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5 ABSTRACT: Deposition of amyloid plaques in the brains of
6 Alzheimer’s disease (AD) patients is a hallmark of the disease. AD
7 plaques consist primarily of the beta-amyloid (Aβ) peptide but can
8 contain other factors such as lipids, proteoglycans, and chaperones.
9 So far, it is unclear how the cellular environment modulates fibril

10 polymorphism and how differences in fibril structure affect cell
11 viability. The small heat-shock protein (sHSP) alpha-B-Crystallin
12 (αBC) is abundant in brains of AD patients, and colocalizes with
13 Aβ amyloid plaques. Using solid-state NMR spectroscopy, we
14 show that the Aβ40 fibril seed structure is not replicated in the
15 presence of the sHSP. αBC prevents the generation of a compact fibril structure and leads to the formation of a new polymorph with
16 a dynamic N-terminus. We find that the N-terminal fuzzy coat and the stability of the C-terminal residues in the Aβ40 fibril core
17 affect the chemical and thermodynamic stability of the fibrils and influence their seeding capacity. We believe that our results yield a
18 better understanding of how sHSP, such as αBC, that are part of the cellular environment, can affect fibril structures related to cell
19 degeneration in amyloid diseases.

20 ■ INTRODUCTION
21 Aggregation of β-amyloid peptides (Aβ) into amyloid fibrils in
22 the brain tissue is one of the hallmarks of Alzheimer’s disease.1

23 Despite their general overall similarities, Aβ fibrils are known
24 to be highly polymorphic.2−5 It is thought that differences in
25 fibril morphology have implications with regard to fibril-
26 induced cellular cytotoxicity, and it has been shown that
27 certain Aβ aggregate morphologies are more toxic in
28 comparison to others.6,7 Recently, two structurally defined
29 Aβ polymorphs were shown to promote different pathological
30 changes in susceptible mice.8 The occurrence of distinct fibril
31 morphologies is a consequence of flat energy surface of the
32 protein misfolding landscape.9,10 We show here that small
33 variations of the solution conditions can influence the
34 conversion into one or the other polymorphic structure.
35 It is known that the cellular environment influences the
36 kinetics of fibril formation. For example, membranes modulate
37 amyloid fibril growth and can either accelerate or inhibit
38 aggregation.11−14 Similarly, glycosaminoglycans such as hepar-
39 an, keratan, or chondroitin sulfates induce an accelerated
40 conversion into amyloid fibril structures and amyloid
41 aggregates are found to be colocalized in the proteoglycan
42 matrix.15−17 Finally, chaperones inhibit protein aggregation
43 and can rescue cells from the cytotoxic side effects of amyloid
44 aggregation.18−22 Despite the fact that the cellular context has
45 a direct impact on the kinetics of amyloid formation, it is not
46 understood whether and in which way fibril morphology is

47changed and how the cellular environment triggers these
48morphological changes. In this manuscript, we address the
49question of whether and how the cellular environment can
50affect amyloid fibril structure. As an example, we focus on the
51small heat shock protein (sHSP) αB-Crystallin (αBC), which
52is one of the most intriguing chaperones known to inhibit the
53aggregation of various amyloidogenic proteins, including Aβ.
54αBC is upregulated in Alzheimer’s disease, dementia with
55Lewy bodies and Parkinson’s disease and is found to be
56colocalized with the amyloid plaques of Alzheimer’s
57patients.23,24 At the same time, it has been shown that αBC
58modulates Aβ-induced cytotoxicity.25−28

59Amyloid fibrils are formed via distinct mechanisms and
60pathways such as primary nucleation, elongation, secondary
61nucleation, fragmentation etc.29−32 Secondary nucleation was
62found to be the major pathway for the generation of new Aβ
63amyloid fibrils in which nucleation of Aβ peptide happens on
64the surface of existing Aβ fibrils.31,33,34 The role of secondary
65nucleation in the structural polymorphism of fibrils is highly
66debated. It was suggested that secondary nucleation is highly
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67 dependent on environmental conditions and can not ensure
68 the preservation of the seed structure in comparison to
69 elongation.35−37 On the other hand, preservation of the
70 polymorph structure has been observed in secondary
71 nucleation dominated Aβ aggregation.38 In this context, the
72 role of the so-called fibrillar fuzzy coat, i.e. the dynamic
73 residues in the protein sequence that are not part of the fibril
74 core, is not well understood.39,40 Interestingly, secondary
75 nucleation and elongation in Aβ aggregates occur at different
76 sites.41 Inhibitors can thus differentially interfere with the
77 various aggregation pathways. For example, clusterin is capable
78 of suppressing elongation in Aβ fibrils, while Brichos was found
79 to inhibit secondary nucleation processes and prevent the
80 formation of toxic oligomers.41,42 Brichos can bind to Aβ42
81 fibrils and effectively prevent fibril-catalyzed nucleation even at
82 low concentrations.43 Hsp27 and Hsp70 inhibit elongation of
83 α-synuclein fibrils.44,45 DnaJB6 binds to Aβ42 fibrils and
84 inhibits secondary nucleation.46 αBC interacts with the mature
85 Aβ and α-synuclein fibrils and inhibits their elongation.47−49

86 αBC uses different interfaces to interact with amorphous or
87 amyloid-forming substrates.50 Amorphous clients bind to the
88 NTR of the sHSP while Aβ fibrils interacts rather with the
89 edge groove (β4/8) of αBC. Also αBC prevents aggregation at
90 substoichiometric concentrations. It has therefore been
91 hypothesized that αBC binds to fibril ends. It seems thus
92 plausible that the environment influences or even dictates the
93 fibril growth mechanism and redirects amyloids into a distinct
94 polymorphic structure.
95 In this manuscript, we show how αBC affects Aβ40 fibril
96 polymorphism. Structural changes are probed using MAS
97 solid-state NMR. These experiments are complemented by
98 biophysical assays in which the thermodynamic stability of
99 Aβ40 fibril as well as their seeding competence is probed. In

100 addition, the effects of different fibril polymorphs on the
101 viability of cultured PC12 cells are determined using the MTT
102 reduction assay.

103 ■ RESULTS AND DISCUSSION
104 αBC Inhibits the Replication of the Seed Structure
105 and Leads to the Formation of a New Aβ40 Polymorph.
106 To obtain reproducible and well-defined fibril structures, in

s1 107 vitro seeded fibril preparations are employed (Scheme 1).
108 Without seeding, heterogeneous solid-state NMR spectra are
109 obtained that show various morphologies in TEM images
110 (Figure S1A,B). In particular, we used a protocol involving 12
111 generations of seeding carried out at 37 °C.51 The Aβ40 fibrils
112 obtained this way are referred to as fibril polymorph 1 (P1) in
113 this work. Although αBC does not seem to completely inhibit
114 fibril-catalyzed seeding, the chaperone induces a dramatic
115 reduction in the aggregation rate and yields a reduction of the

f1 116 ThT plateau intensity (Figure 1A). The amount of insoluble
117 Aβ40 fibrils is reduced and a fraction of Aβ40 peptide remains
118 in solution (Figure S1E). At the same time, the presence of
119 αBC results in a change of fibril morphology as observed in
120 negative stain transmission electron microscopy (TEM)
121 images. This new polymorph is referred to as polymorph 2′
122 (P2′) (Scheme 1) in the following. In the presence of αBC
123 ([Aβ]:[αBC] = 10:1), P1-seeded fibrils appear more isolated,
124 and less clustered in comparison to the sample that was grown
125 with the chaperone (Figure 1C,D). We have used a molar
126 ration of [Aβ]:[αBC] = 10:1, since this value corresponds best
127 to the physiological situation. The concentration of soluble Aβ
128 in AD brain has been estimated to be in the range of 0.5 to 15

129ng per mg of tissue, i.e. (0.1−3.8) nM, while it is on the order
130of 150 nM in the insoluble fraction.52,53 At the same time, the
131αBC concentration amounts to (140 ± 30) ng per 1 mg of
132tissue corresponding to a concentration of (7.0 ± 1.5) nM.54

133In EM images, we observe a range of different diameters in
134P1 fibrils with an average diameter of 14.3 ± 2.2 nm. The P2′
135fibrils formed in the presence of 5 μM αBC appear to be
136overall thinner with an average diameter of 10.2 ± 1.6 nm
137(Figure 1B). To characterize the structural differences and
138properties of the two fibril polymorphs, we prepared fibrils
139from isotopically labeled Aβ40 for NMR experiments by
140seeding with P1 in the presence and absence of 5 μM αBC
141(Scheme 1). To appreciate the homogeneity of our
142preparations, we recorded carbon−carbon correlation spectra
143(50 ms mixing time DARR) for both samples. As expected, the
144fibrils grown with the P1 seeds yield high-quality spectra that
145contain a single set of NMR resonances (Figure 1E, blue
146spectrum). Surprisingly, fibrils grown with P1 seeds in the
147presence of 5 μM αBC (molar ratio Aβ40:αBC = 10:1) and
148under otherwise identical conditions yield a different cross-
149peak pattern (Figure 1E, yellow spectrum). Spectral differences
150for the two preparations are easily identified by inspection of
151e.g. the serine chemical shift region (highlighted with a red
152square). The Aβ40 sequence contains two serine residues (S8
153and S26). For a homogeneous sample that comprises a single
154polymorph, exactly two cross peaks should be observed. The

Scheme 1. Preparation of Different Aβ40 Polymorphs and
Seedsa

aP1 seeds were obtained using a protocol involving 12 generations of
seeding, which starts from monomeric Aβ40. The P1 fibril sample was
obtained from monomeric 13C,15N labeled Aβ40 (50 μM) in the
presence of 5% P1 seeds. The P2′ fibril sample was obtained from
monomeric 13C,15N labeled Aβ40 (50 μM) in the presence of 5% P1
seeds and 5 μM αBC. P2″ fibrils from Figure S1(not shown in the
scheme) were obtained from monomeric 13C,15N labeled Aβ40 (50
μM) in the presence of 5% P1 seeds and 25 μM αBC. Non-bound
αBC was washed away from P2′ fibrils via 5 subsequent rounds of
sedimentation (21,000 rcf, 30 min). The pellet was resuspended and
sonicated to be used as seeds (P2′ seeds). The P2 fibril sample was
obtained from monomeric 13C,1513C,15N labeled fibrils. The structure
of P1 and P2 fibrils was validated using solid-state NMR. Snapshots of
the TEM microphotographs of P1, P2′ and P2 fibril from Figure 1C,D
and Figure S2E, respectively are shown. The serine region indicates
the different polymorphs from Figure 1E for P1 and P2′, and from
Figure 2D for P2 are shown.
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155 differences in cross peak positions suggest that αBC induces a
156 structural change in the fibril morphology.
157 To verify the influence of αBC on the reproduction of the
158 seed structure, we prepared a second sample (P2″) for which
159 isotopically labeled Aβ40 was seeded with P1 fibrils in the
160 presence of a 5× higher concentration of the chaperone (25
161 μM αBC) (Figure S1C,D). Under these conditions, the
162 amount of the produced fibrils is heavily reduced (Figure S1E),
163 and thus, the quality of the obtained NMR spectra decreases.
164 Still, the spectral fingerprint is reproduced, and the trend to
165 yield polymorph P2′ is even increased under these conditions
166 (Figure S1C, pink spectrum).
167 Since a fraction of αBC remains bound to the P2′ and P2″
168 fibrils after one round of sedimentation (Figure S1E), we
169 wanted to find out whether P2′ morphology requires the
170 presence of the chaperone. For that purpose, several cycles of
171 subsequent sedimentations and resuspensions of the P2′
172 preparation were performed to separate Aβ40 fibrils and
173 αBC. The obtained fibrils were subsequently sonicated and
174 employed as seeds (Scheme 1). Isotopically labeled Aβ40
175 seeded with these P2′ seeds resulted in the polymorph P2
176 (P2). 2D 13C,13C correlation spectra of P2 fibrils are highly
177 homogeneous and match the spectra of the P2′ preparation
178 (Figure S2A). Interestingly, although the DARR spectra look

179almost identical and the secondary chemical shifts of P2 and
180P2′ fibrils are highly correlated (r = 0.99) (Figure S2B,C), the
181overall morphology observed in TEM looks different (Figure
182S2E). However, the diameter of the individual fibril is
183unchanged, and is on the order of (9.3 ± 2.4) nm (Figure
184S2E, inset). The observed differences are due to increased
185clustering of fibrils which is presumably prevented by αBC in
186the P2′ preparation. In the following, we were aiming for a
187more detailed structural characterization of the two Aβ40 fibril
188polymorphs P1 and P2 (Figure S2D). NMR chemical shift
189assignments were obtained using 3D NCACX and NCOCX
190experiments. Chemical shift assignments are deposited in the
191BMRB under the access code 52337 and 52338, respectively.
192P1 and the αBC-Induced Polymorph P2 Differ in the
193Structural Order of the Aβ40 N-Terminal Residues. To
194get an estimate of the structural differences between the two
195polymorphs, we compared the assignable residues in the two
196preparations. In solid-state NMR experiments, only resonances
197of rigid residues that are conformationally homogeneous can
198be observed. While the assignment of P2 only starts from
199amino acid R5 and has gaps until residue V18, residues D1 and
200A2, together with amino acids R5 to G9 are observable in
201 f2polymorph P1 (Figure 2A). The analysis of the secondary
202chemical shifts reveals that both fibril polymorphs contain 3 β-

Figure 1. αBC affects seeded Aβ40 fibril formation and structure. (A) ThT kinetic profile of seeded Aβ40 aggregation in absence and presence of
αBC. A concentration of 5 μM αBC (yellow) has been employed in the experiment. Means (±SD) of one representative assay (n = 3) with n = 3
well each are shown. (B) Fibril diameter for polymorph P1 (blue) and P2′ (yellow). The plot shows 50 (for P1) and 100 (for P2′) independent
measurements. The horizontal line indicates the mean value. (C) Representative TEM images of Aβ40 fibrils grown using 5% P1 seeds in absence
of 5 μM αBC at two magnifications: 60 K on the right and 30 K on the left. (D) Representative TEM images of Aβ40 fibrils grown using 5% P1
seeds in the presence of 5 μM αBC at two magnifications: 60 K on the left and 30 K on the right. (E) Superposition of 2D-13C,13C MAS correlation
spectra of Aβ40 fibrils recorded for samples grown in absence (blue) and presence (yellow) of 5 μM αBC. For all experiments, fibrils were grown
using an initial 50 μM monomeric Aβ40 solution. To catalyze fibril formation, 5% P1 seeds have been employed.
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203 sheets, however, in the P2 polymorph, the N-terminal β-sheet
204 is truncated compared to P1 (Figure 2A,B). The observed
205 differences between P1 and P2 in NMR chemical shift analysis
206 are accompanied with differences in their secondary structure
207 observed by CD spectroscopy (Figure 2C). In CD we observe
208 a shift of the minimum to larger wavelengths for P1 in
209 comparison to P2 fibrils which could be due to a better-defined
210 structure.55 The secondary chemical shifts of P1 and P2 fibrils

211are rather similar, with the exception of D7, S8, A21, E22, D23,
212K28, G33, M35 and G38. The chemical shift correlation plot
213indicates that these residues are off the diagonal (Figure 2D),
214suggesting that these residues are key elements that determine
215the fibril topology and polymorphism.
216It has been shown that salt bridges affect fibril poly-
217morphism by stabilizing intermolecular interactions in the
218fibril.56 To better characterize salt bridges in P1 and P2 fibrils,

Figure 2. Structural characterization of the two Aβ40 fibrils polymorphs P1 and P2. (A) Amino acid sequence of Aβ40, with assigned residues and
beta-sheet secondary structure elements for P1 (blue) and P2 (green). Experimentally observed salt-bridges are represented with red dashed lines.
(B) Secondary chemical shifts Δδ for P1 and P2. The overall fibril topology is preserved in the two Aβ40 fibril polymorphs. (C) CD spectra for P1
and P2. The minimum indicative for β-sheet structure is shifted to higher wavelengths (229 nm instead of 225 nm), indicating a more compact
structure.55 (D) Residue specific secondary chemical shift correlation plot. The x- and y- axis depict the experimental secondary chemical shifts for
P1 and P2, respectively. Expect for residues D7, E22, D23, S26, K28 a high correlation coefficient is observed (r = 0.834). The secondary chemical
shift is calculated as the differences between the experimentally observed chemical shift and the random coil chemical shift value. (E−G) 2D long-
range TEDOR 13C,15N correlation spectrum recorded for polymorph 1. The selected region shows the salt-bridge involving R5 and D7, K28 and
D23, and H6 and E22, respectively. In panel (E), the inset shows that the salt bridge includes a correlation only between K28 and D23, while the
15N amino chemical shift of K16 does not match the correlation peak to D23. (H) 2D long-range TEDOR 13C,15N correlation spectrum recorded
for polymorph 2. The selected region shows two salt-bridges involving K28 and D23, K28 and V40. (I) Superposition of scalar coupling based
1H,15N correlation spectra for Aβ40 monomer in solution (gray) and P2 fibrils in the solid-state (green). The observed P2 chemical shifts are
distinct from the resonances obtained in solution suggesting that the chemical environment for flexible residues in the N-terminus of the fibrils is
affected by the core. INEPT based correlation spectra recorded for P1 fibrils yield no cross peaks.
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219 we implemented TEDOR solid-state NMR experiments. We
220 observe three distinct salt-bridges for polymorph P1, in
221 particular, H6-E22, D23-K28 and within the N-terminal
222 residues of Aβ40 involving R5-D7 (Figure 2E−G). The R5-
223 D7 and H6-E22 salt-bridges presumably contribute to the
224 increased stability and the loss of flexibility of the N-terminal
225 residues (1−10) in the P1 fibril polymorph. In the P2
226 polymorph, the characteristic salt-bridge D23-K28 is present,

227which is found in most Aβ40 fibril structures, while the salt-
228bridges involving the N-terminus are missing. By contrast, we
229find a second salt-bridge between K28 and V40 that potentially
230induces an additional stabilization of the C-terminus (30−40)
231in P2 fibrils (Figure 2H). We assume that this salt-bridge has a
232similar structural function as the characteristic K28-A42 salt-
233bridge found in Aβ42 fibrils or the K28−V40 salt-bridge found
234in the Aβ40 “Iowa” mutant.57,58 For P2, the cross peak

Figure 3. Functional characterization of Aβ40 fibril polymorphs P1 and P2. (A) ThT aggregation profile of seeded Aβ growth using P1 (blue) and
P2 (green) seeds, respectively. P1 seeds catalyze fibril formation more efficiently, while P2 seeds yield a sigmoidal seeding kinetics which is
characteristic for an activated growth mechanism. The experiment was performed in triplicates. Averaged data is shown. The error bar reflects the
standard deviation for the ThT fluorescence values of the triplicates at each time point. (B) GdnHCl disaggregation assay. Representative
normalized ThT fluorescence intensity from 2 assays is represented as a function of the GdnHCl concentration. At low GdnHCl concentrations, P1
fibrils are more resistant to chemical denaturation, while at high GdnHCl concentrations P2 fibrils are more stable. (C) Proteinase K digestion
assay to probe the stability of Aβ40 fibril polymorph 1 (blue) and polymorph 2 (green). Not normalized ThT fluorescence intensity in absence
(dark blue/green) and presence of proteinase K (light blue/green) is represented. A molar ratio [proteinase K]:[Aβ40] = 1:5 has been used in the
experiment. The experiment was performed in triplicates. Averaged data is shown. The standard deviation for the fluorescence values of the
triplicates is shown as error bars. The normalized data shown in Figure S4A. (D) Cell viability of cultured PC12 cells after treatment with 0.1 μM
and 1 μM Aβ40 fibril polymorph 1 (blue) or polymorph 2 (green) determined by MTT reduction assay. The viability of PC12 cells treated with
buffer and Aβ40 are shown as controls. Data are shown as means (±SD), 3 assays with n = 3 wells each. The individual assays 1−3 are shown in
Figure S4C. (E) Cell viability of cultured PC12 cells after treatment with Aβ40 fibrils seeded with P1 (left) or P2 (right). Mature P1 and P2 seeded
fibrils were incubated with 5 μM αBC for 1 h prior to the MTT reduction assay. The viability of PC12 cells treated with buffer, αBC and freshly
dissolved Aβ40 monomers are shown as controls. Data are shown as means (±SD) of 2 (for fibrils with and without treatment with αBC and for
αBC alone) or 3 (for buffer and Aβ40 monomers) assays with n = 3 wells each). For clarity, data for P1 and P2 seeded fibrils are shown separately
in the left and right panels, respectively.
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235 representing the D23-K28 salt-bridge is very weak in
236 comparison to P1 (Figure S3A,B), suggesting that the salt
237 bridge interaction in P2 is presumably dynamic. Although P1
238 and P2 share a similar fibril core structure, the two polymorphs
239 differ in the flexibility of the N- and C-terminal regions. To
240 further characterize differences in dynamics between P1 and
241 P2 fibrils, we recorded INEPT based experiments (Figure 2K
242 and Figure S3C). P1 fibrils do not yield any resonances in case
243 scalar coupling-based transfer elements are employed,
244 suggesting that the structure does not contain dynamic
245 residues (Figure S3C, blue). At the same time, P2 fibrils
246 yield a few weak INEPT cross peaks. For P1 and P2 fibrils, the
247 core parts (17−40) are highly similar. Both fibrils contain a
248 loop region involving residues 10−14. We do not expect any
249 INEPT resonances from these loop residues since dynamics in
250 this region is restricted due to the neighboring β-sheets. The
251 appearance of INEPT resonances in P2 fibrils must thus be due
252 to the dynamic N-terminal region. The 1H,15N correlation
253 spectra for monomeric Aβ40 in solution and P2 fibrils in the
254 solid state are unlike, suggesting that the chemical environ-
255 ments are distinct. The overall sensitivity of the INEPT based
256 experiments prevents the identification of individual amino
257 acids and a sequential assignment.
258 The role of the flexible parts of the fibrillar structure was
259 neglected for many years. However, recently it became evident
260 that the so-called “fuzzy coat” of the fibrils plays a crucial role
261 in the process of fibril formation (especially elongation and
262 secondary nucleation), and is an important driving force for
263 intermolecular interactions, e.g. with membranes, mRNA and
264 chaperones.37,59,60 The cryo-EM structures of Aβ42 filaments
265 from human brains in familial AD have an extended fuzzy coat
266 (residues 1−11) compared to the filaments found in sporadic
267 AD (residues 1−8) and differ as well in the packing of the
268 protofilament.61 A detailed comparison of these polymorphs
269 suggests that G33 and G38 are involved in an interaction with
270 the N-terminus fuzzy coat that shields the hydrophobic C-
271 terminus from the solvent.62 Our experimental results indicate
272 that P1 fibrils lack this N-terminal fuzzy coat, which potentially
273 has consequences for the interactions of fibrils with their
274 environment.
275 In our experiments, both P1 and P2 polymorphs can be
276 reproduced via seeding through a secondary nucleation-

f3 277 dominated mechanism (Figure 3A). Similarly, unseeded
278 Aβ40 monomers prepared under identical conditions fibrillize
279 following a secondary nucleation mechanism (Figure S1D). At
280 the same time, as already mentioned before, solid-state NMR
281 shows that the resulting fibrils are heterogeneous (Figure S1A).
282 Surprisingly, only 2 sets of serine peaks corresponding to P1
283 and P2 could be identified. This implies that both structures
284 can be induced and are consistent with the environmental
285 conditions.
286 The seeded ThT aggregation kinetics in the presence of
287 αBC implies that Aβ fibrils rather grow by an elongation-
288 dominated mechanism. It is assumed that different sites in Aβ
289 aggregates are responsible for secondary nucleation and
290 elongation.41 The question of the role of the environment
291 and its influence on the fibril structure is, however, still
292 debated.63−65 While the Buell group suggests that elongation
293 preserves the seed structure, Linse and co-workers have shown
294 that Aβ42 fibril strain characteristics can be efferently
295 propagated in secondary nucleation-dominated sys-
296 tems.34−36,38 In our case, the P1 structure is not propagated
297 in the presence of the chaperone, although the solvent and

298aggregation conditions are identical. The absence of the lag-
299phase in the seeded aggregation experiments in the presence of
300the sHSP indicates that the chaperone does not completely
301inhibit seeding (Figure 1A and Figure S1D). The action of
302αBC prevents the generation of a compact fibril structure and
303the conversion of the full amino acid sequence into an amyloid
304fibril. The appearance of a new polymorph with a dynamic N-
305terminus in the presence of αBC seems to indicate that the
306chaperone directly interacts and destabilizes the Aβ40 N-
307terminal residues in the fibril structure and changes the
308microenvironment in the nucleation process, resulting in a loss
309of preservation of the fibril structure.
310Increased Flexibility of the N-Terminus Leads to
311Changes in Fibril Stability and Seeding Properties.
312Amyloid fibrils are known to be polymorphic, but a link
313between the fibril structure and its cellular properties is yet to
314be identified. Obviously, differences in fibril structure have a
315direct impact on the respective protein misfolding disease and
316their progression. Initially, it was believed that bypassing
317primary nucleation through seeding allows to replicate the seed
318structure.66−68 However, the ability of mature fibrils to act as
319seeds and templates for the propagation of their structure can
320differ significantly. E.g., it has been shown recently that ex vivo
321fibril material extracted from patients is often incapable to
322template and propagate its structure in vitro.5,69,70

323To better understand the fibril polymorph properties, we
324tested the capacity of the different polymorphs to act as seeds.
325In particular, we addressed the question of how efficiently the
326different polymorphs are able to propagate their structures.
327Our solid-state NMR experiments showed that both
328polymorphs P1 and P2 can reproduce their structures upon
329seeding (Figure S2D). In ThT experiments, we find that P2
330seeds are able to catalyze Aβ40 fibril formation faster and more
331efficiently in comparison to P1 seeds (Figure 3A). In both
332experiments, the same amount of seeds has been employed.
333We hypothesize that the proper arrangement of the Aβ40 N-
334terminus in the P1 amyloid fibril is time-limiting in the fibril
335growth kinetics. Interestingly, seeding with P1 or P2 using the
336same concentration of Aβ40 monomer results in a higher ThT
337plateau fluorescence intensity for the P1 seeded fibrils. A high
338ThT fluorescence quantum yield is related to the inhibition of
339rotations around the bond connecting the benzothiazole and
340benzylamine rings of the molecule.71−73 It was suggested, that
341clustering of fibrils results in additional binding sites with a
342higher fluorescence quantum yield.74−76 In these studies, the
343CD spectra of the insulin fibrils showed a red wavelength shift
344compared to the lysozyme fibrils which suggested a correlation
345between clustering of individual fibrils and ThT binding. A
346higher fluorescence intensity in P1 fibrils could thus be a
347consequence of an increased rigidity of ThT in the bound state
348due to fibril clustering or might result from an enlarged
349number of binding sites (such as β-sheet structures) in the
350ordered N-terminus of the P1 fibrils.
351Next, we examined the chemical stability of the two fibril
352polymorphs to better understand the fibril properties. Using
353ThT fluorescence as a read-out, we compared the stability of
354P1 and P2 fibrils in the presence of different amounts of
355GdnHCl (Figure 3B). We find that P2 fibrils are less stable
356when treated with small amounts of GdnHCl (up to 3 M).
357ThT is considered to specifically interact with β-sheet
358structures and binds to fibril grooves.77,78 In P2 fibrils, the β-
359sheet core seems easier accessible for GdnHCl due to the
360solvent accessible N-terminal fuzzy-coat. In the P1 fibrils, the
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361 core structure appears to be better protected from chemical
362 degradation as the GdnHCl has to dissolve first the more
363 stable fibril surface. At high GdnHCl concentrations (4−6 M),
364 however, P1 looses its structure more quickly in comparison to
365 P2. We hypothesize that the Aβ40 N-terminus is already
366 dissolved under these conditions, and GdnHCl starts to attack
367 the C-terminal part of the fibril core. In P2 fibrils, the C-
368 terminal region is stabilized by the extra salt-bridge between
369 K28 and V40, which inhibits further degradation. Our findings
370 are in good agreement with a recent computational study of
371 the Vendruscolo group on two types of human brain-derived
372 Aβ42 fibril polymorphs which show that the fuzzy coat
373 increases the overall solubility of the cross-β core of the
374 filaments.62

375 Similar effects are observed in proteinase K stability assays.
376 Although, as discussed earlier, the initial absolute ThT
377 fluorescence differs for the two polymorphs (for the same
378 concentration of fibrils), the ThT fluorescence plateau value
379 after treatment with proteinase K is identical for the two
380 polymorphs (Figure 3C). This suggests that proteinase K is
381 able to digest the different polymorphs to the exact same final
382 amount. At the same time, inspection of the normalized curves
383 (Figure S4A) and effects of different [Aβ40]:[Proteinase K]
384 ratios (Figure S4B) suggest that P1 and P2 are similarly stable
385 against enzymatic degradation in the first 15 min of treatment.
386 However, after the initial 15 min, P1 fibrils rapidly lose ThT
387 fluorescence intensity.
388 Many factors affect the cytotoxicity of amyloid fibrils. In
389 addition to the topology of the protofilament, the oligomeric
390 arrangement of the protofilaments in the mature fibrils as well
391 as the fibril length matter.79−82 We find that the two
392 polymorphs have similar toxic effects on cultivated PC12
393 cells (Figure 3D and Figure S4C). The fibril structure and
394 especially intramolecular interactions have been shown to be
395 crucial for Aβ40 fibril induced neuronal cytotoxicity.83,84 Korn
396 et al. have shown that the cytotoxicity of Aβ40 fibrils depends
397 on the contact between F19 and L34. We performed CHHC
398 and proton assisted recoupling (PAR) solid-state NMR
399 experiments with various mixing times in order to get
400 information about long-range contacts. Although we could
401 identify the F19 spin-systems in the aromatic region of the 50
402 ms dipolar assisted rotational resonance (DARR) spectrum of
403 P1, we did not observe any cross peaks to L34 in the 250 ms
404 CHHC experiment (Figure S3C). We were not able to assign
405 any carbon atoms of the F19 ring in the 50 ms DARR
406 spectrum recorded for P2 (Figure S3D). We assume that the
407 contact between L34 and a phenylalanine residue in the
408 amyloid hydrophobic core is too dynamic in our preparations.
409 Korn et al. lyophilized their fibril preparation before packing it
410 into the MAS solid-state NMR rotor. Removal of excess
411 solvent might allow to reduce dynamics and stabilize the fibril
412 structure. Fibrils are maintained in an aqueous environment
413 inside the rotor in our preparations by sedimenting the sample
414 directly into the MAS rotor. The preparation procedure might
415 thus explain these differences in the spectra.
416 To further investigate the role of the N-terminal fuzzy coat
417 on cell viability and interaction with αBC, we incubated
418 mature fibrils with the sHSP. Our results indicate that
419 treatment of mature P1 fibrils with αBC does not influence
420 their effects on PC12 cell viability, while P2 fibrils that were
421 treated with the same amount of chaperone show a somewhat
422 reduced cell-damaging effect (Figure 3E). The effect on cell
423 viability upon αBC treatment of mature P2 fibrils suggests that

424interaction of the chaperone with the N-terminal fuzzy coat,
425which might be responsible for cell penetration and cell
426membrane disruption, might affect fibril toxicity. P1-induced
427cytotoxicity is less affected by the chaperone due to the lack of
428the fuzzy coat. Electrostatic interactions, along with specific
429interactions with various cell receptors such as integrin, were
430suggested to play an important role in the interaction of Aβ
431with cell membranes.85−88 Various experiments with deletions
432and mutations in the N-terminus verified that the N-terminus
433plays not only an important role in Aβ fibrillation but also
434impacts on cellular toxicity.89,90 In Narayanan et al., we have
435speculated that the Aβ aromatic hydrophobic core region
436contributes mostly to the interaction with αBC.91 In the
437analysis of the saturation transfer difference NMR spectrosco-
438py (STD) experiments, however, a potential shift of
439equilibrium between different Aβ aggregation states induced
440by αBC has not been taken into account.
441Oligomer-induced cytotoxic effects have been suggested to
442be highly relevant for disease pathogenesis as well.92

443Nevertheless, the effects of fibril formation in the cell and
444the consequences on cell fate cannot be neglected.93−96 Cells
445have evolved mechanisms that allow either to degrade fibrils or
446to reduce the consequences of their presence in organs and
447tissues.30,97,98 Chaperones not only play an important role in
448preventing aggregation of amyloidogenic proteins and
449modulate fibril polymorphism but, as we know, interact with
450mature fibrils.43,47,48 Recently, disaggregases have been
451discovered that are capable to unfold and solubilize amyloid
452fibrils. All disaggregase machineries known so far such as
453Hsp104, Hsp40 + Hsp70 + Hsp110, HtrA1 etc. are ATP-
454dependent.30,99,100 Even though that αBC is not a disaggregase
455and not capable of disassembling an amyloid fibril, small heat
456shock proteins such human Hsp27 and yeast Hsp26 seem to be
457able to affect the fibrillar structure and cytotoxicity.101,102

458It was shown that αBC and CHIP interact with α-synuclein
459and bind to its unstructured C-terminal domain.103 As a
460consequence, fibril uptake by the cell is diminished. A recent
461study by Stepananko et al. showed that αBC treatment changes
462fibril morphology and hints toward degradation of lysozyme
463and β2-microglobulin amyloid fibrils.104,105 Although there is
464no detailed data on possible disaggregation of amyloid fibrils
465by αBC, a lot of evidence suggests that the chaperone binds to
466mature fibrils.47−49 One possible mechanism of amyloid-
467induced cytotoxicity is membrane disruption by shedding of
468membrane-active oligomers.106,107 Tipping et al. demonstrated
469that chemical cross-linking of β2-microglobulin fibrils with
470Hsp70 increases the fibril stability and, this way, inhibits
471leakage of toxic oligomers that cause membrane disruption and
472cellular dysfunction. In this sense, interactions of αBC with the
473N-terminal fuzzy coat of P2 might stabilize the amyloid fibril
474structure and shift the equilibrium from the oligomer to a less
475toxic fibril state.

476■ CONCLUSIONS
477We have shown that the small heat shock protein αBC inhibits
478propagation of the Aβ40 fibril seed structure and induces the
479formation of a new fibril polymorph. This polymorph is
480characterized by a flexible N-terminus and is able to transmit
481its structure even in the absence of the chaperone. The N-
482terminal fuzzy coat of the αBC induced fibril polymorph (P2)
483increases the seeding efficiency and at the same time yields a
484decrease in the chemical stability at low GdnHCl concen-
485trations. P2 is characterized by a stabilized amyloid core
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486 structure which is a consequence of an additional salt-bridge at
487 the C-terminus of the peptide. Although the two polymorphs
488 show similar cytotoxic effects on PC12 cells, P2 induced
489 cytotoxicity seems to be reduced in the presence of αBC. We
490 suggest that the N-terminus of Aβ40 is a key region not only
491 for peptide aggregation but for its interaction with sHSPs as
492 well. Our study sheds light on the molecular origin of fibril
493 polymorphism and contributes to the understanding of the
494 fibril fuzzy coat and its interactions with the cellular
495 environment.
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