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Supplemental Methods 

System preparation and simulation procedure 

To investigate fluorescent dye-binding to the Aβ(1-42) fibril, we performed unbiased MD 

simulations of THT and CR in the presence of the Aβ(1-42) fibril1. Initial coordinates for the 

Aβ(1-42) fibril structure were taken from the cryo-EM structure (PDB ID 5OQV 1). We 

prepared two structural models of the Aβ(1-42) fibril structure, either composed of ten or 20 

Aβ(1-42) periodically arranged peptide chains. For phenylalanine 20 (F20; following the one-

letter nomenclature) two rotamers are reported in the 3D structure1, with the F20 side chain 

oriented towards V18 or towards E22. We kept the rotamer with the F20 side chain oriented 

towards V18, anticipating favorable interactions between V18 and F20. The protonation states 

of all titratable residues of the fibril at pH 2 were resolved by NMR spectroscopy and 

incorporated in our setup (Table S3). That way, the protonation states in the simulations match 

those in in vitro experiments. THT and CR were also prepared for pH 2 using Epik distributed 

with the Maestro suite of programs 2, 3 to calculate the pKa of relevant functional groups. The 

predicted protonation states of THT and CR are shown in Figure S1. 3D structures of THT and 

CR were subjected to quantum mechanical (QM) geometry optimization at the HF/6-31G* level 

of theory using Gaussian 164. The QM-optimized 3D structures were used for subsequent 

binding simulations. To do so, we randomly placed one dye molecule and one of the structural 

models of the Aβ(1-42) fibril structure, composed by either ten Aβ(1-42) peptides in the case 

of THT or 20 Aβ(1-42) peptides in the case of CR, into an octahedral box using PACKMOL5.  

The systems were neutralized and solvated with chloride atoms and TIP3P6 water, respectively, 

using LEaP7 of Amber168. For each dye, we prepared 45 different initial configurations, in 

which the initial distance between the dye molecule and the Aβ(1-42) fibril ranged from 13 Å 

to 62 Å.  

We used the Amber ff14SB force field9 to describe the Aβ(1-42) fibril and the GAFF force 

field10 to describe the dye molecules. For the dye molecules, atomic partial charges were 

derived according to the RESP procedure11, 12. As to THT, this force field-charge combination 

was successfully applied in a previous study13, and the THT structure after molecular mechanics 

(MM) minimization matched the QM-minimized structure. As to CR, however, the MM-

minimized structure showed a significant rotation around the diazo groups leading to a ladder-

like orientation of the aromatic rings, whereas the aromatic rings were almost coplanar in the 

QM-optimized structure. Hence, we derived new force field parameters for the respective 
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torsion following ref.14. With the optimized force field parameters, the CR structure after MM 

minimization matched the QM-minimized structure (Figure S10). 

The exact minimization, thermalization, and equilibration protocol is reported in ref.15, which 

was already applied previously to study ligand binding processes 16, 17. In short, all systems 

were initially subjected to three rounds of energy minimization to resolve bad contacts. 

Subsequently, systems were heated to 300 K, and the pressure was adapted such that a density 

of 1 g/cm3 was obtained. During thermalization and density adaptation, we kept the solute fixed 

by positional restraints of 1 kcal mol-1 Å-2, which were gradually removed. Subsequently, the 

systems were subjected to unbiased production simulations of 1 µs length each, to study THT 

and CR binding to the Aβ(1-42) fibril. The simulations were not biased by any prior information 

on potential binding epitopes. 

All minimization, equilibration, and production simulations were performed with the 

pmemd.cuda module18, 19 of Amber168 on JUWELS20. During production simulations, we set 

the time step for the integration of Newton’s equation of motion to 4 fs according to the 

hydrogen mass repartitioning strategy21. Coordinates were stored into a trajectory file every 

200 ps. The procedure results in 5000 configurations for each production run that were 

considered for subsequent analyses.  

 

Determination of the binding mode models 

During visual inspection of the MD trajectories, we observed multiple binding and unbinding 

events of the dye molecules to and from the Aβ(1-42) fibril. Thus, we initially determined all 

stably bound dye poses by calculating the RMSD of the dyes with respect to the previous 

configuration after superimposing the Aβ(1-42) fibril structure, using cpptraj22. That way, the 

RMSD becomes a measure for the spatial displacement of a dye molecule between two 

snapshots. THT poses with RMSD < 1.2 Å and CR poses with RMSD < 1.0 Å, respectively, 

were defined as stably bound. 

Beforehand, we calculated the mean square displacement <Δ2r(t)> of THT and CR to estimate 

the spatial displacement for free diffusive motion, according to eq. (S1) 

<Δ2r(t)> ~ 6 Dt , (S1)

where D is the diffusion coefficient (THT in methanol solution at 30 °C: D = 7.8 ± 0.03 * 10-10 

m2/s 23; CR in D2O at 30 °C: D = 1.95 * 10-10 m2/s 24 ), and t = 200 ps, the time interval of 
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saving atomic positions into a trajectory file. Note that eq. (S1) is only valid if t >> tc (tc: 

molecular correlation time); this is given here as former studies revealed for THT tc = 0.4 ps25 

and for CR tc = 0.2 ps26, measured in water. Solving eq. (S1), thus, yields for THT 

<Δ2r(t)> = 9.64 Å and for CR <Δ2r(t)> = 4.89 Å. RMSD values smaller than <Δ2r(t)> 

thus arise from restrictions of diffusive motions of the dye molecule during the MD simulations, 

which, in this case, can be explained by complex formation with the Aβ(1-42) fibril. 

The stably bound poses (Figure S4) were subjected to clustering using the hierarchical 

agglomerative (bottom-up) algorithm as implemented in cpptraj22, 27, using the minimum 

distance ε between the clusters as cluster criterion. Starting from ε = 2.0 Å, we gradually 

increased ε in 0.5 Å intervals until the population of the largest cluster remained unchanged 

(εTHT = 5.0 Å and εCR = 4.5 Å). The resulting cluster fractions are shown in Figure S11. 

Additionally, we calculated 3D density grids over the complete ensemble (45 × 1 µs), 

representing the probability density of the dye position relative to the centered fibril structure, 

using cpptraj22. To sharpen the distribution, we only considered the two carbon atoms 

connecting the two (central) rings in THT and CR. The resulting densities were normalized to 

the number of considered conformations, which are identical in both cases. For visualization 

purposes in Figures 2A and 3A, we only show regions with a probability density > 1/100 of the 

maximum value across the full density grid. 

 

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

The ten most highly populated clusters were considered for binding free energy calculations, 

performed with the MMPBSA.py28 program of Amber168. In the MM-GBSA calculations, the 

free energy of a molecule Gmol is calculated as the sum of gas-phase energies EMM and solvation 

free energies Gsolv, together denoted as effective energies, Geff, and the configurational entropy 

S 29-33, with T being the absolute temperature (eq. (S2)) 

Gmol = EMM + Gsolv – TS . (S2)

Binding energies ΔGbind were computed according to eq. (S3) 

ΔGbind = Gcomplex – Greceptor – Gligand , (S3)

where snapshots of the complex (Aβ + dye), receptor (Aβ), and ligand (dye) are obtained from 

MD simulations following the 1-trajectory approach34. Contributions due to changes in the 

configurational entropy of the ligand or the receptor upon complex formation were calculated 
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by normal mode analyses (NMA). Because NMA is computationally expensive, the entropic 

contributions were calculated for only every 10th snapshot in each cluster.  

To compare the computed with experimentally determined binding affinities, we converted 

ΔGbind into the standard free energy of binding ΔGbind
0  according to eq. (S4)35, as done 

previously29. This takes into account that translational entropy depends on solute 

concentration36, 37, leading to the concentration dependence of chemical equilibria that do not 

conserve the number of molecules (such as binding reactions)38, 39. 

ΔGbind
0 	= ∆Gbind + R∙ T ln

Cideal

C0  , (S4)

where R is the universal gas constant (R = 0.001987 kcal K-1 mol-1), T = 298.15 K, C0 is the 

standard state concentration of 1 mol l-1, and Cideal the ligand concentration of 0.041 mol l-1, 

derived from the general gas equation at a pressure of 101,325 Pa and a temperature of 

298.15 K40. ΔGbind
0  is directly related to the dissociation constant KD according to eq. (S5) 

ΔGbind 
0 = R·T  ln (KD) . (S5)

KD values derived from computations according to eq. (S2) - (S5) are denoted as KD
comp and are 

compared with experimental values KD
exp (or Ki

exp). The total standard error of the mean of the 

computations, denoted as SEMtotal, is estimated following the principles of Gaussian error 

propagation according to eq. (S6) 

SEMtotal= (SEMGeff
)2 + (SEMTS)2 , (S6)

where SEMGeff
 and SEMTS are the SEMs from MM-GBSA and NMA computations, 

respectively. The results from binding free energy calculations are reported as ΔGbind 
0 ± SEMtotal. 

In addition to KD
comp, we also computed the upper and lower limits of KD

comp considering the 

uncertainties of our computations, by inserting either ΔGbind 
0 + SEMtotal or ΔGbind 

0 - SEMtotal into 

eq. (S5). 

 

Determination of intramolecular mobility 

To investigate whether the intramolecular mobility of the aromatic rings relative to each other 

is reduced in the proposed binding models, which is a structural prerequisite for a dyo to 

fluoresce41, we additionally performed five replica of MD simulations of 1 µs length each of 

either THT or CR in the absence of the Aβ(1-42) fibril. Other than that, the simulation protocol 
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remained unchanged to the one used for simulating dye binding. As a measure for 

intramolecular mobility, we determined the dihedral angle defined between the aromatic rings 

in both dyes (see inlets in Figure S5 and Figure S7). The same dihedral was also calculated for 

all dye poses in a cluster considered bound to the Aβ(1-42) fibril. The results are visualized as 

a histogram (normalized to the sum of all bins) in Figure S5 and Figure S7 In all bound poses, 

the intramolecular mobility is reduced compared to the mobility of the dye in solution. 

 

Determination of fibril stability 

To investigate whether the protonation states according to pH 21 or the presence of the 

fluorescent dyes alter the fibril structure, we performed ten replica of MD simulations of 1 µs 

length each of the Aβ(1-42) fibril in the absence of the dyes. The replica simulations were 

prepared following the protocol in ref.15. Other than that, the simulation protocol remained 

unchanged to the protocol of dye binding. To evaluate the structural integrity of the fibril, we 

calculated the backbone root mean square deviation (RMSD) relative to the cryo-EM structure1 

that served as the starting structure. The same analysis was performed for the fibril structure in 

the presence of the dyes. The results are expressed as average RMSD ± SEM (Figure S9). As 

the SEM is almost equal in all cases also the variances can be considered as equal, such that a 

t-test was performed, and p-values < 0.05 were considered significant. 
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Supplemental Figures 

  
Figure S1: 45 independent starting configurations for dye binding simulations.  
Differently colored starting positions of Thioflavin-T (THT) (A) and Congo red (CR) (B) molecules around the 
structural models of the Aβ fibril; from each starting position, an independent binding simulation was performed 
for 1 µs length. The blowups show structural formulas of the dye molecules. The protofilaments of the Aβ fibril 
are colored differently.  
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Figure S2: RMSD time series throughout MD simulations of THT binding.  
The plots show the root mean square deviations (RMSD) throughout molecular dynamics (MD) simulations of 
1 µs length. The RMSD was calculated for all non-hydrogen atoms in Thioflavin-T (THT) between two 
consecutive THT conformations after superimposing the fibril structure. That way, the RMSD becomes a measure 
for the spatial displacement between two THT conformations. THT is considered stably bound, if the 
RMSD < 1.2 Å (indicated by the red line). The Y-axis is scaled logarithmically. The representative trajectory 
shown in Movie S1 is marked by an “*”.   
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Figure S3: RMSD time series throughout MD simulations of CR binding. 
The plots show the root mean square deviations (RMSD) throughout molecular dynamics (MD) simulations of 
1 µs length. The RMSD was calculated for all non-hydrogen atoms in Congo red (CR) between two consecutive 
CR conformations after superimposing the fibril structure. That way, the RMSD becomes a measure for the spatial 
displacement between two CR conformations. CR is considered stably bound, if the RMSD < 1.0 Å (indicated by 
the red line). The Y-axis is scaled logarithmically. The representative trajectory shown in Movie S1 is marked by 
an “*”. 
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Figure S4: Stably bound dye poses. 
Overlay of (A) Thioflavin-T (THT, green sticks) and (B) Congo red (CR, red sticks) bound to the Aβ(1-42) fibril 
(blue-orange cartoon-surface representation). THT and CR structures were extracted from 45 trajectories. All 
stably bound dye poses were considered for a similarity clustering. 
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Figure S5: Analysis of the intramolecular mobility of Thioflavin T. 
Histograms (bin size 0.1°) of the dihedral angle characterizing the relative orientation of the two rings of Thioflavin 
T (THT) in solution in the absence of the fibril (red histogram, top panel) and in the fibril-bound states c0, c1, and 
c3 (blue histograms). The four atoms defining the dihedral angle are marked by an orange frame in the structural 
formula of THT in the upper left corner of the top panel. The red histogram was calculated for 5 × 1 µs MD 
simulations of THT in the absence of the fibril. The blue histograms were calculated for all conformations in the 
clusters c0, c1, and c3, respectively, in which THT is bound to the fibril. THT conformations representing the 
individual maxima of the distributions are shown as stick models. All histograms are normalized to the sum of all 
bins.  
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Figure S6: Predominant binding poses of Thioflavin-T. 
Representative binding poses of Thioflavin-T (THT, green sphere model) extracted from cluster c1 (A) and c3 (B) 
(see also Table S1). In contrast to the energetically preferred orientation of THT (see Main Text Figure 2B), in A, 
THT binds to three stacked Aβ peptides, such that the methyl group is completely solvent-exposed, and in B, THT 
is slightly shifted to the upper edge of the fibril, such that the F20 side chain in position i is flipped. Residues with 
at least one atom within 4 Å of THT are colored cyan and depicted as ball-stick model. The remaining amino acids 
of the Aβ(1-42) fibril are colored orange. Panels at the bottom were rotated by 90° relative to the ones at the top. 
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Figure S7: Analysis of the intramolecular mobility of Congo red. 
Histograms (bin size 0.1°) of the dihedral angle characterizing the relative orientation of the rings of Congo red 
(CR) in solution in the absence of the fibril (red histograms) and in the fibril-bound states c3 and c7 (blue 
histograms). The four atoms defining the respective dihedral angle are marked by an orange frame in the structural 
formula of CR in the upper left corner of the plots. The red histograms were calculated for 5 × 1 µs MD simulations 
of CR in the absence of the fibril. The blue histograms were calculated for all conformations in the clusters c3 and 
c7, respectively, in which CR is bound to the fibril. CR conformations representing the individual maxima of the 
distributions are shown as stick models. All histograms are normalized to the sum of all bins.  
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Figure S8: Predominant binding poses Congo red. 
Representative binding poses of Congo red (CR, red sphere model) extracted from c7 (A) and c4 (B) (see also 
Table S2). In contrast to the energetically preferred orientation of CR (see Main Text Figure 3B), in A, CR is 
slightly twisted around the central C-C bond and flipped by 180°, such that the protonated sulfonic acid is oriented 
to the upper edge of the fibril. In B, CR is partially intercalated into one of the protofilaments. Residues with at 
least one atom within 4 Å of CR are colored cyan and depicted as ball-stick model. The remaining amino acids of 
the Aβ(1-42) fibril are colored orange or blue, respectively. Panels at the bottom were rotated by 90° or 75° relative 
to the ones at the top. 
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Figure S9: Fibril stability throughout molecular dynamics simulations. 
A: Structural elements that were considered for stability evaluation throughout molecular dynamics (MD) 

simulations. The considered elements are shown as surface-cartoon representation and the remaining parts only as 

a cartoon. The element denoted as “All” includes all amino acids of the fibril, the “Core” neglects the Aβ(1-42) 

peptides at the fibril ends, and the “Interface” only includes amino acids V39 – I41 that form the interface between 

both protofilaments (colored blue or orange). B: Average root mean square deviation (RMSD) calculated for the 

structural elements shown in panel A relative to the starting structure. In the case of Thioflavin-T (THT), the 

structural model of the Aβ fibril is composed of ten Aβ peptides (Figure S1A). However, the definition of All, 

Core, and Interface is identical. The gray bars show the average RMSD (n = 10) of the fibril in MD simulations in 

the absence of any dye molecule. The green bars show the average RMSD (n = 45) of the fibril in THT-binding 

simulations, the red bars show the average RMSD (n = 45) of the fibril in Congo red (CR)-binding simulations. 

The error bars denote the standard error of the mean (SEM). The average RMSD and SEM were calculated over 

10 or 45 replicas of 1 µs length each. n.s. not statistically significant. 
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Figure S10: Force field parameters for Congo red. 
A: Truncated Congo red (CR) model used to derive the new torsion parameters describing the rotation between 
the aromatic rings and the diazo group (indicted by the arrow). The labels depict the GAFF atom types. B: Potential 
energy surface scan for torsion angles from 0° to 360° at 5° intervals. Gas phase relative HF/6-31G* energies are 
shown as black dots, standard GAFF energies as orange dots, and optimized GAFF energies as blue dots. C: 
Extract from the force-field modification file used for MD simulations with CR with parameters compatible with 
GAFF (version 2.1). 
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Figure S11: Clustering summary. 
Fraction (red line, left y-axis) and cumulative fraction (blue line, right y-axis) of poses per cluster for Thioflavin-
T (A) and Congo red (B). The insets show the ten highest populated clusters (from 0 to 9).  
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Supplemental Tables 

Table S1: Results of hierarchical clustering and MM-GBSA calculations for Thioflavin-T. 

Cluster Fraction ΔGeff.
a SEMGeff

 b T · ΔSconf.
 a SEMTS

 b ΔGbind.
 a

 ΔGbind
0  a

 SEMtotal
 b Lower KD

comp c Upper KD
comp c KD (i)

exp  c 

c0 0.12 -25.34 0.07 -18.19 0.33 -7.16 -9.06 0.42 112 470 

665 42 
 

294 - 4000 43 

c1 0.08 -23.25 0.08 -17.01 0.35 -6.24 -8.14 0.45 505 2331 
c2 0.07 -23.80 0.09 -16.84 2.03 -6.96 -8.86 2.05 10 10183 
c3 0.05 -24.91 0.12 -18.44 0.39 -6.47 -8.37 0.52 305 1758 
c4 0.05 -24.99 0.13 -19.32 0.64 -5.67 -7.57 0.74 820 9830 
c5 0.03 -22.67 0.12 -16.71 0.72 -5.96 -7.86 0.80 445 6676 
c6 0.03 -24.13 0.18 -18.40 3.23 -5.72 -7.62 3.26 10 634142 
c7 0.03 -22.78 0.13 -17.20 0.75 -5.58 -7.48 0.83 799 13382 
c8 0.02 -20.27 0.14 -15.60 0.51 -4.68 -6.58 0.63 5209 43854 
c9 0.02 -23.22 0.16 -17.70 0.97 -5.52 -7.42 1.05 614 21488 

a In kcal mol-1. 
b Standard error of the mean (SEM) in kcal mol-1. 
c KD

comp and KD (i)
exp  are reported in nM. If KD

comp is in agreement with KD (i)
exp , the cells are colored gray. 

 

 

Table S2: Results of hierarchical clustering and MM-GBSA calculations for Congo red. 

Cluster Fraction ΔGeff.
a SEMGeff

  b T · ΔSconf.
 a SEMTS

 b ΔGbind.
 a

 ΔGbind
0  a

 SEMtotal
 b Lower KD

comp c Upper KD
comp c KD (i)

exp  c 

c0 0.07 -24.16 0.07 -26.07 1.01 1.91 0.01 1.05 - - 

209 - 307044   

c1 0.05 -27.84 0.12 -27.92 1.00 0.08 -1.82 1.05 - - 
c2 0.03 -16.67 0.12 -27.53 1.34 10.87 8.97 1.38 - - 
c3 0.03 -36.80 0.12 -27.63 1.27 -9.17 -11.07 1.31 0.8 70 
c4 0.03 -35.91 0.18 -23.43 1.91 -12.48 -14.38 1.95 < 0.01 0.8 
c5 0.03 -24.45 0.12 -27.53 1.33 3.08 1.18 1.38 - - 
c6 0.03 -25.88 0.10 -26.70 1.79 0.81 -1.09 1.82 - - 
c7 0.03 -32.40 0.18 -24.52 1.77 -7.88 -9.78 1.82 3 1458 
c8 0.03 -18.65 0.08 -26.87 1.45 8.22 6.32 1.48 - - 
c9 0.02 -22.55 0.07 -21.51 1.73 -1.04 -2.94 1.75 - - 

a In kcal mol-1. 
b Standard error of the mean (SEM) in kcal mol-1. 
c KD

comp and KD (i)
exp  are reported in nM. If KD

comp is in agreement with KD (i)
exp , the cells are colored gray.
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Table S3: Protonation states of titratable amino acids in A(1-42) at pH 2.a 

Residue ID Netto charge Amber residue name 

Aspartate 1 -1 ASP 
Glutamate 3 0 GLH 
Histidine 6 +1 HIP 
Aspartate 7 -1 ASP 

Glutamate 11 -1 GLU 
Histidine 13 +1 HIP 
Histidine 14 +1 HIP 
Glutamate 22 -1 GLU 
Aspartate 23 0 ASH 

a Taken from ref. 1 and considered in the MD simulations. 

  



26 
 

Supplemental Movies 

Movie S1: Thioflavin-T binding to the amyloid-β(1-42) fibril. 
The movie shows the first 500 ns of a representative trajectory (marked by a “*” in Fig. S1) of 
Thioflavin-T (THT) binding to the amyloid-β(1-42) fibril. THT is shown as green-sphere 
model, and the amyloid-β(1-42) fibril in surface representation, with both protofilaments 
colored either blue or orange.  

 

Movie S2: Congo red binding to the amyloid-β(1-42) fibril. 
The movie shows the first 500 ns of a representative trajectory (marked by a “*” in Fig. S2) of 
Congo red (CR) binding to the amyloid-β(1-42) fibril. CR is shown as red-sphere model, and 
the amyloid-β(1-42) fibril in surface representation, with both protofilaments colored either 
blue or orange.   
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