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Abstract

Alzheimer’s disease is a challenge of the utmost importance for contemporary so-

ciety. An early diagnosis is essential for the development of treatments and for estab-

lishing a network of support for the patient. In this light the deposition in the brain

of amyloid-β fibrillar aggregates, which is a distinctive feature of Alzheimer, is key for

an early detection of this disease. In this work we propose an atomistic study of the
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interaction of amyloid tracers with recently published polymorphic models of amyloid-

β 1-40 and 1-42 fibrils, highlighting the relationship between marker architectures and

binding affinity. This work uncovers the importance of quaternary structure, and in

particular of junctions between amyloid-β protofilaments, as the key areas for marker

binding.

Introduction

Alzheimer’s disease, the most common form of dementia, is gaining increasing attention ow-

ing to the rapid population ageing of contemporary societies.1 One of the main hallmarks

of this disease is the deposition in the brain of aggregates of the amyloid-β (Aβ) peptide,

which appears to be linked to the neurological symptoms. Alzheimer’s is a complex and

multifactorial disease, for which a variety of hypotheses have been developed.2–5 According

to the amyloid cascade hypothesis, it is an unbalance between the production and clearance

of Aβ which triggers the onset of the disease, making the deposition of amyloid aggregates

the central event of this condition.3 The great interest devoted to the so-called amyloido-

genic proteins does not originate only from their involvement in neurodegenerative diseases,

including Alzheimer’s and Parkinson’s, but also in heart diseases and type II diabetes.6–9

For this reason, there is a common interest in the development of fast and safe techniques

that allow the detection of Aβ aggregates in living patients, aimed at following the evolution

of the disease and testing the effectiveness of experimental treatment. In this light, detailed

knowledge of the interaction of probes with amyloid fibrils at the atomic level is crucial.

Amyloids are filamentous protein aggregates with a high β-sheet content. The process

of amyloid formation, amyloidogenesis, involves the amyloidogenic proteins and consists

of the aggregation of peptides and/or unstructured proteins leading to the formation of

oligomers, which are partially structured, and develops into the deposition of ordered fibrils

characterized by a cross-β structure. This is composed of pleated β-sheets in an arrangement

which is roughly parallel to the growth direction of the fibril, and is key for amyloid detection.

2

Page 2 of 29

ACS Paragon Plus Environment

The Journal of Physical Chemistry



The study of amyloid-β deposits, such as those involved in Alzheimer’s disease, is com-

plex. This is in part due to the extreme difficulty in obtaining high resolution structures of

these fibrils, which is a direct consequence of their intrinsic polymorphism.10–12 Owing to

the combination of multiple techniques, solid state NMR spectroscopy among them, the last

years have seen a significant development in this field, with the publication of a number of

Aβ40 and Aβ42 models.13–18

At the same time, the last years have seen significant advances in the design and testing

of markers for the detection of Aβ deposits in Alzheimer’s disease patients. While positron

emission tomography (PET) is the leading technique for amyloid identification in vivo, flu-

orescence imaging is emerging as a cheap and safe alternative.19 The reference probes for

these two techniques are Pittsburgh compound B (PiB) and Thioflavin T (ThT) respectively,

which share a similar aromatic rod-like structure (Scheme 1), with PiB being designed as a

neutral derivative of ThT.20,21

Scheme 1

Since the first observation of its amyloid staining properties (1959), ThT has been the

reference for the in vitro staining of amyloid-β deposits. The low emission wavelength and

charged character of ThT, however, prevent its application in in vivo conditions. For this

reason, the development of fluorescence imaging for Alzheimer’s disease has seen a lively
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debate focused on the design of markers capable of outclassing ThT’s performance.19,22–27

On the other hand, the fundamental mechanism of ThT binding to amyloid fibrils has

been discussed for over a decade, and there is consensus on the finding that, owing to

its partially rigid and rod-like architecture, ThT binds parallel to the fibril’s long axis,

surrounded on both sides by the regular repetition of side chains arising from the β-sheet

architecture. Concisely, it can be said that ThT and the related neutral PiB selectively

bind to hydrophobic and aromatic surface grooves of β-sheets, resulting in an interaction

that is dominated by dispersion forces.28–36 These studies, however, are mainly based on

single protofilament models of Aβ fibrils, which were the only structures available until very

few years ago.13–15 The growing availability of fibril models opens the debate on whether

small ligands, such as ThT and PiB, bind to the same aminoacidic sequences across different

fibril morphologies, or if on the contrary tertiary and quaternary structure modifications

can change the preferred binding poses. Furthermore, the resolution of quaternary structure

reveals the structural features of areas located at the junction of two or more protofilaments,

which may as well be involved in the binding of small molecules.

Tackling the complex problem of Aβ fibril-marker interactions requires a multidisciplinary

approach, and computational techniques can provide atomistic insight on the nature of the

binding, which is the focus of this work.

Methodology

Fibril models and markers

Since single-protofilament models such as that of Lührs et al. 14 have been extensively studied

computationally, here we focus on multiple-protofilament ones. In particular, four different

models of Aβ fibrils have been taken into account here: the three Aβ40 models proposed

by Tycko and coworkers (Figure 1a, 1b and 1c) and the in vitro Aβ42 fibril model proposed

independently by the groups of Riek and Griffin (Figure 1d). Binding of small molecules to
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Aβ42 fibrils is particularly significant because, owing to its higher aggregation propensity,

the less abundant Aβ42 represents approximately 90% of the amyloid plaques observed in

Alzheimer’s disease patients.13,15–18,37 This difference in solubility between the two most

common forms of Aβ peptide has been extensively studied and shown to be related to

neurotoxicity, with Aβ42 being more toxic than Aβ40, and to the structure of both soluble

and insoluble aggregation products.38–41

Models I, II and IV were obtained in vitro from synthetic Aβ, while model III was

grown from a seed extracted from Alzheimer’s disease brain tissue. These models were

chosen as they represent the best approximation available of real amyloid-β deposits. Despite

the evident structural diversity of the structures reported in Figure 1, the common trait

of the cross-β spine, consisting of a double β-sheet zipped by complementary non-polar

residues (white), is present in all models, and constitutes the protofilament of the fibril.42

The quaternary organization of protofilaments yields its full three-dimensional structure.

(a) Model I. (b) Model II. (c) Model III. (d) Model IV.

Figure 1: a,13 b,15 c16 Models of Aβ40 and d17,18 of Aβ42 considered in this work. Red:
acidic residues, blue: basic, green: polar, white: nonpolar.

Concerning amyloid markers, we have focused on the conjugated π systems of the DANIR

family23,24,43 and on the bithiophene derivatives of the NIAD family (Scheme 1).19,22,44,45

These markers can be considered ThT derivatives because they share a similar aromatic/conjugated

linear structure, but unlike ThT they are neutral, and thus more likely to cross the blood-

brain barrier. Additionally, they show improved optical properties, with the emission wave-

length pushed towards the near-infrared region, which is of interest for amyloid detection in

vivo. Despite the success of these markers, their binding to Aβ fibrils, which is an important
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factor in their overall performance, is unknown.

The methodology employed in this work involves three steps. In the first step the binding

poses of markers on the models of Aβ fibrils are predicted with an induced fit docking tech-

nique. In the second step molecular dynamics simulations are performed on the best ranked

binding poses resulting from the docking procedure, and in the third step these dynamics

simulations are used to estimate the binding energy with the MM/P(G)BSA method.46,47

This is not dissimilar to the methodology employed in a recent work of Murugan et al.,36

who perfomed a similar analysis on PET amyloid tracers, using Aβ40 fibril models I and II

proposed by Tycko, and a single-protofilament model of Aβ42.13–15

Binding site search

The binding poses of the markers on the four models of Aβ fibrils were predicted using

the Protein Energy Landscape Exploration (PELE) web server.48,49 This program explores

the protein energy landscape combining a Monte Carlo stochastic approach with protein

structure prediction algorithms. In studies of ligand induced fit, such as the ones reported

here, the procedure starts with an initial perturbation of the system, involving the translation

and rotation of the ligand, and a normal mode displacement of the receptor’s backbone. This

is followed by a side chain sampling and a minimization with the OPLS (Optimized Potentials

for Liquid Simulations) force field. Solvation effects are accounted for with the implicit

Generalized Born Surface Area method.50,51 These steps compose a move, corresponding to

a new minimum, which is accepted or rejected based on a Metropolis criterion. In this way,

each processor generates a trajectory where each minimum, candidate pose, can be ranked

by its protein-ligand interaction energy. For each fibril/marker pairs, at least 45 trajectories

were run, each one yielding roughly 200 minima. The quality of these predictions was

tested by performing PBE-D2/6-31+G(d,p) single point interaction energy calculations on

cluster models cut from selected marker/fibril models with the program Gaussian09, revision

D.01.52–55 These results are reported in detail in the ESI, and show a good agreement between
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PELE and DFT (Density Functional Theory) in the energy ranking of biding poses.

Molecular dynamics simulations

Molecular dynamics simulations on selected poses were carried out with the aim of computing

binding energies within the MM/P(G)BSA framework. The Amber16 package was employed

with the Amber ff14SB force field. Ligand parameters were constructed using the GAFF force

field and charges computed with the Restrained Electrostatic Potential (RESP) method.56–58

For each selected PELE structure, after 2000 minimization steps, a 50 ps NVT dynamics

was performed rising the temperature from 0 to 50 K with a 4 kcal mol−1 restraint on the

backbone of the protein, to avoid strong deformation (see ESI). A second equilibration step

was performed in the NPT ensemble, of 1000 ps, with the temperature raising from 50 to

310 K in the first half of the simulation, and constant at 310 K for the second half of the

simulation, with a 2 kcal mol−1 restraint on the backbone. The production run involved

5 independent NPT 300 ps trajectories, with the Langevin thermostat and Monte Carlo

barostat.

Binding energy evaluation

20 geometries were evenly sampled from the last 200 ps of each trajectory of the production

run, and resulting 100 structures were used for binding free energy calculations neglecting

the entropy term. This contribution, which has been calculated for one binding pose (T∆S=

-17 kcal mol−1 at T=298.15 K), has been shown by Murugan et al. 36 to be fairly constant

across binding poses and markers, and thus is not expected to affect the energy ranking.

It has been shown that the independent trajectories approach provides results that are

more converged than those obtained from a single longer simulation.59 The free energy

values were computed on the ligand/fibril complex trajectory. In both PBSA and GBSA

calculations, a ionic strength of 100 mM, which is compatible with that of a biological buffer,

was employed.57 GBSA calculations were performed with the adaptation of the generalized
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Born approximation devised by Onufriev, Bashford and Case.46,47 PBSA calculations were

performed using the internal PBSA solver of Amber.57

Non-covalent interactions analysis

Binding of fluorescent and PET probes to amyloid fibrils involves non-covalent interactions.

In this light, analysis of such interactions can aid unravel the nature of the binding. For

selected binding poses, non-covalent interactions were analyzed with the NCIPLOT program,

according to the methodology developed by Yang and coworkers.60,61 The reduced density

gradient s(r) (eq. 1) is plotted against the electron density ρ(r) multiplied by the sign of

the second eigenvalue of the density Hessian.

s(r) =
1

2(3π2)1/3
|∇ρ|

ρ4/3
(1)

The low density and low gradient regions of these plots carry information on the weak (non-

covalent) interactions of the system, with negative contributions being bonding and positive

ones non-bonding (repulsive).

Results and discussion

Binding site search

PELE simulations yielded a large number of protein-ligand minima, from which several

binding poses can be extracted for each fibril/marker pair. For clarity’s sake, this manuscript

focuses on a small subset of theses poses, those common to all markers and ranked best by

PELE and the associated DFT-D calculations, while the rest are reported extensively in the

ESI. Binding poses are named according to the position occupied by the marker on fibrils as

follows: ji: junction-internal, je: junction-external, jc: junction-corner and pi: protofilament-

internal. In general, our PELE simulations predict that all markers tend to interact with the
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same motifs of the fibril models. The most common binding pockets on the four models of

amyloid-β fibrils are reported in Figure 2. Concerning model I, the most favorable interaction

corresponds to binding pose I-ji (Figure 2a), in which the marker is accommodated at the

center of the fibril, at the junction between the two protofilaments. In this region, markers

are in contact with residues GLY33 and MET35, which form a cavity. A second interaction

that has been observed for all markers is the one reported in Figure 2b. In this case, the

molecule is again located at the junction between the two protofilaments, but in an external

position. The binding involves the residues located at the turn of cross-β unit of the first

protofilament, namely ASN27, GLY29 and ILE31. Concerning the second protofilament, the

C-terminal residues of VAL40 and GLY37 are the closest ones to the marker. While for I-ji

the ligand is buried deep in the hydrophobic core and completely shielded from the solvent,

in I-je the molecule is partially exposed.
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(a) I-ji (b) I-je (c) II-jc

(d) III-pi (e) IV-ji

Figure 2: Most common marker binding regions of fibril models a and b I, c II, d III and
e IV. ji: junction-internal, je: junction-external, pi: protofilament-internal and jc: junction-
corner. Residues involved in the interaction: I-ji: GLY33, MET35; I-je: ASN27, GLY29,
ILE31, GLY37, VAL40; II-jc: MET35; III-pi: PHE19, PHE20, ILE31, LEU34; IV-ji: LEU17,
ILE 32, LEU 34, MET35.

Concerning fibril model II, our simulations showed that markers are preferentially accom-

modated at any of the three corners defined by the triangular shaped central cavity of the

fibrils (Figure 2c). In this pose, the probe once again interacts with the non-polar chains of

MET35, which partially shield the ligand from the solvent. Owing to the 3-fold symmetry of

fibril II, the three corners are equivalent (see ESI). Although also model III has a three fold

symmmetry, with MET35 residues located at the corners of the internal, triangular shaped,

cavity, for this model the favorite pose involves the binding of the probe within an internal

cavity that is defined by a single protofilament (Figure 2d). This pocket is defined mainly

by hydrophobic residues, namely PHE19, PHE20, LYS28, GLY29, ILE31 and LEU34.

Regarding the model of Aβ42 fibril, probes again interact preferentially with the hy-

drophobic portion of the structure at the junction between the two S-shaped protofilaments
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(Figure 2e). Here, residues LEU17, ILE32 and LEU34 of one protofilament and MET35 of

the other surround the marker. Further details about the binding modes are reported in the

next section, but it is worth mentioning that all these pockets share a channel-like geometry

arising from the regular repetition of side chains that is typical of the cross-β motif, and

which matches the linear, rod-like, architecture of the markers.

Binding free energies

The binding free energies computed with MM/P(G)BSA corresponding to these poses are

reported in Table 1, along with the decomposition into van der Waals (vdW ) and electrostatic

(el) contributions and the difference between the solvation free energies of the ligand-receptor

complex and the two separate components.
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Contributions to the binding interaction in pose I-ji

This pose involves the interaction of markers with MET35 side chains, with a binding energy

in the -9 to -19 kcal mol−1 range in the PBSA framework. Energy decomposition indicates

that van der Waals interactions account for roughly 80% of the binding energy (computed

from the electrostatic el and van der Waals vdW terms of Table 1), which is not surprising

owing to the hydrophobic nature of methionine and the aromatic structure of the markers.

The remaining contribution is electrostatic, and includes the hydrogen bond contacts that

may be formed between the marker and the backbone. This has been confirmed by analyzing

the non-covalent interactions of the NIAD-4/I-ji system, as shown in Figure 3a. The presence

of a peak in the negative region of the density multiplied by the sign of the second eigenvalue

of the density Hessian axis is indicative of a single, strong, hydrogen bond, that is formed

between the hydroxyl group of the marker and a carbonyl group of the backbone (Figure

3b). A second contribution, which corresponds to the lowest density values (green part of

the plot), corresponds to van der Waals interactions, and is shown in Figure 3c to involve

the whole aromatic body of the marker.

This result anticipates a trait that is common to all the binding poses observed: rather

than involving specific residues, the binding is driven by geometric complementarity; all the

presented markers, indeed, share a linear conjugated/aromatic structure with the correct

dimension to fit into the hydrophobic channels arising from the cross-β structure of amyloid

fibrils (Figure 3e). These channels, with diameters ranging from 10 to 13 Å, are normally

delimited by hydrophobic or aromatic side chains, which explains the strong van der Waals

contribution to the binding. The lack of specificity of this interaction is reflected in the

binding energies, that, at least for this binding pose, are quite constant across the range of

markers explored, with the exception of ThT. The electrostatic contribution to the binding

of ThT is significantly larger than that of the other markers (Table 1), and is compensated

by the electrostatic contribution to ∆∆Gs (Table 1). This originates from the charge of

the marker, and is a well-known feature of MM/PBSA and GBSA calculations.59 The two
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(a) NCI plot.

(b) H bond with the backbone. (c) van der Waals interactions.

(d) Surface of fibril I.62,63

(e) Binding channel.

Figure 3: Analysis of binding pose NIAD-4/I-ji.

numbers usually cancel out, and introduce a degree of uncertainty in the binding energy

result. However, the van der Waals contribution to the binding energy of ThT is essentially

the same as that of PiB, its related neutral compound. This, along with the fact that ThT

binds in the same motifs as the neutral markers, indicates not only that salt bridges with

negatively charged residues are not necessary for the binding, as already reported by Shea

and coworkers,33 but also that the net effect of bearing a positive charge is minor.

Contributions to the binding interaction in pose I-je

Compared to the previous one, this pose is more easily accessible, as it involves binding of

the small molecule to the less ordered exterior portion of the junction between the protofila-

ments. Owing to its less ordered nature, however, this shallow binding pocket yields a poorer

stabilization, with small or even positive MM/PBSA binding energies that are still domi-

nated by the van der Waals term. This indicates a strong preference of all markers for the

solvent excluded internal portion of the fibrils. This result is in agreement with what was re-

cently reported by Murugan et al. 36 It is worth stressing that along with these two ”junction”
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binding modes, both our calculations and those of Murugan et al. predicted a number of

intra-protofilament binding poses, with binding energies that are comparable or smaller than

that of I-ji. Detection of several binding poses common to all markers, which are described

in detail in the ESI, matches the experimental observation that Aβ fibrils can accommodate

a wide range of structural variations of the same molecule, and that they present a variety of

binding poses corresponding to different chemical environments and binding affinities.64–66

Therefore, interpretation of experimental binding affinities of such systems is complicated by

both the conformational freedom of Aβ aggregates and the multiplicity of binding sites.67

Contributions to the binding interaction in pose II-jc

This binding pose represents an exception, because it is the only stable binding mode ob-

served where the marker is not sandwitched between parallel β-sheets (Figure 4); despite

the fact that also more internal binding poses have been observed (see ESI), mode II-jc is by

far the most frequent binding mode. A possible explanation to its uniqueness is that in the

binding cavity the marker is wrapped by the hydrophobic side chains of MET35, which effec-

tively shield the dye from the solvent. Indeed, as in all binding poses, dispersion dominates

the interaction, though to a lesser extent than for I-ji. Again, the binding pocket is shaped

like a channel and involves interaction with the regular rows of side chains arising from the

cross-β structure of amyloid protofilaments (Figure 4). This confirms the stability of this

cavity and its likelyhood as binding pocket, as hypothesized by Miller et al. 68 Electrostatic

interactions, like in previous cases, involve hydrogen bonds between hydroxyl groups of the

ligands and carbonyl groups of the backbone.

15

Page 15 of 29

ACS Paragon Plus Environment

The Journal of Physical Chemistry



Figure 4: ThT/II-jc. Channel size: 8 × 9 Å.

Contributions to the binding interaction in pose III-pi

Fibril III shares with model II a triangular shape, but with a significant structural difference:

protofilaments are arranged so that the internal β-sheet forms a turn. This turn leaves a

variable distance between the parallel β-units, and a further turn in the terminal residues of

each protofilament, which interacts with the loop of another. The key feature of this fibril, as

far as binding of small conjugated ligands is concerned, is the variable distance between the

β-sheets of each protofilament, leading to a multiplicity of hydrophobic channel-like binding

pockets with a variety of sizes. A binding mode that has been observed for all markers

involves binding in a relatively large channel defined by hydrophobic residues. Dyes are

sandwiched between PHE19 and PHE20, whose side chains, according to the experimental

model, are both oriented towards the internal, solvent excluded, portion of the fibril, and

ILE31 and LEU34, resulting in a highly hydrophobic environment (Figure 5). In terms of

binding energy, this translates into a 50 kcal mol−1 van der Waals term, which is essentially

constant across different markers. Again, markers such as PiB, bearing hydroxyl groups, can

form hydrogen bonds with carbonyl groups of the backbone, which in this case belong to

ILE31 and are oriented toward the interior of the binding channel. Additionally, different
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binding modes were observed, involving different portions of the protofilament, and mainly

hydrophobic/aromatic residues (see ESI).

Figure 5: PiB/III-pi. Channel size: 12 × 6 Å.

Contributions to the binding interaction in pose IV-ji

The recently published Aβ42 fibril model has a two-fold symmetry, and each of the two

protofilaments assumes an S-shaped conformation (Figure 6a). Intra-protofilament inter-

actions, which are responsible for this conformation, involve a salt bridge between LYS28

and ALA42 (C-terminus) and a number of hydrophobic interactions. This is a significant

difference from Aβ40 models, where the salt bridge involves LYS28 and ASP23. Inter-

protofilament interactions, on the other hand, involve residues GLN15, LEU17 and MET35

(Figure 6a).17,18 This is relevant because markers bind just in the hydrophobic channel de-

fined by residues LEU17, ILE 32, LEU 34 and MET35, as shown in Figure 6b.
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Table 2: Experimental values of binding constants. Constants from refs.65 and24 were ob-
tained with fluorescence assays, those from refs.64,23 and19 from radioligand binding assays.

marker Binding affinity (nM) type of fibril
ThT65 Kd = 790 ± 50 Aβ40
PiB64 Kd = 2.5 ± 0.2 AD brain
DANIR-2c23 Kd = 36.9 ± 6.8 Aβ42
DANIR-3c24 Kd = 1.9 ± 1.1 Aβ42
NIAD-419 Ki = 10 Aβ40

Additionally, all fibril models yield similar ranking of binding affinities for markers of

the bithiophene family (Scheme 1), with NIAD-4 and NIAD-16 involved in much stronger

binding than NIAD-11. Despite similar van der Waals and electrostatic terms, NIAD-11 has

to pay for its larger size, which involves closer repulsive contacts with the fibrils. A detailed

analysis of the interaction showed that, owing to its size, NIAD-11 is not fully inserted

between the parallel β-sheets neither in pose I-ji (Figure 7a) nor in pose IV-ji (Figure 7b).

The polar portion of the molecule, bearing the two hydroxyl groups, remains exposed to the

solvent. This is confirmed by the evolution of dihedral Φ (Figure 7c) along the molecular

dynamics simulation. This angle, indeed, undergoes oscillations up to 50 degrees in both

binding poses, indicating that its flexibility is not inferior to that of the free marker in

solution, for which a separate dynamics was run.

(a) I-ji (b) VI-ji (c) Dihedral Φ

Figure 7: NIAD-11 flexibility analysis from molecular dynamics simulations performed on
the marker in water and bound to fibril models I and IV.
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Conclusions

This systematic study of markers-Aβ fibrils binding reveals that for rod-like aromatic ligands,

unspecific van der Waals interactions dominate the binding energy. In contrast to previous

studies,28–34 according to which ThT and PiB show a preference for aromatic residues at the

surface grooves of Aβ fibrils, the simulations presented here highlight a preference of linear

aromatic markers for the hydrophobic pockets located at the junction between protofila-

ments, and in particular for MET35 residues. This difference is attributed to the fact that

only recently full Aβ fibril models have been published, revealing binding pockets that were

not present in older single-protofilament models. This new obervation raises important ques-

tions on the relationship between ligand binding and stability of amyloid-β fibrils.
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(5) Maccioni, R. B.; Faŕıas, G.; Morales, I.; Navarrete, L. The Revitalized Tau Hypothesis

on Alzheimer’s Disease. Arch. Med. Res. 2010, 41, 226–231.

(6) Harrison, R. S.; Sharpe, P. C.; Singh, Y.; Fairlie, D. P. Reviews of Physiology, Bio-

chemistry and Pharmacology ; Springer Berlin Heidelberg: Berlin, Heidelberg, 2007; pp

1–77.

(7) Rapezzi, C.; Quarta, C. C.; Riva, L.; Longhi, S.; Gallelli, I.; Lorenzini, M.; Ciliberti, P.;

Biagini, E.; Salvi, F.; Branzi, A. Transthyretin-Related Amyloidoses and the Heart: a

Clinical Overview. Nat. Rev. Cardiol. 2010, 7, 398–408.

(8) Cooper, G. J.; Willis, A. C.; Clark, A.; Turner, R. C.; Sim, R. B.; Reid, K. B. Pu-

rification and Characterization of a Peptide from Amyloid-Rich Pancreases of Type 2

Diabetic Patients. Proc. Natl. Acad. Sci. U.S.A. 1987, 84, 8628–8632.

(9) Hardy, J.; Selkoe, D. J. The Amyloid Hypothesis of Alzheimer’s Disease: Progress and

Problems on the Road to Therapeutics. Science 2002, 297, 353–356.

21

Page 21 of 29

ACS Paragon Plus Environment

The Journal of Physical Chemistry



(10) Petkova, A. T.; Leapman, R. D.; Guo, Z.; Yau, W.-M.; Mattson, M. P.; Tycko, R. Self-

Propagating, Molecular-Level Polymorphism in Alzheimer’s β-Amyloid Fibrils. Science

2005, 307, 262–265.

(11) Annamalai, K.; Gührs, K.-H.; Koehler, R.; Schmidt, M.; Michel, H.; Loos, C.;

Gaffney, P. M.; Sigurdson, C. J.; Hegenbart, U.; Schönland, S.; et al., Polymorphism of

Amyloid Fibrils In Vivo. Angew. Chem. Int. Ed. 2016, 55, 4822–4825.

(12) Toyama, B. H.; Weissman, J. S. Amyloid Structure: Conformational Diversity and

Consequences. Annu. Rev. Biochem. 2011, 80, 557–585.

(13) Petkova, A. T.; Yau, W.-M.; Tycko, R. Experimental Constraints on Quaternary Struc-

ture in Alzheimer’s β–Amyloid Fibrils. Biochemistry 2006, 45, 498–512.

(14) Lührs, T.; Ritter, C.; Adrian, M.; Riek-Loher, D.; Bohrmann, B.; Döbeli, H.; Schu-
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