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Abstract  

 

Alzheimer’s disease is a neurodegenerative disorder associated with the deposition of misfolded 
aggregates of the amyloid-β protein (Aβ). Aβ(1-42) is one of the most aggregation-prone components 
in senile plaques of AD patients. We demonstrated that relatively homogenous Aβ(1-42) fibrils with one 
predominant fold visible in solid-state NMR spectra can be obtained at acidic pH. The structure of these 
fibrils differs remarkably from some other polymorphs obtained at neutral pH. In particular, the entire 
N-terminal region is part of the rigid fibril core. Here, we investigate the effects of a pH shift on the 
stability and the fold of these fibrils at higher pH values. Fibril bundling at neutral pH values renders 
cryo-EM studies impractical, but solid-state NMR spectroscopy, molecular dynamics simulations, and 
biophysical methods provide residue-specific structural information under these conditions. The LS-
fold of the Aβ(1-42) fibrils does not change over the complete pH range from pH 2 to pH 7, in particular, 
the N-terminus remains part of the fibril core. We observe changes in the protonation state of charged 
residues starting from pH 5 on a residue-specific level. The deprotonation of the C-terminal carboxyl 
group of A42 in the intermolecular salt bridge with D1 and K28 is slow on the NMR time scale, with a 
local pKa of 5.4, and local conformations of the involved residues are affected by deprotonation of A42. 
Thus, we demonstrate that this fibril form is stable at physiological pH values.  

 

 

Introduction 

The deposition of amyloid plaques consisting of amyloid β peptide (Aβ) is one of the pathological 
hallmarks of Alzheimer’s disease (AD).1 The predominant species of Aβ in the brain are peptides 
containing 39 to 43 amino acid residues generated from the cleavage of amyloid precursor protein (APP) 
by β- and γ-secretases.2 The two prevalent forms are Aβ(1-40) and Aβ(1-42). The latter is more toxic 
and shows a higher aggregation propensity.3-4  

In recent years, several 3D structures of Aβ(1-42) fibrils were solved using solid-state nuclear magnetic 
resonance (NMR) spectroscopy and cryogenic electron microscopy (cryo-EM).5-8 In a recent study on 
brain-derived Aβ(1-42) fibrils from brains of ten individuals with different Aβ-associated 
neurodegenerative diseases (among them sporadic and familial Alzheimer’s disease), two different 
structures were solved using cryo-EM. Interestingly, both fibril types seem to coexist in most AD-related 
brain tissues, although with different propensities.9 Likewise, recent solid-state NMR investigations of 
Aβ(1-42) fibrils showed that Aβ(1-42) fibrils seeded from brain material were polymorphic10 with 
distributions of polymorphs differing between non-demented older people and Alzheimer’s disease 
patients.11 Polymorphism for brain-seeded Aβ(1-42) fibrils was also observed by Ishii and coworkers 
by 1H detected solid-state NMR spectroscopy, together with a novel fibril type for recombinantly 
expressed in vitro Aβ(1-42).12 Although the 3D fibrils structures5-9 could show that the fibrils consist of 
two intertwined protofilaments with the C-terminus describing an S-shaped conformation, substantial 
structural differences exist. Some structural differences may result from the preparation conditions, 
differing especially in pH values. For most Aβ fibrils grown at neutral pH values (pH 7.4-8), the N-
terminus is disordered and not part of the fibril core – an exception being fibrils of the Aβ(1-40) peptide 
with the Osaka mutation (E22Δ).13 In most cases, for the generation of homogeneous Aβ(1-42) fibril 
preparations repeated seeding was necessary.5-7 In vitro fibrillization of Aβ(1-42) at an acidic pH value 
of 2 and in the presence of 30% acetonitrile, however, resulted in extremely slow fibril growth over 
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several weeks. In the resulting fibril preparations, fibrils are well separated from each other, as the 
acetonitrile prevents formation of large fibril bundles, perfect for characterization by cryo-EM. Solid-
state NMR spectra showed only one set of resonances above the noise level at a signal-to-noise ratio of 
10, thus suggesting that at least 90% of the Aβ monomers in the fibrils have the same fold8, 14 without 
the need for further seeding. This suggests that the resulting fibril fold is the thermodynamically most 
stable structure at this pH value.8 In these “low pH fibrils”, the full N-terminus is part of the β-sheet 
core, and the fibrils' structure has been determined to high resolution by cryo-EM and solid-state NMR 
spectroscopy and has been described as an “LS-shape”.8 

The effect of a pH shift on amyloid fibrils was studied previously by Shammas and Coworkers.15 For 
insulin fibrils prepared at pH 2 and suspended in buffers with different pH values, they could show that 
the fibrils are highly stable at low pH values (pH 2.0-4.0). For pH values from 4.0-8.0, the disruption of 
specific electrostatic interactions leads to structural reorganization and a reduced β-strand network.15 
For the model system β2-micoglobulin (β2m), Tipping and coworkers reported that the stability of 
amyloid fibrils is highly pH-dependent and that even mild acidification enhances the formation of toxic 
fibril-derived oligomeric species.16 The observation that amyloid fibrils, once formed, are not stable at 
every pH value could be shown in several other studies: amyloid fibrils formed by hormones are able to 
release monomers at pH 6 and pH 7.4.17 Additionally, the pH-dependence of fibril disassembly of β-
endorphin fibrils was investigated at pH 5.5 and pH 7.4 and found to be significantly faster at pH 5.5 
compared to pH 7.4.18 For PI3K-SH3 fibrils, it was observed that a pH change from 2 to 7.4 leads to 
almost complete decomposition of the fibrils after 1 h.19  

For biophysical investigations such as interaction studies with physiological and diagnostic binding 
partners, reliable and reproducible (see Figure S1) in vitro generation of Aβ(1-42) fibrils with a high 
degree of homogeneity and known structure is desirable. However, such studies should be conducted 
under physiological conditions, i.e., at pH values above 4. Thus, knowledge about the stability and 
structure of this fibril type at high pH values is essential for exploiting the high homogeneity of these 
well-characterized monomorphic LS fibrils, which are not obtained by fibrillization at higher pH values.  

Here, we probe the stability and morphology of those low-pH Aβ(1-42) fibrils over the investigated pH 
range from 2 to 7. A change to higher pH values results in lateral association and bundling of amyloid 
filaments (vide infra, Figure 1A), thus preventing high-resolution structural analysis by cryoEM. Solid-
state NMR spectroscopy, on the other hand, probes the local environment of the nuclei and is, therefore, 
not affected by macroscopic rearrangements of filaments. Since solid-state NMR spectroscopy generally 
offers site-specific resolution, it can be used to probe the fibril structure as well as the protonation state 
of individual titratable groups. Further details were obtained from molecular dynamics (MD) 
simulations and complementary biophysical techniques, including AFM and CD spectroscopy and 
solution NMR-spectroscopy. 

Results and discussion 

LS-shaped Aβ(1-42) fibrils are stable over the pH range 2 to 7 

Aβ(1-42) fibrils grown at acidic pH were adjusted to pH values ranging from 2.6 to 7.0 by adding a 
citrate-phosphate buffer to the fibril preparation. To test whether the fibrils are preserved up to pH 7.0, 
we recorded AFM images of the samples at all pH values. The AFM images of these pH-shifted fibrils 
are shown in Figure 1A and Figure S2A. The addition of citrate-phosphate buffer resulted in increased 
clustering of the fibrils, in particular at pH 5.0, which is close to the isoelectric point of the peptide (5.3). 
This clustering also leads to signal reduction in the CD spectra (due to absorption flattening20-22), which 
otherwise are highly similar and typical for a β-sheet-dominated structure (Figure 1B). However, the 
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overall appearance, diameter, and periodicity of the fibrils, which are the signatures of a fibril 
polymorph, did not change, showing that the fibrils did not dissolve upon pH shift and that their 
morphology was generally preserved (Figure S2). A commonly used probe to detect amyloid fibril 
formation in vitro is the fluorescent dye thioflavin T (ThT). However, the ThT absorption and 
fluorescence emission intensity is highly pH-dependent23 and there are reports of a decrease in ThT 
fluorescence intensity at low pH values.24-25 Indeed, Aβ fibrils grown in 30% ACN, 0.1%TFA at pH 2.0 
show no detectable ThT fluorescence increase (Fig. S2B) but they are readily observable by AFM (Fig. 
S2A). A pH variation between pH 2.0 to 7.5 (at constant ACN concentration of 24%) shows a strong 
pH dependence of ThT fluorescence intensity in the presence of Aβ fibrils with almost no fluorescence 
below pH 2.6 but increasing fluorescence with increasing pH (Fig. S2B). Variation of the organic solvent 
content (between 1.5 and 24% ACN) at constant pH 2.0 or pH 7.0 in the presence of fibrils indicates 
that the ThT fluorescence is also highly ACN concentration-dependent (Fig. S3B), with decreasing 
fluorescence at increasing ACN concentrations. Thus, our data indicate that ThT fluorescence alone is 
not suitable for detecting Aβ fibrils under the growth conditions applied (30% ACN, 0.1% TFA, pH 2).  

Free ThT has been reported to undergo protonation of the dimethylamino group at low pH with a 
concomitant decrease in fluorescence intensity.23 A pH titration of free ThT in citrate-phosphate buffer 
with 24% ACN monitored by NMR spectroscopy reveals that protonation is only detectable below pH 
3.5 and remains negligibly small at pH 3.0 and pH 2.6 (Fig. S4). Accordingly, the fluorescence intensity 
of ThT alone does not show any significant variation between pH 2.0 and 7.5 if the experimental 
uncertainties are taken into account (Fig. S2B). We conclude that the lower sensitivity of the ThT assay 
at acidic pH cannot be explained by the properties of ThT alone without taking into account the 
interaction between ThT and Aβ fibrils. Consistent with the general notion that ThT primarily binds to 
grooves oriented parallel to the fibril axis,26 MD simulations of ThT binding to LS-shaped Aβ fibrils at 
pH 2.0 revealed that protonated ThT binds along the fibril axis at a surface-exposed groove formed by 
the side chains of V18, F20, and E22 on either protofilament with calculated affinities in the low 
micromolar range.27 It is conceivable that the pH-induced electrostatic changes of the Aβ fibrils, such 
as those described below, modulate ThT binding modes, affinities, and fluorescence properties in the 
bound state, and that high ACN concentrations compete with ThT binding at this hydrophobic groove. 

To test the effect of a pH shift on the fibril structure at the atomic level, we recorded 13C/13C and 15N/13C 
correlation solid-state NMR spectra on fibrils at different pH values. 13C chemical shifts of backbone 
and uncharged side chain atoms are mainly influenced by backbone and side chain torsional angles,28-31 
whereas shifts of carboxyl groups are sensitive reporters on the protonation state. In fact, NMR 
spectroscopy is the only method that can determine protonation on a residue-specific level.32 The 
addition of citrate-phosphate buffer, which was used for adjusting the pH value, does not affect the 
overall Aβ(1-42) fibril structure, as evident from the comparison of 2D PDSD (proton driven spin 
diffusion) 13C/13C correlation spectra of fibrils near pH 2 in the presence and absence of buffer (Figure 
S5). 

The effect of a pH shift from 2 to 7 on the fibril structure can be estimated from an overlay of two PDSD 
spectra of fibrils at pH 2 (red) and pH 7 (blue) (Figure 2A, more details can be found in Figure S6). 
Most of the resonances observed at pH 2 and pH 7 coincide, indicating that most of the fold of the fibrils 
does not change when the pH is changed. Decreased intensities were observed for the N terminus 
(residues D1 to G9), the His residues (H6, H13, H14), and K16. Figure 2D gives an estimate of relative 
intensities between selected cross peaks in two pairs of PDSD spectra (with short and long initial CP 
contact times of 100 µs and 1000 µs) recorded on samples at pH 2 and pH 7, where the bulk Cα/Cβ 
cross peak of the overlapping resonances of five Val residues was used for normalization. Cα/Cβ cross 
peak intensities of the well-resolved N-terminal residues A2 and S8 were reduced to ~ 50% of the 
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intensity of corresponding cross peaks in spectra of pH 2 samples; Cα/Cβ cross peaks of His residues, 
which may be affected by changes in side chain protonation, and side chain cross peaks of R5 and K16 
are reduced to below 10% of the intensities of respective signals at pH 2. Cα/Cβ correlations as well as 
side chain cross peaks of C-terminal residues are not reduced after the pH change. These findings are 
indicative of slightly increased dynamics for the backbone of the N-terminus and strongly enhanced 
mobility for the side chains of N-terminal residues at pH 7.  

Despite intensity losses, the correlation signals of all N-terminal residues remain visible in the cross 
polarization (CP)-based 13C-spectra (Figure 2A, Figure S6), in contrast to Aβ(1-42) fibril structures 
having a flexible N terminus.5-7 Intensity losses in CP spectra are an indication of enhanced mobility in 
the µs-ms regime. No protein resonance signals have been detected in Insensitive Nuclei Enhanced by 
Polarization Transfer (INEPT)33 spectra at all pH values (Figure S7A, B), excluding isotropic motions 
in the sub µs regime, which would be indicative of highly dynamic or flexible parts or a presence of 
monomers in the sample. We also could not observe any additional protein signal in the direct excitation 
(DE) spectra compared to the CP spectra (Figure S7C). These findings suggest that the full Aβ(1-42) 
peptide, stays within the cross-β core of the fibril even at neutral pH. The L-shape of the N-terminal 
residues is destabilized with increased dynamics at pH 7, but some residual structure is retained as 
indicated by weaker but unshifted CP-signals. 

For a more detailed insight, we also recorded 2D 15N-13C (NCaCX and NCOCX, Figure S8) spectra for 
pH 2 and pH 7. As the Aβ(1-42) fibril preparation is reproducible, most resonances are the same for the 
pH 2 sample compared to previously published results.8 Most backbone residues could be de novo 
sequentially assigned for pH 7 starting from F19 (chemical shifts are deposited in the BMRB under the 
accession code 51584). As the NC transfer is a stronger mobility filter than a 13C/13C spin diffusion 
transfer, only the most rigid parts of the fibrils contribute to the 15N/13C correlation spectra. Thus, N 
terminal residues up to V18 and the side chains of some residues are not visible in the NC spectra at pH 
7 (Figure S8), whereas most signals can still be found in the PDSD spectrum.  

In Figure 2E a chemical shift perturbation plot displaying chemical shift differences for Cα, Cβ and N 
between pH 2 and pH 7 is shown. While chemical shifts for most 13C atoms N-terminal of residue V36 
do not change substantially (i.e., not more than 1.5 ppm for 13C and 2.5 ppm for 15N) with the pH value, 
we observe relatively large differences for the very C-terminal residues starting from G37 and especially 
for the two Gly residues G37 and G38. Furthermore, the 15N shift of A21 is strongly affected by the pH 
shift, an effect that may be due to electrostatic interaction with the side chain of E23 that is deprotonated 
at pH 7. These changes are most likely caused by small conformational alterations in the C-terminus 
due to an alternative salt bridge formation (see next paragraph).  
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Deprotonation of acidic side chains and its impact on the D1-K28 salt bridge 

As expected from their pKa values (intrinsic pKa values for Asp, Glu and His as determined in blocked 
tri- or pentapeptides acetyl-Gly-X-Gly-amide or Ala-Ala-X-Ala-Ala, are 3.9, 4.3, and 6. 5, respectively 
32, 34), the protonation state of acidic amino acid residues is affected by a pH shift. This affects the 
stability of interresidual salt bridges, such as in the triad D1-K28-A42. Indeed, we observed shifts of 
several resonances for the carboxyl groups of D1, A42, D7, and the side chain resonances of K28 (Figure 
2A and Figure S6). To observe at which pH value the changes start to occur, we performed a pH titration. 
In Figure 2B and Figure 2C, overlays of five spectra for fibrils between pH 2 and 7 are shown for two 
characteristic regions of the full spectrum. Up to pH 4, no changes were observed. Thus, we conclude 
that the overall protonation state of residues does not change up to this pH value. The effect of proton 
exchange at carboxyl and amino groups on the related NMR signals depends on the proton exchange 
rate relative to the frequency difference between the NMR resonances for the respective functional group 
in the protonated and the deprotonated state.35-36 For fast proton exchange, we observe a progressive 
change in chemical shift, which reflects the population-weighted average between the protonated and 
deprotonated state (as observed for deprotonation of D7 (Figure 2B), a water-exposed residue at the 
fibril surface). For slow exchange by contrast, two resonances with population-dependent intensities are 
observed for the protonated as well as the deprotonated state (as seen for the C-terminal carboxyl group 
of A42 and for the side chain resonances of K28 (Figure 2B,C)).37 

In the Aβ(1-42) fibril structure (Figure 2G, Figure S9), the interaction between protofilaments is 
stabilized by intermolecular salt bridges between D1 and K28 (Figure 4B). Furthermore, the N-terminus 
is close to the C-terminal A42 of another Aβ(1-42) monomer in the adjacent protofilament,8 which 
appears to be largely protonated at pH 2. A change to higher pH values has the following effects on the 
three residues involved in this triad interaction: 

• The protonation/deprotonation of the terminal carboxyl group of A42 exhibits a slow exchange 
between two states (Figure 2B): The carboxyl group of A42 (intrinsic pKa value for C-terminal Ala 
in a tripeptide: 3.5532), protonated and β-strand-like at pH 2 and pH 4, adopts a deprotonated random 
coil-like conformation (with a CO shift of 182 ppm, in agreement with Wälti and Coworkers7) at 
pH 6 and pH 7 (Table S1). Both states can be observed at pH 5 (with a splitting for the deprotonated 
random coil-like resonances, Figure 2B). These findings can also be observed for NCa spectra 
(Figure S10A). Fitting the peak intensities of NCa and PDSD peaks to the Henderson-Hasselbalch 
equation (Figure 2F and Figure S10B, C) leads to a pKa value of 5.4 for C-terminal A42. The 
random-coil-like chemical shifts of deprotonated A42 are very similar to those obtained from 
solution NMR at pH 7 (Figure S11).  

• Likewise, for K28 the pH shift to pH 7 induces a splitting of the K28 Cβ resonance typical for slow 
exchange (Figure 2C, Figure S6I). One resonance signal has the chemical shift of 35.6 ppm, as 
already observed at lower pH values, while a second signal is detected at a lower chemical shift of 
35.3 ppm. Additional minor shifts occurred for K28 Cε resonances at pH 7. The signal splitting 
points towards the existence of a second alternative conformation of the K28 side chain. The 
relatively high Cγ chemical shift of the amino acid residue D1 is indicative of a predominantly 
deprotonated state (~90-95 % deprotonation) already at pH 2. Comparing the D1 and D7 side chains 
at pH 2.0 and the slightly enhanced pH 2.6, we can already observe the following tendencies: D7 
shows an increased degree of deprotonation with increasing pH values, whereas for D1, the degree 
of deprotonation seems to even slightly decrease with increasing pH values (Figure S5B). The 
detailed degree of deprotonation of all residues at pH 2 and pH 7 is shown in Table S1.  
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These observations can be explained as follows: At acidic pH values, the intermolecular salt bridge 
between the (almost) fully deprotonated D1 and the positively charged K28 stabilizes the fibril structure, 
whereas for the C-terminal carboxyl group the protonated state seems to be favored up to its pKa of 5.5. 
In fact, a shift of the pKa value by +1.9 pH units with respect to the intrinsic pKa of 3.55 can easily be 
explained by the high density of negative charges38 present in an amyloid fibril, and similar effects have 
already been described for fibrillary self-assembly of FMoc-Diphenylalanine39 and fibril formation of 
α-synuclein.40 With increasing pH, the progressive deprotonation of A42 favors an additional interaction 
between the negatively charged C-terminal carboxyl group with K28, weakening the salt bridge between 
D1 and K28. This could explain the slightly enhanced protonation of D1 at pH 7 and the intensity losses 
for residues in the N-terminus at higher pH values, which are indicative of higher mobility. Matching 
our observations, MD simulations by Yin and coworkers41 indicated that the salt bridge between K28 
and A42 leads to enhanced stability of the C-terminal deprotonated Aβ(1-42) protofilaments compared 
to the protonated counterpart. The rearrangement of salt bridges in the triad between D1, K28, and A42 
also influences the adjacent residues S26 (Figure S6D) and may also be responsible for conformational 
changes around the G37/G38 glycine pair (Figure 2E).  

These findings are also supported by water-edited NMR spectroscopy,42-44 where 1H polarization transfer 
from water onto the protein is used to probe the water-accessibility of amino acid residues on a residue-
specific level (Figure 3, Figure S12): With an initial 1H spin echo (duration 2.5 ms), transverse 
magnetization on the solid protein but not the mobile water molecules is dephased irreversibly by strong 
dipolar couplings. In a subsequent longitudinal mixing step (1 to 100 ms), 1H polarization is transferred 
back to the protein and can then be detected in standard 1D or 2D solid-state NMR experiments (Figure 
S12A). As seen in Figures 3A and 3B, the overall magnetization transfer dynamics from water to the 
fibril is only slightly enhanced for pH 7 compared to pH 2. The small magnitude of this enhancement 
can be accounted for by faster chemical exchange at neutral pH,45-46 while the relative fibril-water 
interface remains the same (as seen for the Ile residues, Figure S12B, C). For one Asp residue (D1, 
Figure S12D), however, the exchange with water is strongly accelerated at pH 7, indicating that the 
carboxyl group is more water-exposed, a finding which supports a weakened salt bridge. In contrast, 
A42 is still highly water protected at pH 7, as expected for the deprotonated carboxyl group of A42 
forming a salt bridge to K28 (Figure 3D). 

Monomers in solution 

Acetonitrile is not a routinely used co-solvent in protein NMR spectroscopy. To obtain a reliable 
reference for the solvent and pH effects on random coil chemical shifts and the conformational ensemble 
of monomeric Aβ(1-42), we also investigated [U-13C,15N] Aβ(1-42) monomers in 28% acetonitrile at 
pH 2.0 (similar to the conditions used for fibril preparation), without acetonitrile at pH 2.0, and in 
citrate/phosphate buffer at pH 7.0 using solution NMR spectroscopy. Sequence-specific assignment of 
the 1H, 13C, and 15N backbone resonances of these three samples (BMRB access codes 51321, 51323, 
and 51322, respectively) reveals that Aβ(1-42) monomers are highly disordered, with chemical shifts 
close to random coil values (Figure S11A) and low propensities for regular secondary structure elements 
under all these conditions. Accordingly, 2D 13C-13C total correlation (TOCSY) spectra of Aβ(1-42) 
monomers in 28% acetonitrile at pH 2.0 are very similar to those in Tris/HCl buffer at pH 7.2 (Figure 
S11B), except for the chemical shift changes expected due to different side chain protonation for Asp, 
Glu, and His residues. Thus, the influence of the pH on the fibril structure seems to be caused by the 
stabilization of the end product rather than any significant differences in monomer conformation.  
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MD simulations for Aβ(1-42) fibrils with different protonation degrees 

We next performed MD simulations of 1 µs length of the Aβ(1-42) fibril with protonation states 
according to pH 2 and 7, with 10 replicas for each system (Figure S13) to provide a structural 
explanation at atomic resolution. The simulations revealed a shift in inter- and intramolecular polar 
interactions when going from pH 2 to pH 7, which preserves the structure and stability of the Aβ(1-42) 
fibril. 

Mean backbone root-mean-square differences (RMSD) < 4 Å indicate only minor structural changes 
among the differently protonated states, which are not significant (Figure 4A). Without the terminal Aβ 
peptides, the mean RMSD decreases by ~1 Å (Figure 4A), indicating higher mobility of the terminal Aβ 
peptides, as corroborated by a peptide-wise RMSD analysis (Figure S14). Hence, the fibril core remains 
structurally stable at acidic and neutral pH, agreeing with our NMR experiments. However, as the fibril 
in our simulations is much smaller than in NMR experiments, our simulations likely overestimate the 
structural changes between fibrils of different protonation states.47  

Next, we investigated the changes in the fibril's interaction network between pH 2 and pH 7. The 
interactions among D1, K28, and the carboxyl group of A42 connect three Aβ peptides in the two 
protofilaments (Figure 4B). In line with our previous findings,8 changes in the protonation state of the 
C-terminus of A42 (Figure 4B) do not lead to a collapse of the fibril. Our MD simulations suggest that 
the interactions between D1, K28, and A42 are significantly different at pH 2 and pH 7 (Figure 4C). In 
particular, hydrogen bond interactions between the N-terminus of D1 and the C-terminus of A42 are 
significantly more frequent at pH 7 (Figure 4C). This can be explained by attractive forces between the 
oppositely charged N- and C-termini at pH 7. At pH 2, on the other hand, the A42 C-terminus is neutral 
after protonation, which reduces the likelihood for interactions with the still positively charged D1 N-
terminus. On the other hand, the interaction between the side chain of D1 and K28 is reduced 
substantially at pH 7, but this loss is compensated by a strong interaction between A42 and K28 (Figure 
4C). Overall, our MD simulations suggest that interactions involving D1, K28, and A42 occur in the 
fibril at pH 7. At pH 2, however, when the C-terminus of A42 is protonated, D1 and K28 likely form 
salt bridges between the protofilaments, which agrees with the results obtained by cryo-EM.8 That way, 
interactions between protofilaments are formed in an A42-independent manner. 

At pH 2, the L-shaped N-terminus is stabilized by salt bridges between the positively charged H6 and 
H13 and the negatively charged E118 (Figure 4D). These interactions are present at pH 2 and 7 but with 
a different frequency of occurrence. At pH 2, E11 preferentially interacts with H6 (Figure 4E). As H6 
is harbored on the small leg of the L-shaped N-terminus (Figure 4D), this interaction is likely essential 
for stabilizing the whole N-terminal region. At pH 7, E11 preferentially interacts with H13 on the large 
β-strand, which may weakly destabilize the N-terminus (Figure 4E).  

To conclude, our simulations revealed a rebalancing of intra-subunit (H6/E11/H13) and inter-subunit 
(D1/K28/A42) interactions between fibrils with protonation states at pH 2 and pH 7, providing a 
plausible explanation of why most of the structure of the LS-shaped fibril grown at pH 2 remains 
unchanged between the two pH conditions. 

 

Conclusion 

In summary, we showed that the structure of the Aβ(1-42) fibril remains unchanged when grown at 
acidic pH and adjusted to neutral pH values afterwards. However, upon pH adjustment, changes in the 
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amino acid protonation states are observed for the residues A42, D1, and K28 as well as for E11 and 
H6/H3, as summarized in Figure 5. Although intra-subunit and inter-subunit salt bridges may be 
rearranged as a consequence of deprotonation, fibrils remained stable up to pH 7. Performing a pH 
titration, we could exclude any changes until pH 4 but observed changes in protonation at pH 6 and 
more pronounced at pH 7. In Aβ(1-42) fibrils at pH 5, both protonation states are populated. Our study 
strongly suggests that the Aβ(1-42) fibril grown at acidic pH8 conserves its structure and remains stable 
at physiological pH conditions. Thus, Aβ(1-42) fibrils grown at pH 2 can be used over the full pH range 
from pH 2 to pH 7 for binding and interaction studies. 

 

Supporting Information 

Additional experimental details, materials, and methods, and additional results (AFM, CD, ThT 
fluorescence intensities, NMR spectra and chemical shifts) are deposited in the Supporting Information. 

Accession Codes 

Sequence-specific assignment of the 1H, 13C, and 15N backbone resonances of Aβ(1-42) monomers in 
28% acetonitrile (ACN) at pH 2.0, without ACN at pH 2.0, and in citrate/phosphate buffer at pH 7.0 
using solution NMR spectroscopy are deposited in the Biological Magnetic Resonance Data Bank 
(BMRB) under the access codes 51321, 51323, and 51322, respectively. 

Sequence specific solid-state NMR resonance assignments of 15N and 13C resonances of Aβ(1-42) fibrils 
shifted to pH 7.0 are deposited in the BMRB under the access code 51584. 
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Figure 1: AFM images and CD spectra of Aβ(1-42) fibrils at different pH values.  

A) AFM images of Aβ(1-42) fibrils under various pH conditions. Height profiles of the fibrils at original 
pH 2.0 and of fibrils shifted to pH 5.0 and 7.0 are shown: 1 μm x 2 μm overview images (left column) 
and 100 nm x 250 nm single fibril cut-outs (right column). The color scale from dark brown to white 
represents heights from 0 nm to 10 nm, or to 30 nm (highlighted in teal). Upon changing the pH from 
acidic towards neutral, the fibrils tend to form clusters instead of being present individually. 
Nevertheless, single fibrils are detectable also at neutral pH, exhibiting the characteristic periodicity. Its 
interval is in accordance with the (1160±199) Å helical pitch of Aβ(1-42) fibrils grown under equivalent 
acidic conditions.8 

B) CD (mean residue ellipticity (MRE)) spectra of Aβ(1-42) fibrils exhibit minima at 218 nm (pH 2.0) 
or 218-222 nm (pH 7.0) and x-axis intercepts at 207 nm (pH 2.0) or 208 nm (pH 7.0), characteristic 
for β-sheet dominated structures. At pH 7.0 extended fibril bundling and precipitation leads to a 
reduced S/N ratio and below wavelengths of 200 nm (grey box) the number of photons reaching the 
detector is insufficient for reliable quantification. Likewise, the exact position of the minimum in the 
pH 7.0 spectrum may be affected by the rather high noise level. 
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Figure 2: pH-induced local changes of Aβ(1-42) fibrils as seen by solid-state NMR spectroscopy.  
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A) Overlay of 2D 13C-13C PDSD spectra of Aβ(1-42) fibrils at pH 2 (red) and pH 7 (navy). For a more 
detailed view, see Figure S5. The chemical shift assignment for pH 2 was published in8. As most of the 
signals are superimposing, the fold of the Aβ(1-42) fibrils remains unchanged. B,C) Zoomed region 
from the overlay of the carboxyl (B) and the aliphatic (C) regions of the PDSD spectra at pH 2 (red), pH 
4 (orange), pH 5 (green), pH 6 (blue) and pH 7 (navy). The pH shift influences especially the residues 
in the salt bridges (D1-K28 and adjacent A42, R5-D7). D) Relative cross peak intensities of selected N- 
and C-terminal amino acid residues in PDSD spectra of the pH 7 fibril sample normalized to the 
respective cross peaks in PDSD spectra recorded under identical conditions at pH 2. For each sample, 
two sets of PDSD spectra were recorded with initial 1H-13C contact times of 100 µs (red) and 1000 µs 
(grey), respectively, and a mixing time of 20 ms. Spectra of the two samples were referenced to the bulk 
Cα/Cβ cross peak of five Val residues (without V24), and the relative peak intensities for cross peak (i), 
Irel

(i), were calculated as follows: Irel
(i) =I(pH7)(i)⋅I(pH2)(Val bulk)/I(pH2)(i)⋅I(pH7)(Val bulk). E) Chemical shift 

perturbation plot for pH 2 vs. pH 7. F) Normalized intensities for the A42 CO-Cα correlation signals (in 
the protonated and deprotonated state) from the 2D CC are plotted against the pH value. The intensities 
were normalized using the following equations: 𝐼𝐼𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛(𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝) = 𝐼𝐼(𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝) (𝐼𝐼(𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝) + 𝐼𝐼(𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑))⁄  and 
𝐼𝐼𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛(𝑑𝑑𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑟𝑟) =  1 − 𝐼𝐼𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛(𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝). The C-terminal A42 carboxyl group is completely protonated up 
to pH 4. For pH 5 and 6, both states can be observed, while the carboxyl group is to a high degree 
deprotonated at pH 7. Further details with chemical shifts from acidic amino acids and A42 can be found 
in Table S1. G) The atomic model of the Aβ(1-42) fibril (PDB: 5OQV Gremer et al., 20178) shown as a 
stick model. Amino acids assumed essential for stabilizing the protofilament are colored in green. The 
structure with all labels is also shown in Figure S8). Spacing of contour levels in 2D spectra is 1.4 for 
Figure 2A and 1.2 for Figure 2B and C. 
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Figure 3: Water accessibility of Aβ(1-42) fibrils at different pH conditions. 

A) Aliphatic region of water-edited 1D 13C CP spectra at pH 2.6 and pH 7 measured with 1H-1H mixing 
times of 3 ms and 100 ms. Spectra recorded with short (3 ms) mixing time) were recorded with twice 
the number of scans as those with long mixing time (100 ms). B) pH-dependent water build-up curves 
for different pH values. A faster build up with increasing pH values can be observed due to faster 
chemical exchange at increased pH values. C) water-edited 2D 13C-13C PDSD spectra of Aβ(1-42) fibrils 
at pH 2.6 and pH 7 with an 1H-1H mixing time of 3 ms and 100 ms. In spectra recorded with 3 ms mixing 
time, the number of scans was three times higher than for those recorded with long mixing time (100 
ms). D) 1D 13C cross sections taken from the A42 Cα chemical shifts at 49.3 ppm (pH 2.6) and 53.6 
ppm (pH 7). A42 CO signals show low relative water-transferred intensities of less than 0.05. For the 
complete cross section of A42 and the cross section of the hydrophobic Ile side chains, see Figure S12. 
Spacing of contour levels in 2D spectra is 1.2. 
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Figure 4: Interactions essential for fibril stability at acidic and neutral pH. 
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A) Mean backbone RMSD (n = 10) for the full-length fibril and the fibril core, in which the four terminal 
Aβ peptides were not considered during RMS fitting. B) Fibril cryo-EM structure8 with amino acids 
crucial for inter-subunit stability depicted as spheres. C) Average occurrence frequency of hydrogen 
bond interactions (from left to right n = 17, n = 15, and n = 18) between amino acids shown in (B). The 
lower panel shows a schematic of the interactions, with black lines depicting the strength of interactions 
(scaled according to average occurrence). D) Fibril cryo-EM structure8 with amino acids crucial for the 
stability of the N-terminal region depicted as spheres. E) Average occurrence frequency of hydrogen 
bond interactions (n = 20) between residues shown in (D). The lower panel shows a schematic of the 
interactions, with black lines depicting the strength of interactions (scaled according to average 
occurrence). In a, c, and e, the error bars denote the standard error of the mean (SEM), (* p < 0.05; ** p 
< 0.01; n.s. not significantly different). 
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Figure 5: Model of interactions essential for fibril stability at acidic and neutral pH. 

Schematic of the Aβ(1-42) fibril investigated in the present study (pH conditions shown above). Amino 
acids identified to be essential for structural stability are depicted by circles and one-letter amino acid 
codes. Interactions between amino acids are shown as black bars. The Aβ(1-42) backbone is traced by 
a line. 

 

 

 

 


