
Real-Time Monitoring of the Aggregation of Alzheimer’s 
Amyloid-β by 1H Magic Angle Spinning NMR Spectroscopy

Jian Wanga,b,†, Tomoya Yamamotoa,b,†, Jia Baia,b, Sarah J. Coxb, Kyle J. Korshavna,b, 
Martine Monnettec, and Ayyalusamy Ramamoorthya,b,*

aBiophysics Program, The University of Michigan, Ann Arbor, MI 48109-1055, USA

bDepartment of Chemistry, The University of Michigan, Ann Arbor, MI 48109-1055, USA

cBruker Canada Ltd, 2800 High Point Drive, Milton, Ontario, Canada L9T 5G5

Abstract

Proton magic-angle-spinning NMR used for real-time analysis of amyloid aggregation reveals that 

the mechanical rotation of Aβ1–40 monomers increases the rate of formation of aggregates, and 

that the increasing lag-time with peptide concentration suggests the formation of growth-

incompetent species. EGCG’s ability to shift off-pathway aggregation is also demonstrated.

Graphical Abstract

The accumulation of misfolded proteins is the hallmark of numerous aging-related amyloid 

diseases including Alzheimer’s disease (AD),1,2 type II diabetes,3 and Parkinson’s disease.4 

These disorders are called amyloidosis, which are major threats to quality of life in modern 

society and global economy.5,6 It is believed that the aggregation process starts from 

monomers, followed by the formation of oligomers and then ends with long fibrous end 

products.7 Biophysical methods such as thioflavin T (ThT) fluorescence, Circular Dichroism 

(CD), Dynamic Light Scattering (DLS), and Transmission Electron Microscopy (TEM) are 

typically used to study the aggregation process.5,8 While these measurements are highly 

valuable in providing the rate, secondary structure, and the size of aggregates in a time 
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course manner, they cannot reveal specific molecular-level interactions that drive the 

aggregation process, and the formation of oligomeric intermediates cannot be detected. Due 

to lack of appropriate detection tools, a detailed knowledge of the aggregation process at 

molecular-level is still missing, which is of crucial importance to understand the pathogenic 

mechanism of amyloid proteins and to develop potential therapeutic treatments for 

amyloidosis. As aggregation progressively develops, a variety of species can coexist with 

conversions between them.8 The heterogeneous and transient nature of these oligomeric 

species pose tremendous challenges to traditional high-resolution techniques. Commonly 

used biophysical techniques fall short in probing residue specific changes; and although 

solution NMR spectroscopy is suitable for tracking the aggregation in real time, and 

molecular level interactions,9,10 the aggregation doesn’t usually proceed efficiently for most 

unseeded samples under quiescent and small-concentration conditions.11–13 Although 

physical effects such as shear stress,14 pressure jump15 and centrifugation16 during the 

course of measurement enables real-time analysis with NMR, they are still difficult to apply 

to monitor a real-time aggregation process. In addition, solution NMR spectroscopy has 

limitations in detecting species that undergo slow motion such as semi-solids or solid 

aggregates. On the other hand, solid-state MAS NMR provided valuable insights into the 

formation of oligomers and fibers for amyloid proteins.

In this study, we report the use of 1H MAS NMR experiments to monitor the aggregation 

kinetics of amyloid-forming proteins. By measuring the reduction in peak intensities in the 
1H NMR spectrum due to Aβ1–40 aggregation (Figure S1), the rate of change in the mobility 

for each functional group of the peptide in real time was estimated. To test if this method can 

be used to monitor amyloid aggregation in presence of inhibitors, experiments were 

performed by monitoring the effect of EGCG (Figure S2), and found that the binding of 

EGCG to Aβ1–40 resulted in the formation of unstructured oligomers by inhibiting the 

formation of fibers which is in accordance to previous studies.17–19

1H NMR spectra of Aβ1–40 in pH 7.4 phosphate buffer were collected in a time-course 

manner under 5 kHz MAS (Figure S3). Peak intensities for different chemical groups of the 

peptide as a function of aggregation time were measured (Figure S4); two representative 

plots are shown in Figure 1. The total signal intensity of Aβ1–40 was found to decrease over 

time, and the rates of intensity decays were found to be similar for both aromatic and 

aliphatic protons under the experimental conditions employed as shown in Figure 1. The 

observed decrease in the signal intensity is attributed to peptide aggregation under the 

mechanical rotation of the sample. Dipolar interactions among protons associated with large 

non-monomeric species must increase sufficiently to be the major cause for the fast spin-

spin relaxation as reflected in the line broadening, and thus contributing to the loss of signal 

intensities. The total weights of the MAS rotor (with the sample) measured before and after 

NMR experiments were found to be identical suggesting that the loss of signal intensities 

cannot be due to water evaporation or leakage of Aβ40 solution. At the same time, no 

changes were observed from 1D 1H NMR spectra (Figure S5) and 2D 1H/15N SOFAST-

HMQC or 2D 1H/15N HSQC spectra of the Aβ40 peptide solution suggesting that the 

peptide does not aggregate at least for 24 hours under room temperature for a peptide 

concentration at least up to 50 μM under quiescent conditions, which has reported in 

previous studies.12,13 Therefore, our experimental results shown in Figure 1 indicate that 
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Aβ1–40 aggregation is accelerated with the mechanical rotation of the sample under MAS 

condition. Since the MAS rotor was fully occupied by the Aβ1–40 solution sample without 

any air-water interface and the entire sample was spun at the magic angle, it is less likely 

that the rate of collision among monomers in the MAS rotor is different from that in a static 

sample. But, the fact that aggregation of monomers was observed only under spinning 

suggests that the initial sample (i.e., at time zero) might have contained a small amount of 

non-monomeric species. Even though the sample preparation was strictly and reproducibly 

followed to produce monomers and proven to be successful (based on ThT experiments, 

TEM images and solution NMR experiments), our results suggest that the presence of even a 

very small amount of non-monomeric aggregates can influence the rate of collision among 

monomers under spinning.20–22

Next, we investigated the aggregation of Aβ1–40 in presence of EGCG (1:1 Aβ1–40 to EGCG 

molar ratio) using 1H MAS experiment as explained above. 1D 1H NMR spectra acquired at 

several different time points are shown in Figures 2 and S6. The KD value for the binding 

between Aβ1–40 monomer and EGCG has been reported as 47 μM23 and the analysis of 

chemical shift perturbation indicates that most of EGCG binds to Aβ1–40 under the condition 

used in this study.24 Similar to the observation for Aβ1–40 without EGCG presented above, 

signal intensities of Aβ1–40 decreased with time, however, in the presence of EGCG the 

signal from aromatic protons decreased faster than that from aliphatic protons of the peptide 

(Figure 2B). In addition, the signals from EGCG decreased in intensity rapidly with time 

(Figure 2C), which suggests the interaction between Aβ1–40 and EGCG is stronger than the 

interactions driving the self-aggregation of Aβ1–40. This observation is in agreement with a 

previous study that showed EGCG’s ability to push Aβ1–40 to form off-pathway oligomers.
17 At the same time, it is interesting to note that the aromatic protons of Aβ1–40 showed a 

higher rate of decrease in signal intensity in the presence of EGCG than in its absence 

suggesting that the interactions between Aβ1–40 and EGCG are predominantly π-π 
interactions. This observation is in agreement with a previously reported study on the role of 

π-π interaction on the amyloid aggregation of amyloid-beta.25

Another noteworthy observation is the appearance of new peaks (marked as O1 and O2 in 

Figure 2A), which were not observed for 50 μM Aβ1–40 without EGCG. These peaks 

exhibited a significant increase in intensity with time (Figure 2D). It is likely that these new 

peaks originate from Aβ1–40 due to the binding with EGCG or could be due to the formation 

of oligomeric species. To clarify the origin of these peaks, we examined various 

concentrations of Aβ1–40 samples in the absence of EGCG. To our surprise, these peaks 

appeared for Aβ1–40 only at lower concentrations (5 μM Aβ1–40 shown in Figure S7). 

Therefore, the appearance of the new rising peaks (labeled as O in Figure 2A) may not be 

due to the binding between Aβ1–40 and EGCG.

TEM images were obtained to check the morphologies of different Aβ1–40 samples after 

NMR measurements. As shown in Figure 4, Aβ1–40 samples in the absence and presence of 

EGCG display distinct morphologies. Oligomers and small fibers were observed for 50 μM 

Aβ1–40 in the absence of EGCG (Figure 3A), whereas amorphous structures were observed 

in the presence of EGCG (Figure 3B), suggesting that EGCG effectively inhibits Aβ1–40 

fibril formation in agreement with previous studies.26 Similar amorphous structures were 
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also observed for 5 μM Aβ1–40 although no EGCG was present in the sample (Figure 3C). 

Since all new rising peaks (labeled as O in Figure 2) were detected only for amorphous 

Aβ1–40 samples, we can assign these peaks to unstructured oligomers which are precursors 

of amorphous aggregates observed in the TEM images.

In order to understand the effect of peptide concentration on two different types of aggregate 

formation, experiments were performed to monitor the aggregation kinetics at various 

concentrations of Aβ1–40 (Figure 4A). The dephasing rate was analyzed based on 

exponential fitting equation (y=(1−A)*exp(−b*x)+A). In this equation, parameters A and b 

are the asymptotic value which stands for the proportion that remains as monomer after 

saturation, and the rate of decay which stands for the rate of aggregation, respectively. The 

parameters under each condition is shown in Figure 4B. The observed concentration 

dependence under MAS is contrary to the conventional understanding of amyloid 

aggregation; the decreasing rate of signal intensity is higher for a lower concentration of the 

peptide, where the formation of amorphous aggregates is preferred; this is similar to the 

previously reported disordered oligomers of Aβ1–40.27 This observation could be due to the 

formation of growth incompetent off pathway aggregates as reported for other amyloid 

systems.28–30

In conclusion, we have shown that 1H MAS NMR can be used to monitor the real-time 

aggregation process of an amyloid protein. In this approach, the experimentally measured 

rates of signal intensity decays caused by the un-averaged dipolar couplings among protons 

provided a measurement of the rate of peptide aggregation under different conditions. Some 

residue-specific kinetic information was obtained through the aggregation time courses, and 

the role of strong π-π interaction between EGCG and Aβ1–40 in shifting Aβ1–40 aggregation 

off-pathway is also reported. Therefore, this simple NMR approach could be used to 

distinguish the specific molecular interactions contributing to the aggregation process. In 

addition, we believe that the small amount of peptide required and the fast data collection 

would enable high-resolution structural studies on amyloid proteins, especially the short-

lived oligomeric intermediates that exhibit the maximum cellular toxicity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Real-time monitoring of Aβ1–40 monomer depletion under MAS. Experimentally measured 
1H NMR signal intensities for selected aliphatic and aromatic resonances of freshly prepared 

50 μM Aβ40 as a function of time under 5 kHz MAS and 298 K. Additional experimental 

results showing the decay of monomer peaks are shown in Figure S4. Time=0 was the 

starting time of NMR data acquisition, which is <10 minutes from the fresh sample 

preparation.
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Figure 2. Aβ1–40 monomer depletion promoted by EGCG
(A) 1D 1H NMR spectra of 50 μM Aβ1–40 in presence of 50 μM EGCG obtained at the 

indicated times under 5 kHz MAS and 298 K. (B, C, D) Change in 1H signal intensities for 

selected aliphatic and aromatic resonances of Aβ1–40 (B), EGCG (C), and the newly 

appeared peaks (indicated as O1 and O2) (D). Additional experimental results on the 

changes in peak intensities are shown in Figures S6 and S7.
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Figure 3. 
TEM images of Aβ1–40 aggregates. TEM images of 50 μM Aβ1–40 after spinning for 68 

hours in the absence (A) and presence of 50 μM EGCG (1:1 Aβ1–40:EGCG molar ratio) 

after spinning for 42 hours (B). TEM images of 5 μM Aβ1–40 after spinning for 80 hours (C) 

and 150 μM Aβ1–40 under static condition after 48 hours (D).

Wang et al. Page 8

Chem Commun (Camb). Author manuscript; available in PMC 2019 February 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Concentration dependent monomer decay for Aβ40. (A) Aggregation kinetics of Aβ1–40 

measured from 1H NMR signal intensity of methyl resonance (0.78 ppm) under 5 kHz MAS 

for various peptide concentrations. The monomer decay curve was fitted using the equation, 

y=(1−A)*exp(−b*x)+A. The parameters used for the monomer decay curves are given in 

(B). Additional experimental results on the changes in the peak intensities are shown in 

Figures S8 and S9 and Table S1.
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