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Alzheimer's disease (AD) is a progressive neurodegenerative disorder that 

constitutes the most common cause of dementia. AD is accompanied by deposits 

of amyloid β-peptide (Aβ) in extracellular proteinaceous plaques in the brain1. In 

the amyloid cascade hypothesis2, the formation of Aβ oligomers and fibrils is 

suspected to be the key event in the development of AD. To further develop the 

link between Aβ and AD, 3D structures of the different species involved in the 

disease are necessary. Here, we report an atomic-resolution structure of the Aβ1-

40 peptide with the Osaka mutation (E22Δ) in its fibrillar amyloid form. The 

E22Δ mutation is associated with familial early-onset AD3. The fold, which 

represents a new motif, is based on solid-state NMR data that establish, per 

monomer, 31 structurally meaningful distance restraints supported by 48 

spectrally unambiguous NMR peaks, which can be, also unambiguously, divided 

in 26 intra- and 22 intermolecular contacts. In addition, 56 dihedral angle 

restraints and 19 hydrogen bonds, both based on chemical shifts, are entered. 

For the final structure determination, 2356 additional automatically assigned 

medium- and long-range cross peaks were taken into account. Contrary to 

previously proposed models for Aβ, monomers in Aβ1-40 E22Δ fibrils do not 

assume a simple β-sheet-turn-β-sheet topology, but the fibrils consist of two 

interlaced molecules per β-sheet layer in a symmetrical arrangement.  

 

Despite its central importance for understanding the molecular basis of Alzheimer’s 

disease, high-resolution structural information on Aβ aggregates is scarce because 

standard methods, in particular x-ray diffraction and solution-state NMR, cannot be 

employed to investigate fibrillar aggregates at atomic resolution. Solid-state NMR, in 

contrast, has demonstrated its potential to yield structures of amyloids fibrils at a 
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highly resolved level4-6. Several structural models for Aβ have been proposed based 

on solid-state NMR restraints7-15, the most recent, seeded by a homogenate from 

diseased brain, representing a beta-hairpin in a trimeric arrangement15.   They share a 

common cross-β architecture mostly with in-register parallel pleated sheets16 and 

provide strong evidence for polymorphism, namely indicating that the Aβ peptide can 

exist in a number of different fibril architectures possibly corresponding to different 

phenotypes of the disease15, as also postulated for other neurodegenerative 

diseases17,18.  

Here we combine solid-state NMR and electron microscopy to obtain the atomic 

resolution structure of amyloid fibrils of Aβ1-40 with the Osaka mutation E22Δ, 

where glutamate 22 is deleted. Aβ1-40 E22Δ is, in rat primary neuron cultures, more 

neurotoxic than the wild-type protein and aggregates more readily in vitro to form 

fibrillar bundles with an unusually high thioflavin T binding capacity19,20. Combining 

mass-per-length data from scanning-transmission electron microscopy (STEM) and 

manually identified unambiguous NMR restraints, we obtain the overall fold of the 

monomer, as well as the tertiary and quaternary contacts in the fibrils. In a second 

calculation based on this data and complemented by 631 automatically assigned 

medium-, long-range and intermolecular NMR distance restraints per monomer, 

supported by 2356 peaks in the different spectra we obtain an atomic-resolution 

structural model of Aβ1-40 E22Δ.  

The fibril is built by two symmetry-equivalent rigid molecules per layer 

While fibrils of Aβ1-40 E22Δ are known to form dense tangles19, isolated fibril 

segments suited for scanning transmission-electron microscopy (STEM) can be 

obtained at an early stage of in vitro fibrillization, as shown in Fig. 1a,b. The 
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experimental mass-per-length (MPL) distribution is plotted in Fig. 1c and reveals that 

the elementary fibril consists of two molecules for each layer of β-sheet in the 

amyloid. NMR sequential resonance assignment forming the basis for structure 

calculation was achieved using a set of 3D experiments and is described in detail in an 

assignment note21. The spectra used for structure determination were recorded on 

virtually pure samples of a single polymorph. Extracts from NCA an NCO correlation 

spectra, shown in black in Fig. 1d,e, and from a C-C DARR correlation spectrum in 

Extended Data Fig. 1, show a single set of resonances per residue, demonstrating that 

all monomers are symmetry-equivalent. All 39 residues are detected in the spectrum 

indicating the absence of highly dynamic segments. Together with the STEM data, 

this observation suggest the presence of one symmetric dimer per layer of the cross-β 

fibril. Even if two is predominant, we do not exclude a MPL of three on the sole basis 

of the STEM data, since the relative abundance of 2 versus 3 cannot be quantitatively 

measured in the tangles. We thus will come back to this point below when calculating 

structures.  

Structural restraints from the spectra  

The structure calculation procedure follows established NMR strategies, namely 

measuring a large number of interatomic distances and converting them into upper 

distance restraints for triangulation22. The distance restraints were extracted from 

cross peaks in two-dimensional CHHC, PAR, PAIN, DARR and PDSD spectra23-27 

(Fig. 1d,e, 2a,b and in Extended Data Fig. 2,3). As demonstrated earlier for the HET-s 

prion domain, a relatively small number of spectrally unambiguous (i.e. the two 

frequencies are reliably assignable to a single atom pair) long-range restraints can 

already define the structure reasonably well4, while using the complete information 
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from all ambiguous and unambiguous cross peaks allows to obtain a more precise 

structure5. We followed a similar scheme here. 

For amyloids, structurally meaningful intermolecular distances are abundant and can 

be of similar length when compared to intramolecular ones5. It is therefore necessary 

to establish the inter- or intramolecular nature using samples with specific isotope 

labeling patterns.  

We first address the question of the register of β-strand stacking into sheets; the 

observation of highly similar N-Cα and N-C’ cross signals (Fig. 1d,e) in NCA/NCO 

spectra recorded on a uniformly labeled sample (where correlations are of intra-

residue nature) and PAIN spectra recorded on a 1:1 mixed [15N]:[13C]-labeled sample 

(where they exclusively arise from intermolecular interactions between adjacent 

layers of β-sheet) reveals a parallel in-register stacking of the β-sheets. 

Then we look for further peaks that are clearly intermolecular; PAIN spectra of the 

mixed sample feature only intermolecular 15N-13C correlations and we find strong 

signals which are not explained by register contacts (examples marked by red crosses 

in Fig.1d,e). Five of these additional peaks provide spectrally unambiguous 

intermolecular restraints (listed in Extended Data Table 1) for the following residue 

pairs: Glu3-Gly29, His13-Val40 (two restraints), Gln15-Gly37, and Gln15-Gly38. 

Some of them even stronger than the register contacts given in the blue PAIN 

spectrum of Fig 1f,g, recorded on the uniformly labeled sample, suggesting that the 

corresponding intermolecular contact tends to be shorter than the β-sheet register 

distance of ∼4.8 Å.   

Further information about intra- and intermolecular packing was obtained by 

comparing the cross-peak intensity between uniformly labeled and dilute labeled 
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samples (labeled monomers diluted in unlabeled ones) in CHHC, PAR and DARR 

spectra (Fig. 2a,b,d and Extended Data Fig. 4). In these spectra intermolecular peaks 

must be attenuated by roughly the dilution ratio (here 1:4), while intramolecular peaks 

remain constant. A detailed comparison of the diluted and ndilluted spectra is given ih 

Extended Data Fig.4 and the resulting attenuation factors are given in Fig. 2c and 

Extended Data Fig.5 Their analysis yielded peaks that are not only spectrally 

unambiguous but that represent unambiguously intermolecular restraints between 

residues Glu3-Lys28, Glu3-Gly29, Glu3-Ala30, His13-Val40  and unambiguously 

intramolecular ones between His6-Glu11, His6-His13, Phe19-Leu34,  Phe20-Ile31, 

Ile32-Met35, Met35-Gly38. Together with the 5 restraints from PAIN spectra, a total 

of 48 spectrally unambiguous restraints were thus extracted from the spectra and 

classified into 22 intermolecular and 26 intramolecular restraints (Extended Data 

Table 1 and Fig. 3a). Thus ‘unambiguous’ here refers to both spectrally unambiguous, 

as well as unambiguous with respect to the classification inter-/intermolecular. 

Structure calculation of the Aβ1-40 E22Δ dimer 

An initial structure calculation with CYANA28 used only the manually identified 48 

unambiguous restraints (Extended Data Table 1) in addition to hydrogen bonds 

defining the β-sheets (Fig. 3c) and 56 dihedral angle restraints from TALOS+29. The 

resulting backbone structure is shown in Fig. 3b, and a detailed discussion of the 

calculation procedure is given in the Methods section. A-β is know to form a cross-β 

fibril with all β-strands poarallel to the fibril axes. Intermolecular restraints (marked 

in red in Fig. 3b) therefore mark lateral contacts between two given molecules if all β-

sheets form a planar arrangement perpendicular to the fibril axis, or as stagger 

contacts where one monomer spans/extends across two planes9,30, while intra-

molecular restraints (marked in black) are within the same plane to explain the short 
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distances the represnet. Both assignment possibilities for the intermolecular restraints 

were explored in the manual structure calculations, but only the all-lateral model 

fulfills all the manual restraints. The C-terminal hydrophobic residues (Ile32-Val40) 

do not form a straight β-sheet but fold back such that they fulfill the unambiguously 

intramolecular contacts Ile32-Met35 (supported by the three peaks marked “M35” in 

Fig. 2d, and Extended Data Fig. 5c), which clearly do not attenuate upon dilution and 

are thus intramolecular) and Met35-Gly38 (Extended Data Table 1 and Extended Data 

Fig. 4e). Further support for this feature, specific to our fold, is provided by the 

following observations that have not been used in the calculation and thus serve as an 

independent cross-validation: i) The fold predicts an intramolecular Ile32-Val40 

contact (dashed line in Fig. 3b) whose existence is confirmed by the PAR spectrum in 

Fig. 2d: the signal marked “V40” and assigned to Ile32δ1-Val40γ1/2 is clearly visible 

and not attenuated by dilution. The alternative assignment possibilities for this peak 

(namely Ile32-Val24 or, with lower probability, Ile32-Val12 or Ile32-Val36) resulted 

in restraint violations when the corresponding restraint was included into the manual 

structure calculation. ii) The fold explains all 21 spectrally unambiguous peaks from 

the [2-13C]-glucose PDSD spectrum listed in Extended Data Table 1, which were not 

entered into the calculation. These restraints can be added to the manual calculation 

(using a distance limit of 8.5 Å) and CYANA returns the fold of Fig.3b without 

restraint violation. 

Automatic structure calculation was conducted using in addition to the information 

from the manual calculation automatically picked peak lists from the CHHC, PAR, 

PDSD and two PAIN spectra listed in Extended Data Table 2. These peak lists were 

iteratively assigned by CYANA in the course of the structure calculation (see 
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Extended Table 2). This procedure yielded the structure shown in Fig. 4, which also 

fulfills all manually identified unambiguous restraints (Fig. 3a).  

The overall organization of the fibril is defined by two interlaced protofilaments (Fig. 

4a,c), resembling a cinnamon roll. The different layers are connected by in-register 

hydrogen bonds leading to the parallel β-sheet form of the fibrillar scaffold. Fig. 4b 

displays the NMR bundle representing the 20 lowest energy structures with a heavy 

atom rmsd of 1.1 Å. The cross section of the fibril can be approximated by a rectangle 

that is closed by intermolecular salt bridges between Glu3 and Lys28 side chains. 

This salt bridge has not been depicted in wildtype Aβ models, where Lys28 was often 

found to interact with Asp2312,30. Fig. 4c shows the positioning of the side chains in 

the fibril, and reveals that the very center is filled with exclusively hydrophobic 

residues, indicating that hydrophobic interactions strongly contribute to fibril stabilty. 

Interestingly, four charged residues, including the C-terminal carboxylate of Val40, 

are located inside the fibril core, and form a network of salt-bridged interactions. 

NMR spectra reveal intermolecular interactions between His13-Val40 (Fig. 1d,e), and 

intramolecular contacts between His13/His6-Glu11 side chains (Extended Data Fig. 

6). This network of salt bridges thus energetically stabilize both the turn region from 

Gly9 to His13 and the quaternary arrangement of monomers and is another important 

factor in stabilizing the interior of the fibril.  

All calculations discussed above used the MPL of two obtained by STEM. 

Calculations with MPL equal to three were also performed. They lead to a very 

similar monomer fold, but also to restraint violations confirming the MPL of two 

Extended Data Fig. 7). 
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In conclusion, we present the atomic-resolution structure of a full-length amyloid 

fibril involved in a human disease. It reveals a new fold not previously observed for 

amyloids. The structure is highly ordered and its stability can be rationalized with 

building principles known from other classes of proteins. In contrast to the structural 

model for the brain-seeded Aβ1-40 fibrils15, which features a hydrophobic cavity in 

the center of the fibrils, the Aβ1-40 E22Δfibrils investigated are tightly packed. 

Although the structure of Aβ1-40 E22Δ may differ from that of wildtype Aβ fibrils, 

the deletion mutation does not occur in the central amyloid core region, but at the 

periphery and is not located in a β-sheet where a deletion would invert the in/out 

pattern of the sidechains and lead to drastic structural changes. Other early-onset 

Alzheimer related mutants (Arctic, E22G; Dutch, E22Q; Flemish, A21G; Italian, 

E22K; Iowa, D23N) involve mutations in the very same turn. The overall fold should 

thus, in principle, also be accessible to the wildtype protein and those mutants. This 

work provides a structural basis for further investigations on Aβ fibril formation, 

stability and toxicity, as well as its interaction kinetics and drug binding properties. 
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Methods Summary 

Isotopically labeled Aβ1-40 E22Δ peptide was expressed recombinantly according to 

the procedure described in19. The peptide spontaneously assembles into amyloid 

fibrils at physiological salt, temperature and pH conditions (60 µM monomer in 

20 mL 10 mM NaH2PO4-NaOH pH7.4, 100 mM NaCl, at 37 ˚C, magnetic stirring at 

700 rpm, 80 min incubation time). Fibrils were centrifuged into 3.2 mm Bruker NMR 

rotors at 150’000 g using an ultracentrifuge31. 

NMR spectra were obtained on a Bruker Avance II+ spectrometer operating at a 

proton frequency of 850 MHz at 19 kHz MAS frequency and were processed with the 

program Topspin (Bruker Biospin). The data were analyzed using CcpNmr 2.232. 

Structure calculation was performed with CYANA 3.96 on a decameric (5x2 

monomers) segment of the fibril using the Brutus computation cluster of ETH Zurich. 

While the backbone rmsd of a single bundle was 0.19 Å, the bundle of 20 bundles 

(calculated using different seed values) had an rmsd of 0.8 Å. 
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Figure captions: 

Fig. 1. a Negative stain TEM micrograph of Aβ1-40 E22Δ fibrils. b STEM micrograph of unstained, 

freeze-dried fibrils. Regions used for mass-per-length measurements are marked in red. c MPL 

measurement: the basic filament unit is a dimer (two monomers per layer of β-sheet). The comparison 

of NCO (d) and NCA (e) NMR spectra of uniformly [15N,13C]-labeled fibrils (black contours) with 

PAIN spectra of 1:1 mixed [15N]:[13C]-labeled fibrils (orange contours) establishes an in-register 

parallel β-sheet architecture. Additional intermolecular long-range contacts are labeled in red. e,f Trace 

taken at the Gln15 Nε2-resonance from PAIN spectra a 1:1 mixed [15N]:[13C]-labeled sample (d,e). For 

the intermolecular peaks in the orange spectrum, the peaks marked Q15 mark a rough distance 
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calibration of about 4.8 Å, as they are register peaks with the 15N and 13C spins in adjacent β-strands. 

Peaks stronger than these register peaks are indicative of even shorter distances.  

Fig. 2. Extracts of NMR spectra that distinguish intra- from intermolecular contacts. a,b Overlay of 

PAR spectra recorded on a uniformly [13C]-labeled sample (black contours) and on a dilutely labeled 

sample composed of 20% uniformly [15N,13C]-labeled protein and 80% unlabeled material (green 

contours). Signal attenuation due to dilution of intermolecular contacts is observed for the peaks 

labeled in red.  c Intensity ratios of unambiguous long-range cross peaks recorded on the dilutely 

labeled sample versus those recorded on uniformly labeled sample. Inter- and intramolecular 

correlations, expected to be attenuated to 20% and not attenuated, are shown as red and black columns, 

respectively. The full statistics are shown in Extended Data Fig. 4. d Trace taken at the Ile 32 Cδ1-

resonance from PAR spectra of uniformly (black) versus dilutely labeled (green) samples. All cross 

peaks of this resonance are intramolecular.  

 

 

Fig. 3. a Interaction matrix with spectrally unambiguous inter- and intramolecular contacts indicated in 

red and black, respectively. Blue contacts do not lead to spectrally unambiguous cross-peaks and are 

therefore not used for the manual structure calculation, but they allow to cross-check the structure. b 

Backbone model of Aβ1-40 E22Δ calculated on the basis of unambiguous distance restraints (solid red 

and black lines). Blue dashed contacts are discussed in the main text but were not used in the 

calculation. c Register hydrogen bonds between β-strands entered into the calculation (green lettering).  

 

Fig. 4. Representation of the atomic-resolution structure of Aβ1-40 E22Δ calculated from NMR-

derived distance and torsion-angle restraints. a Schematic view of the lowest-energy conformer of a 

Aβ1-40 E22Δ bi-decamer  (2x10 monomers). The symmetry axis coincides with the long axis of the 

fibril and is indicated by a black arrow. b NMR bundle: The backbone rmsd (all heavy atom rmsd) 

amounts to 0.8 (1.1). Only the central dimer of a five-layered fibril is shown. c Cross section of the 

fibril (lowest-energy structure from b). Hydrophobic residues are colored white, negatively charged 

residues red, positively charged residues blue, and polar ones (and Gly) green. 
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Methods 

Protein expression and purification 

Plasmid construction for recombinant expression of Aβ1-40 E22Δ in E. coli as well as 

protein expression, purification and fibril production have been described in detail19,33. 

The protein monomer concentration used here for fibrillization was 60 µM, in a 

reaction buffer of 10 mM NaH2PO4-NaOH pH 7.4, 100 mM NaCl, at 37 ℃, 700 rpm 

magnetic stirring, 80 min incubation time. 

Mass per length measurements using STEM  

An aliquot of the fibrillization mixture was taken after 90 min and immediately 

washed using ammonium acetate buffer, blotted onto custom-made EM grids and 

freeze-dried. The remaining fibrils were washed and ultracentrifuged. The NMR 

spectrum of this sample was identical to the one shown in Extended Data Fig. 1, 

demonstrating that the fibrils used in STEM measurements are identical to fibrils used 

for NMR spectroscopy.  

STEM measurements were carried out at Brookhaven National lab. STEM data were 

analyzed using PCMass32 (http://www.bnl.gov/biology/stem/). . The criteria for 

manual selection of filaments were that filaments were straight and regular in 

appearance, not fragmented, well-isolated, with a clean background and not 

embedded in salt, monomer or denatured protein. 159 manual mass measurements 

were conducted and a histogram is shown in Fig. 1c.  

NMR structure determination 

Sample preparation 

The fibrils were centrifuged for 45 min at 30,000 g and 4 °C, washed with deionized 

water and centrifuged again. The pellet containing approximately 10-15 mg Aβ1-40 

E22Δ fibrils was resuspended in 800 µL deionized water and packed into a 3.2 mm 

ZrO2 rotor (Bruker Biospin) using ultracentrifugation and a home-made filling 

device31, at 150.000 g for 16 hours.  

Data recording 
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All NMR spectra were recorded on a Bruker Avance II+ at a static magnetic field 

of 20.0 T using a Bruker 3.2 mm triple-resonance probe spinning at 19 kHz (except 

for the PDSD spectrum of the [2-13C glucose]-labeled sample, which was recorded at 

11.5 kHz MAS). Sample temperatures were 5-15° C as determined from the water 

resonance position31. A list of the NMR experiments recorded on various samples and 

the corresponding experimental parameters are listed in Extended Data Table 3. The 

spectra of the uniformly [15N,13C]-labeled sample were referenced to DSS and the 

shifts of all other samples were referenced to this sample. All spectra were processed 

in TopSpin 2.1 (Bruker Biospin). Spectra were zero-filled to the next power of two in 

data points. Spectra used for dilution analysis were zero-filled, before Fourier 

transform, to 16k x 16k data points. 

Analysis of the spectra 

Spectra were analyzed and annotated using CcpNmr version 2.2.232. To account for 

small chemical shift variations between fibril batches, separate shift lists were 

maintained for every sample. For CHHC assignment, 13C shifts were translated to 1H 

assignments of the closest proton (in terms of number of bonds separating 13C and 1H). 

Hydrogen-bond restraints were identified when three consecutive negative secondary 

chemical shifts were observed21 with the exception of Glycine residues, for which no 

β-strands were imposed. Their position is indicated in Fig. 3c. Dihedral angle 

restraints were predicted from the 13C and 15N chemical shifts using the TALOS+29 

and only predictions rated as “good” were used. Almost all Glycines produced 

TALOS+ warnings and all Gly residues were excluded from the torsion-angle 

restraints.  

For manual restraint identification, isolated correlations that could be spectrally 

unambiguously assigned to single resonances in both dimensions within a tolerance of 

0.2 ppm were identified in the following spectra (and samples): DARR 400 ms, PAR 

8 ms, CHHC 500 us (U-[13C]-labeled and dilutely labeled), PAIN 6 ms (U-[15N,13C]- 

and mixed [15N]:[13C]-labeled) and PDSD 4 s ([15N, 2-13C glucose]-labeled). PAIN 

peaks in the mixed sampel are automatically intermolecular. Signal-to-noise ratio 

permitting, the remaining restraints were subjected to further analysis in order to 

identify their inter- or intramolecular nature. To this purpose, the spectrally 
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unambiguous peaks identified in DARR 400 ms, PAR 8 ms, CHHC 500 µs (U-[13C]) 

were compared to the equivalent spectra recorded on the dilutely labeled sample. 

Example traces are shown in Extended Data Figure 4. Great care was taken to 

normalize the intensities for each residue using intramolecular peaks free of spectral 

overlap and to adjust the position of the two traces such that they are at the peak 

maximum.  The intensity ratios of peak maxima Idil/Iuni were evaluated and the 

detailed results are displayed in Extended Data Figure 5 and a per residue averages 

are summarized in Fig. 2c. Errors were estimated from the noise level and represent 

standard deviations. Peaks were subsequently classified as intramolecular if the 

intensity ratio was Idil/Iuni ≥ 0.8 with a lower error margin above 0.4. Conversely, 

peaks were classified as intermolecular if Idil/Iuni ≤ 0.4 with an upper error margin 

below 0.8. In all other cases no classification was done. The corresponding restraints 

were translated to upper distance restraints with distances values listed in Extended 

Data Table 2.   This data analysis yield in a list of unambiguous restraints, spectrally 

as well as with respect to intra-/intermolecular as listed in Extended Data Table 1. 

Optimal upper distance limits for each experiment were determined following the L-

curve approach5. The optimum distances found are given in Extended Data Table 2 

and they are very similar to the ones in5.  

Peak lists for automatic structure calculation were generated using automatic peak 

picking performed in CcpNmr. Spinning-sideband positions were removed manually. 

 

  

Structure calculation 

Structure calculation was performed in CYANA 3.96. All manual and automatic 

restraints were given the same relative weight (1.0) except for hydrogen-bond upper 

and lower distance limits (relative weight 10.0). Hydrogen bonds were implemented 

as lower and upper distance limits from HN and N to O of 1.8-2.0 Å and 2.7-3.0 Å, 

respectively. Fibril structure calculation was performed for a penta-dimer (5x2 

monomers), tri-dimer (3x2) or deca-dimer (10x2). No significant differences were 

detected, as expected5. For comparison tri-trimers (3x3) and pentatrimers were 

calculated. Symmetry was enforced for all molecules by minimizing dihedral angle-
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differences and differences in restrained interatomic distances between the 

monomers34. Restraint assignment in the automatic calculation was allowed between 

all monomers and assignments were enforced to be C2(C3)-symmetric with respect 

the fibril long axis. His6 and His13 were implemented as positively charged as 

indicated by the sidechain nitrogen chemical shifts. The N-terminal aspartate and the 

C-terminal valine residue were treated as positively and negatively charged, 

respectively. 

The following restraints were used for manual structure calculation (numbers are 

given per monomer): 31 manual restraints (upl) supported by the 48 unambiguous 

cross peaks listed in Extended Data Table 1 with 15 intermolecular upl’s entered as 

either staggered or lateral, 28 pairs of φ/ψ dihedral angle restraints for the residues in 

green or blue lettering in Fig 3c; 19 hydrogen bonds between residues in green 

lettering in Fig. 3c. Upper distance restraints of 5.0, 6.0, 6.0 and 7.0 Å were applied 

for restraints from CHHC, PAR, PAIN and DARR spectra. 1000 structures were 

annealed in 35,000 torsion-angle dynamics steps. The structure with the lowest target 

function (0.1 per monomer) had no violations and is shown in Fig. 3b. All 16 

permutations of the possible relative direction of the five β-sheets were evaluated in 

separate CYANA structure calculations. Only a single arrangement of β-sheets 

yielded a violation-free solution. This solution represents a planar arrangement with 

all intermolecular restraints fulfilled within the plane of Fig. 3b. Attempts to use 

staggered arrangements to fulfill the restraints by alternative motifs always lead to 

violations. This observation is in line with the existence of a significNT number of 

intramolecular restraints along the entire sequence (black lines in Fig.3b), which are 

impossible to fulfill if the molecule is not contained in a single plane. 

For automatic structure calculation the same input as for manual structure calculation 

was used. In addition, restraints from five spectra were automatically assigned by 

CYANA: peak lists of the PAR 8 ms, CHHC 500 μs, and PDSD 4 s, two PAIN 6 ms 

spectra (with the 13C carrier on aliphatic and on aromatic resonances during the PAIN 

transfer) using chemical-shift lists of the respective samples. For the final calculations, 

additional restraints for salt bridges were generated for oppositely charged residues 

for which 13C-13C or 13C-15N side chain contacts were observed in the spectra. Upper 

limit restraints were introduced for Glu3 Oε1/2 to Lys27 Nζ (5 Å); His6 Nε2 to 
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Glu11Oε1/2 to (4 Å); Glu11Oε1/2 to His13 Nε2 (4 Å); His13 Nδ1 (4 Å) to Val40 

O1/2. (Extended Data Fig. 7). 500 structures were annealed in 35,000 steps in seven 

assignment cycles. Again all 16 relative orientations of the 5 β-sheets were calculated 

and the one which fulfilled all manual restraints was again the one with by far the 

lowest target function for the automatic calculation.. 

For the width of the NMR bundle, we used a measure that also considers the random 

seed-dependence of the CYANA calculation and we construct a bundle of the best 

structure from 20 different bundles each calculated from a different “random” initial 

condition determined by the initial “seed” value of CYANA. This bundle is deposited 

in the PDB protein data databank (http://www.rcsb.org) under the ID XXXX). While 

the backbone rmsd of a single bundle was 0.2 ± 0.1 Å, the bundle of 20 bundles had 

an rmsd of 0.8 ± 0.3 Å. The heavy atom rmsd were 0.6 ± 0.1	  Å	   and	  1.1	  ± 0.3	  Å,	  

respectively.	  Variations between the bundles can result from different assignments 

options that have been chosen for highly ambiguous cross peaks in different CYANA 

runs. 

Out of all 20 bundles, the structure with the lowest CYANA target function is shown 

in Fig. 4. In the best structure out of 500 structures, residues were distributed as 

follows: most favored 82.5%, 14.3% additionally allowed, 3.2% generously allowed, 

0% disallowed.  
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