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Abstract

Cross-seeding of misfolded amyloid proteins is believed to induce cross-species infection of prion 

diseases. In sporadic Alzheimer’s disease (AD), misfolding of 42-residue β-amyloid (Aβ) is 

widely considered to trigger amyloid plaque deposition. Despite increasing evidence that 

misfolded Aβ mimics prions, interactions of misfolded 42-residue Aβ42 with more abundant 40-

residue Aβ40 in AD are elusive. This study presents in-vitro evidence that a heterozygous E22G 

pathogenic (“Arctic”) mutation of Aβ40 can enhance misfolding of Aβ via cross-seeding from 

wild-type (WT) Aβ42 fibril. Thioflavin T (ThT) fluorescence analysis suggested that misfolding 

of E22G Aβ40 was enhanced by adding 5% (w/w) WT Aβ42 fibril as “seed”, whereas WT Aβ40 

was unaffected by Aβ42 fibril seed. 13C SSNMR analysis revealed that such cross-seeding 

prompted formation of E22G Aβ40 fibril that structurally mimics the seed Aβ42 fibril, suggesting 

unexpected cross talk of Aβ isoforms that potentially promotes early onset of AD. The SSNMR 

approach is likely applicable to elucidate structural details of heterogeneous amyloid fibrils 

produced in cross-seeding for amyloids linked to neurodegenerative diseases.
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Amyloid diseases, including AD, Parkinson’s and prion diseases, are commonly 

characterized by misfolded fibrillar aggregates of disease-specific amyloid proteins.1 These 

amyloid fibrils catalyze self-replication as a “seed” or template by recruiting monomeric 

proteins into a template-dependent polymerization. Increasing in-vitro and in-vivo evidence 

suggests that fibril from one amyloid protein can promote misfolding of another amyloid 

protein via cross-seeding/propagation.2–5 In yeast prions exposure to a misfolded form of a 

Sup35 prion domain originated from one yeast strain was shown to prompt misfolding of 

another Sup35 prion domain from a divergent strain through a cross-species barrier.6,7 It is 

believed that such cross-seeding of prions is essential in cross-species transmission of 

mammalian prion diseases.3,8,9 However, cross-seeding mechanisms at a molecular level are 

poorly defined for prions and other amyloid proteins.

AD is an amyloid disease that is linked with misfolding of 39- to 43-residue β-amyloid (Aβ) 

protein. Aβ is a primary component of the amyloid plaque, a hallmark of AD. Among the 

Aβ species in AD, 42-residue Aβ (Aβ42) is considered to be the more pathogenic species 

since it is both more aggregation-prone and toxic than most abundant 40-residue Aβ 
(Aβ40).1 Furthermore, a lower ratio of Aβ42 to Aβ40 in the plasma is an indicator of AD;
10,11 thus, selective misfolding of Aβ42 may trigger initial amyloid plaque deposition. 

Although early studies reported some degree of cross-seeding on Aβ40 misfolding by Aβ42 

fibril seed,12,13 recent studies using improved protocols to prepare fibrils consistently 

showed negligible or poor enhancement of misfolding of Aβ40 via cross-seeding with Aβ42 

fibril seed.14–16 Recent kinetic studies indicated that cross-seeding effects between Aβ42 

and Aβ40 may be explained by non-specific surface-catalysis rather than structure-specific 

template nucleation.15 Thus, unlike prion proteins, cross-seeding effects between the Aβ 
isoforms have largely been neglected in AD.

In this study, we re-examined the impact of cross-seeding in familial AD (FAD) using an in-
vitro model by investigating co-aggregation of WT Aβ species and a pathogenic mutant of 

Aβ using the E22G Aβ40 associated with “Arctic” FAD. Unlike many pathogenic mutants 

of Aβ linked with FAD, which generally promote amyloid fibril formation, the E22G 

mutation was reported to promote the formation of sub-fibrillar diffusible aggregates rather 

than fibril.17 Here, we present an alternate hypothesis that explains how this E22G mutant 

and possibly other pathogenic mutants of Aβ can modulate a misfolding pathway of Aβ in 

FAD via cross-seeding between the mutant and wild-type (WT) Aβ isoforms. Our results 

suggest that a pathogenic mutation on Aβ can render more abundant Aβ40 prone to 

aggregation by enhancing interactions between Aβ42 and Aβ40 via cross-seeding. We also 

introduce SSNMR as a structural tool for investigating cross-seeded amyloids for the first 

time.

First, we compared misfolding kinetics of both monomeric WT and E22G Aβ40 separately, 

without any fibril seed, where WT Aβ40 monomer served as a control. Black squares (■) in 

Fig. 1(a, b) show incubation-time (t) dependence of thioflavin-T (ThT) fluorescence of (a) 

WT Aβ40 and (b) E22G Aβ40 without fibril seed. ThT fluorescence is a sensitive indicator 

of amyloid fibril.5,18 E22G Aβ40 and WT Aβ40 (~50 μM) both misfold into fibrils after lag 

times of 2–7 h. The presence of such a lag time suggests a multi-step misfolding process in 

which Aβ monomers assemble into an oligomeric intermediate that is undetectable by the 
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ThT assay.19,20 Curve fitting (black lines) using a sigmoidal equation19 produces a 

quantitative estimate of the lag time. The lag time (τ) of 1.7 h observed for E22G Aβ40 in 

(b) was considerably shorter than τ of 6.8 h for WT Aβ40 in (a). The lag time of E22G 

Aβ40 is comparable to that of WT Aβ42 (τ = 3–4 h at ~30 μM Aβ).21 The promoted 

aggregation of E22G Aβ40 is consistent with previous results.22 Thus, the E22G mutation is 

likely to promote early onset of AD by enhancing Aβ fibrillization as other pathogenic 

mutants of Aβ.

Next, we examined an alternate effect of the mutation by studying the effects of Aβ42 fibril 

cross-seeding to monomeric E22G Aβ40 and WT Aβ40. The situation mimics the initial 

phase of plaque deposition in AD after Aβ42 fibril formation. Although E22G Aβ42 may 

misfold faster than WT Aβ42, we employed here seeding with WT Aβ42 fibril as a 

benchmark case since its structure and misfolding kinetic properties have been much better 

characterized.16,23,24 As discussed below, the E22G mutation is likely to stabilize the unique 

S-shaped triple β structure identified for WT Aβ42 fibril. Red filled circles ( ) in Fig. 1(a, 

b) show incubationtime dependence of ThT fluorescence of (a) WT Aβ40 and (b) E22G 

Aβ40 in the presence of seed Aβ42 fibril (5% (w/w)). In (a) nearly no effect of cross-

seeding was observed for monomeric WT Aβ40 incubated with Aβ42 fibril seed. The cross-

seeding kinetics in (b) shows a marked difference for E22G Aβ40 from the data for WT 

Aβ40 in (a); the lag time was clearly eliminated by addition of 5% Aβ42 fibril seed. The 

fitting curve based on the first-order kinetics (see the caption of Fig. 1) better reproduced the 

experimental data than an optimized sigmoidal curve (Table S1 in SI). These data with 

additional kinetic data (Fig. S1) convincingly suggest that E22G Aβ40 misfolding was 

promoted by cross-seeding of Aβ42 fibril despite a common conception that cross-seeding 

does not easily occur between Aβ40 and Aβ42 isoforms. At the initial phase, monomers of 

E22G Aβ40 were likely to be converted directly to ThT-detectable fibrils presumably using 

WT Aβ42 fibril as a template. We observed that WT Aβ40 fibril seed (5% (w/w)) also 

eliminated a lag time for E22G Aβ40 monomer as well (see Fig. S2). Thus, E22G Aβ40 

showed markedly different cross-seeding properties from WT Aβ40.

We next examined whether the cross-seeded Aβ42 fibril influenced the structure of the 

E22G Aβ40 fibril as a replication template. Transmission electron microscopy (TEM) 

images (Fig. S3c,d) confirmed formation of E22G Aβ40 fibrils (c) without and (d) with 

influence of Aβ42 fibril seed. Figure S3e shows that Aβ42 fibrils used as seeds have a 

different morphology from (d). However, from the TEM data, it is not straightforward to 

assess structural similarity of E22G Aβ40 and Aβ42 fibrils with site specificity.

Here, we demonstrate that SSNMR analysis solves chemical/structural heterogeneity 

problems of crossseeded fibrils unlike cryoEM analysis. We prepared E22G Aβ40 fibril 

samples obtained by incubation of 13C-labeled E22G Aβ40 monomer with 5% (w/w) of 

unlabeled WT Aβ42 or WT Aβ40 fibril seed and without any seeds. A deliberate use of 

unlabeled WT Aβ seeds allows us to monitor the structural influence of cross-seeding on the 

labeled E22G Aβ without chemical heterogeneity issues. In Fig. 2, we compare (a) 2D 13C/
13C SSNMR data of 13C-labeled E22G Aβ40 fibril samples obtained by incubation without 

seed and (b) the corresponding 2D spectra for E22G Aβ40 samples obtained with Aβ42 

fibril seed (red) and Aβ40 fibril seed (blue). We also collected (c) control 2D spectra of WT 
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Aβ42 fibril seed (magenta) and WT Aβ40 fibril seed (cyan). The samples were uniformly 
13C-,15N-labeled at selected residues (a, b) Gly22, Val24, Ala30, Ile31 and (c) Val24, Ala30, 

Ile31 (note that WT Aβ lacks Gly22). These residues were selected as their 13C shifts show 

relatively large differences between the Aβ40 fibril with a U-shaped β-turn-β motif25 and 

the Aβ42 fibril with a S-shaped triple β-sheet motif.16 The samples for (c) were prepared 

using the same methods as those for Aβ42 or Aβ40 fibril seeds in (b). Signal assignments 

are indicated by color-coded lines for different residues (see the inset of a). The SSNMR 

spectrum for the unseeded E22G Aβ40 fibril in (a) shows more than one set of cross peaks 

for Ala30 and Ile31 (assignments by solid and dotted lines), clearly demonstrating, at least, 

two distinct major conformers (i.e. polymorphs). For example, two cross peaks were 

observed for 13Cα/13Cβ of Ile31 (orange and black arrows) in Fig. 2a. This is consistent 

with a previous study, which reported up to five structurally distinct polymorphs for E22G 

Aβ40 fibril.22

Interestingly, by cross-seeding with Aβ42 fibril, the spectrum of E22G Aβ40 fibril (red) in 

Fig. 2b was drastically simplified, displaying a single set of strong cross peaks (solid lines), 

except for a few minor peaks for Ile31. The notable difference between the unseeded and 

seeded samples clearly demonstrates the influence of the seeding at a molecular level. To our 

surprise, a 2D 13C spectrum of the 13C-, 15N-labeled Aβ42 seed fibril alone (magenta) with 

assignments (solid lines) in Fig 2c show very similar spectral features with those for the 

Aβ42-seeded E22G Aβ40 fibril in Fig. 2b (see Fig. S4a–d also). The peak position of Ile31 
13Cβ peak in (c) (magenta arrow) is, for example, consistent with that in (b) (red arrow). In 

contrast, the E22G Aβ40 fibril sample prepared using Aβ40 fibril seed (blue) in (b) also 

indicated a single conformer to large extent, but with different spectral features from those 

prepared with Aβ42 seed (red). The chemical shifts for the blue signals in (b) noted by the 

dotted lines match up with those for the second species in Fig. 2a but with disagreements for 

Ala30 and other residues (dotted line; see Table S2 also). Similar trends were observed for 

the samples labeled at different residues (Val18, Phe19, Ala21, Gly33, Leu34) (Fig. S4e–h 

and Fig. S5). We confirmed that the spectral pattern for the E22G Aβ40 fibril obtained with 

WT Aβ40 seed correlates well with the WT Aβ40 fibril used as seed (Fig. 2c cyan), 

although the patterns are not identical (see Fig. S6 also). For example, peak positions for 
13Cβ for Ile31 are very similar (see blue and cyan arrows in Fig. 2b, c). More quantitative 

analysis using Pearson’s correlation coefficient (Fig. S7) confirmed the results. Thus, E22G 

Aβ40 is likely to adopt multiple fibril structures similar to Aβ42 fibril with a S-shaped triple 

β-sheet motif16,26 as well as the Aβ40 fibril with a β-turn-β motif.25 Hence, our spectral 

fingerprint analyses (Fig. 2 and Fig. S5) revealed that cross-seeding with Aβ42 and Aβ40 

fibrils induces misfolding of E22G Aβ40 monomers into a conformer having a similar 

structure to the seed Aβ42 and Aβ40 fibrils, respectively.

In conclusion, our studies clearly demonstrated that introducing a single site E22G mutation 

of Aβ40 greatly enhanced misfolding of Aβ40 by cross-seeding with Aβ42 fibril. The 

present results indicate that the single-site E22G mutation of Aβ40 alters the compatibility 

between Aβ40 and Aβ42 in cross-seeding while unseeded E22G Aβ40 misfolds into two or 

more discrete fibril forms, some of which are similar to Aβ42 or Aβ40 fibril. This implies 

the notion that protein structural plasticity of a mutant Aβ is another critical factor that may 

drive development of FAD. The results are particularly striking since the heterozygous 
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pathogenic mutation may render more abundant Aβ40 susceptible to plaque formation 

through cross-seeding from Aβ42 fibril (WT and/or E22G) in AD (additional discussion in 

SI). Indeed, recent post-mortem studies of Arctic FAD patients suggested association of 

E22G mutation of Aβ with enhanced deposit of N-terminal truncated Aβ40 in parenchymal 

plaques, compared with sporadic AD.27 We have also presented the effectiveness of a 

SSNMR approach to elucidate site-specific structural features for cross-seeded amyloid 

fibrils for the first time. This approach is likely applicable to examine structural cross talk of 

various amyloid proteins.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Incubation-time (t) dependence of ThT fluorescence for (a) WT Aβ40 and (b) E22G Aβ40 

without seed (■) and with Aβ42 fibril seed at 5% w/w ( ) with fitting curves to kinetic 

models (solid lines). The WT Aβ40 data showed little difference in the lag time (τ) between 

the unseeded (6.8 h) and seeded (6.2 h) samples in (a), where τ values were determined by 

fitting to a sigmoidal equation y(t) = a/{1+exp[−k(t-tC)]} and τ = tC −2/k. Unseeded E22G 

Aβ40 data in (b) showed intrinsically faster misfolding (τ = 1.7 h) than WT and fit with a 

sigmoidal curve (black line). The seeded E22G Aβ40 data in (b) showed no lag time, and fit 

well with the curve based on first-order kinetics equation y(t) =a[1 - exp(−kt)] (red line).
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Figure 2. 
(a) Aliphatic regions of 2D 13C/13C chemical-shift correlation SSNMR spectra of 13C-

labeled E22G Aβ40 fibrils prepared without seed Aβ fibril (black). (b) Corresponding 2D 

spectra of 13C-labeled E22G Aβ40 fibrils prepared with unlabeled seed Aβ42 fibril (red) and 

seed Aβ40 fibril (blue). (c) Control 2D spectra of 13C-labeled seed Aβ42 fibril (magenta) 

and seed Aβ40 fibril (cyan) alone, which are equivalent to the seeds used for (b). The 

isotope-labeled residues for (a, b) are in the inset in (a). The assignments are indicated by 

color-coded lines (Val24: dark blue, Ala30: magenta, Ile31: green). Except for Gly-22, 

which does not exist in WT Aβ, the labeled residues for (c) are the same as (a, b). For (a), 

two major polymorphs are assigned by solid and dotted lines. For (b, c), the spectra in red/

magenta and blue/cyan are assigned by solid and dotted lines, respectively. Red/magenta and 

blue/cyan arrows in (b, c) indicate similarity of spectral positions for Aβ42- and Aβ40-

seeded E22G Aβ40 fibrils with those for the seed Aβ42 and Aβ40 fibrils, respectively.
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