation constant K" (Eq. (1)) for each cluster. Based on both the
cluster populations and K ;;""”, we extracted a binding mode model for either probe, which
revealed several interesting facts.

As to THT, the largest cluster contains 11% of all considered configurations and also
shows the most favourable binding affinities. The THT conformations in this cluster bind
to V18, F20, and E22, such that the protonated amino function of THT is stabilised by a
hydrogen bond interaction with E22, while the aromatic moieties of THT interact with F20
and V18 (Fig. 3C). Interestingly, the side chains of F20 adapt a V-shaped orientation, such
that the phenyl rings in F20 align almost parallel to the aromatic rings in THT, forming
mw-m-stacking interactions. THT binds across four layers of A3(1-42) peptides with its axis
oriented almost perpendicular to the orientation of the stacked (3-strands of the AP (1-42)
fibril. The observation that multiple segments are essential for THT binding also provides
an explanation why THT recognises fibrillary structures, but no single A(3(1-42) peptides.
For the reported binding mode, AGY,, , =-9.06 kcal mol ™!, yielding K,™" =251.21 nM,
which is in agreement with experimentally derived binding affinities of THT to A3 (1-40)
fibrils ranging from 790 nM - 1740 nM.>*3* As to CGR, clustering resulted in many but
rather weakly populated clusters, which is not surprising considering the broad distribu-
tion of stably bound CGR conformations. We thus primarily focused on the interpretation
of the calculated binding affinities to derive a reasonable binding mode. Experimentally
derived binding affinities of CGR to AB(1-40) range from 48 nM - 1500 nM3>36 and
we identified a CGR conformation (Fig. 3D) with AGY, , = -9.78 kcal mol!, yielding
K7™ =74.77 nM. In this conformation, CGR binds to the groove between Y10 and V12.
In this pose, the amino groups of CGR form hydrogen bond interactions with the backbone
carbonyl oxygen of E11, while the charged and polar phosphate groups are exposed to the
solvent (Fig. 3D). The CGR biaryl core forms hydrophobic interactions with Y10 and V12,
such that the biaryl core and the Y10 side-chain adopt an edge-to-face configuration. CGR
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Figure 3. Binding modes of fluorescent dyes at the A(3(1-42) fibril. A, B: Distribution of Thioflavin-T (THT,
A) and Congo red (CGR, B) molecules bound to the AP3(1-42) fibril. THT is shown as green stick-model and
CGR as red stick-model, respectively. The A((1-42) fibril is shown as cartoon-surface representation with each
protofibril coloured differently. C, D: Dominant THT (C) and CGR (D) binding poses from side- and top-view
shown as sphere models. Amino acids involved in THT or CGR binding are depicted as stick-model.

binds across six layers of A3(1-42) peptides with its axis oriented almost perpendicular to
the orientation of the stacked (3-strands of the Af3 fibril, providing an explanation of why
CGR recognises fibrillary structures.
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4 Discussion

Binding epitopes and atomistic binding mode models for the fluorescent dyes THT and
CGR at the A3(1-42) fibril have been identified through unbiased MD simulations and
binding free energy calculations. This procedure has been successfully applied to study
ligand binding processes before,?* 3740 also in the field of amyloid research.!6 4!

Our binding mode model suggests that THT likely binds on the surface of the A3(1-42)
fibril to amino acids V18, F20, and E22, which is in agreement with previous observations
on multiple accounts. For example, relative fast binding kinetics of THT binding to fibrils
suggests that the dye can easily access its binding site,*> which can be explained by THT
binding to a solvent-exposed surface. Former studies on THT binding to fibrils also sug-
gest a minimal binding site on the fibril surface that covers four consecutive 3-strands,*>#*
a feature we also find for our binding mode of THT (Fig. 3C). THT binds fast and specif-
ically to AP (1-40) fibrils, but does not bind to monomers or other oligomeric states,*?
supporting the view that multiple (3-strands may be involved in THT binding. THT is
reported to bind with its long axis almost parallel to the long axis of the fibrils.* This ori-
entation was also observed in an X-ray structure of THT bound to a PSAM ladder,** during
MD simulations of THT binding to protofibrils forming two-layered (3-sheets,'® and in the
present study (Fig. 3C).

As to CGR, our results suggest that it binds on the surface of the AP3(1-42) fibril to
amino acids Y10, E11, and V12, which is in excellent agreement with previous findings.
Two structural features are essential for CGR binding to A3 aggregates; first, two negative
charges that are separated by a fixed distance of 19 A,'! and, second, a biaryl core frame-
work.!! Modifying the gap between the negative charges reduces the binding affinity,!!
while modifying the substituents of the biaryl core does not influence the binding affinity
dramatically.'’: 3% The spacing of 19 A corresponds to the spacing between five pleated and
stacked {3-strands,'> 7 suggesting that CGR binds across multiple layers, thereby forming
ionic interactions. The observation was corroborated by Schiitz et al. who showed that
CGR binds to the surface of stacked 3-strands, thus creating ionic interactions between the
sulphonic groups of CGR and lysine residues of the HET fibril.*¢ As the CGR molecule
considered in our simulations, however, does not carry two negatively charged groups (Fig.
1B), it is also not surprising that we did not observe the ionic interaction model. Neverthe-
less, similar to the results from Schiitz et al.,*® we find that CGR binds across six layers of
AB(1-42) peptides (Fig. 3D). In our case, however, the interactions between CGR and the
AB(1-42) fibril are mainly hydrophobic, which may be explained by a suggested second
binding site for CGR-type ligands.!! For the second binding site, prior studies underline
the importance of hydrophobic interactions for CGR binding,'> %47 as some experimental
observables cannot be explained by the ionic model.!! Interestingly, for CGR derivatives
where no ionic state is expected at physiological pH, the binding affinity is even increased
relative to CGR,'! supporting the view that hydrophobic interactions are crucial for CGR
binding. Finally, most studies suggest that CGR binds with its long axis perpendicular to
the direction of the (3-strands,'>*? as it was observed in the present study (Fig. 3D).

We validated the binding mode models by comparing computationally derived binding
affinities with experimentally derived binding affinities. In general, the binding affinities
are in good agreement, although, to the best of our knowledge, there is currently no study
available that determined binding affinities for the probes in the presence of the recently
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resolved AB(1-42) fibril structure at pH 2.!7 This may be of relevance in the case of THT,
as the affinity decreases at acidic pH conditions, suggesting a weak pH dependency for
THT binding as observed for THT binding to insulin and HET fibrils.'> %50 As to CGR,
there is no evidence suggesting a pH dependency, although most of the affinity studies
are done at neutral pH as CGR tends to be insoluble at acidic pH.'? In our preparation
process of CGR, the pK, values of the sulphonic acids were predicted'® ' with pK, =2.13
and pK, = 1.53, such that CGR tends to be in a deprotonated and charged state at pH 2
(Fig. 1B).

In conclusion, we suggest binding sites and binding modes for the fluorescent dyes
THT and CGR to the A{3(1-42) fibril. The binding sites were identified by unbiased MD
simulations and subsequently corroborated by calculations of binding affinities. The bind-
ing sites and modes agree with previous experimental observations. The binding mode
models may provide a starting point for the systematic search and design of novel and
improved molecules that bind to A3(1-42) fibrils, which is essential for conclusively diag-
nosing amyloid fibrils-related diseases.
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