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Abstract: Amyloid fibril formation is associated with numerous neurodegenerative diseases. To 
elucidate the mechanism of fibril formation, the thioflavin T (ThT) fluorescence assay is widely used. 
ThT is a fluorescent dye that selectively binds to amyloid fibrils and exhibits fluorescence 
enhancement, which enables quantitative analysis of the fibril formation process. However, the 
detailed binding mechanism has remained unclear. Here we acquire real-time profiles of fibril 
formation of superoxide dismutase 1 (SOD1) using high-sensitivity Rheo-NMR spectroscopy and 
detect weak and strong interactions between ThT and SOD1 fibrils in a time-dependent manner. 
Real-time information on the interaction between ThT and fibrils will contribute to the 
understanding of the binding mechanism of ThT to fibrils. In addition, our method provides an 
alternative way to analyze fibril formation. 

Keywords: amyloid fibrils; thioflavin T; molecular interactions; Rheo-NMR; real-time observation; 
SOD1 

 

1. Introduction 

Amyloid fibril formation inside cells is associated with various neurodegenerative diseases such 
as Alzheimer’s disease (AD), Parkinson’s disease (PD), and amyotrophic lateral sclerosis (ALS) [1]. 
The thioflavin T (ThT) fluorescence assay is one of the most typical methods used to analyze amyloid 
fibril formation [2,3]. ThT is a benzothiazole dye that exhibits fluorescence enhancement upon 
selective binding to amyloid fibrils [4]. The specific interactions between ThT and amyloid fibrils can 
be detected not only by fluorescence spectroscopy, but also by nuclear magnetic resonance (NMR) 
spectroscopy. A previous NMR study revealed characteristic 1H NMR signal changes of ThT upon 
association with fibrils and protofibrils [5], implying that ThT has multiple interaction modes during 
fibril formation. 

Although a real-time NMR analysis of these interaction modes would certainly contribute to the 
elucidation of the detailed mechanism of amyloid formation, no in situ NMR study on amyloid 
formation has been reported so far. In particular, in the cases of natively folded amyloid-prone 
proteins such as polyubiquitin, β-lactoglobulin, and superoxide dismutase 1, additional mechanical 
forces and/or heat are required to initiate fibril formation [6–9]. However, no NMR method that can 
supply this kind of physical stimulation had been established. Recently, we established high-
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sensitivity Rheo-NMR spectroscopy [10], which is a novel NMR methodology to analyze protein 
samples under shear flow in situ. Since shear flow accelerates the fibril formation of amyloidogenic 
proteins [6,7], the Rheo-NMR methodology enables us to observe the fibril formation of 
amyloidogenic proteins in situ at the atomic level. Here, we applied Rheo-NMR to detect the 
interaction between ThT and amyloid fibrils in real time. We used a loop-truncated human 
superoxide dismutase 1 mutant (hSOD1ΔIV,ΔVII,H46W, hereafter: SOD1) as the amyloidogenic protein 
[11,12]. 

2. Results 

2.1. Amyloid Fibril Formation of Superoxide Dismutase 1 (SOD1) in the Rheo-NMR Instrument 

To investigate the interaction between ThT and the amyloid fibrils of SOD1, we first checked 
whether SOD1 forms amyloid fibrils in a solution containing ThT by using the Rheo-NMR 
instrument. Indeed, SOD1 formed aggregates by spinning the NMR tube at a frequency of 30 Hz for 
48 h (Figure 1a, center). In stark contrast, we did not observe any aggregates under the static condition 
(Figure 1a, right), similar to an untreated solution (Figure 1a, left). In addition, the ThT fluorescence 
assay showed that the fluorescence intensity at 480 nm for the sheared sample was much higher than 
that of the static sample (Figure 1b). Transmission electron micrographs showed that the aggregates 
formed inside the Rheo-NMR instrument had typical amyloid fibril structures (Figure 1c). These 
results indicate that the application of shear flow resulted in the amyloid fibril formation of SOD1. 

 

Figure 1. Superoxide dismutase 1 (SOD1) formed amyloid fibrils in the Rheo-NMR instrument: (a) 
Nuclear magnetic resonance (NMR) tubes containing the samples before (left) and after the Rheo-
NMR measurements under sheared (center) and static conditions (right); (b) Thioflavin T (ThT) 
fluorescence spectra of sheared (red) and static (black) samples after the Rheo-NMR measurements 
for 48 h. a.u., arbitrary unit; (c) Transmission electron micrographs of SOD1 fibrils formed by shear 
flow. Scale bars, 500 nm (upper panel) and 200 nm (lower panel). 

2.2. Decrease in Peak Volume of Soluble SOD1 

To estimate amyloid formation during the Rheo-NMR measurements, we calculated the peak 
volume in the 1H chemical shift range of 0.55 to 1.20 ppm (Figures 2a,b). Almost all peaks in this 
region can be assigned to methyl groups of SOD1. Therefore, the total volume of these peaks reflects 
the concentration of soluble SOD1 species. The peak volume was found to be slightly increased due 
to the evaporation of water in the sample under the static condition (Figure 2c, black). On the other 
hand, the peak volume of SOD1 decreased under the sheared condition in a time-dependent manner 
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(Figure 2c, red). This showed that monomeric SOD1 was converted into NMR-invisible high 
molecular weight species such as protofibrils and amyloid fibrils due to the application of shear flow. 
Interestingly, the peak volume decrease began approximately 2.5 h after the application of shear. This 
implied that the period from 0 to 2.5 h corresponds to the lag time of amyloid fibril formation [13]. 
After the lag time, the peak volume decreased exponentially and finally reached a value of 
approximately 38% of the initial peak volume. This indicated that the peak volume decrease of 62% 
was due to shear-induced oligomerization and/or amyloid fibril formation of SOD1. Considering 
water evaporation in the sample, the larger decrease in peak volume may be estimated, but it was 
difficult to quantify the actual values because water evaporation may depend on individual 
experimental conditions. 

 
Figure 2. Decrease of soluble SOD1: Time-dependent spectral changes of methyl groups of soluble 
SOD1 under sheared (a) and static (b) conditions; (c) Real-time NMR profiles of the peak volume of 
the methyl groups under sheared (red) and static (black) conditions. The peak volume was calculated 
by the integration of the peaks in the 1H chemical shift range of 0.55 to 1.20 ppm and normalized by 
the initial peak volume. 

2.3. Detection of the Interaction between Thioflavin T (ThT) and SOD1 Fibrils 

SOD1 formed fibrils during the Rheo-NMR measurements and the fluorescence of ThT increased 
due to the specific interaction with the SOD1 fibrils. To examine the chemical shift changes of ThT 
caused by its association with the fibrils, we monitored the chemical shift of ThT in real time during 
the fibril formation process. A previous study on the interaction between ThT and islet amyloid 
polypeptide (IAPP) fibrils [5] showed that the peak of the dimethylamino (DMA) group of ThT is 
most sensitive to the interaction with fibrils. Importantly, three different interaction modes are 
identified: weak interaction with fibrils, strong interaction with protofibrils, and strong interaction 
with fibrils. The DMA peak exhibits a small downfield shift when ThT weakly binds to fibrils. In the 
cases of strong interactions with protofibrils and fibrils, new DMA peaks at 3.38 and 3.65 ppm, 
respectively, can be detected. Based on these properties, we monitored the DMA signal during the 
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fibril formation of SOD1, thereby obtaining real-time information on the interaction between ThT and 
the fibrils by Rheo-NMR measurements. 

2.3.1. Weak-Interaction-Induced Chemical Shift Changes of the Dimethylamino (DMA) Signal 

The chemical shift of the DMA group was 3.113 ppm, which was not affected by the presence of 
monomeric SOD1 (Figure S1). Although the chemical shift did not change for 48 h under the static 
condition (Figure 3b), it was shifted under the sheared condition (Figure 3a). The chemical shift did 
not change in the first 2.5 h of the experiment, which was similar to the peak volume change during 
fibril formation (Figure 2c). However, the chemical shift exhibited marked changes in the period from 
2.5 to 25 h. Finally, the chemical shift converged to a value of 3.119 ppm. This downfield shift of the 
DMA signal was similar to the previous report [5], indicating that a weak interaction of ThT with 
SOD1 fibrils caused the moderate downfield shift. In addition, line broadening of the DMA peak was 
observed during the process of fibril formation. This observation indicates that ThT bound to high 
molecular weight species, namely the amyloid fibrils. 

 

Figure 3. Detection of the weak interaction between ThT and the fibrils: Spectral changes in the range 
of 3.090 to 3.135 ppm under the sheared (a) and static (b) conditions. Spectra are displayed at intervals 
of 30 min; (c) Time-dependent chemical shift changes of the DMA peak under the sheared (red) and 
static (black) conditions. 

2.3.2. Detection of Strong Interactions between ThT and Fibrils 

We detected that the weak interactions between ThT and SOD1 fibrils, observed on the DMA 
signal, was in fast exchange on the NMR timescale. In addition, a new peak derived from the DMA 
group was found under the sheared condition (Figure 4a). The chemical shift of the new peak was 
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approximately 3.55 ppm, and its intensity increased in a fibril formation-dependent manner. The 
previous study showed that the DMA peak exhibited a pronounced downfield shift to 3.38 and 3.64 
ppm in protofibril-rich and oligomer-rich IAPP samples, respectively [5]. The former shift to 3.38 
ppm may arise from strong interaction with protofibrils, whereas the latter shift to 3.64 ppm might 
be caused when ThT is trapped in cavities on the fibril surface during the maturation of the fibrils [5]. 
By contrast, the chemical shift of the new peak observed in our experiment (3.55 ppm) did not 
correspond to the chemical shift of either case described above; therefore, it is difficult to assign the 
new peak to either protofibril- or oligomer-bound ThT DMA. These differences may result from the 
different measurement conditions, such as temperature and pH, and from the different types of 
amyloid proteins: SOD1 and IAPP. Interestingly, we observed that the intensity of the new peak 
increased over time (Figure 4a), indicating that the concentration of protofibrils or oligomers 
increased during fibril formation. In conclusion, we detected not only a weak interaction of ThT with 
mature amyloid fibrils, but also a strong interaction between ThT and premature amyloid species. 
We anticipate that these detailed observations will aid the understanding of the maturation process 
of amyloid fibrils. 

 

Figure 4. Appearance of a new peak in the process of fibril formation: Spectral changes during 
measurements under sheared (a) and static (b) conditions. Spectra are displayed at intervals of 30 min. 

3. Discussion 

3.1. Stoichiometry of ThT-Fibril Binding 

The peak corresponding to the DMA group exhibited chemical shift changes starting from 3.113 
ppm, converging to a final value of 3.119 ppm (Figure 3c). This observation suggested that all ThT 
molecules bound to SOD1 fibrils. The chemical shift converged approximately 25 h after the initial 
application of shear (Figure 3c). At that time, the time-dependent peak volume changes of SOD1 
showed that 44% of initial monomeric SOD1 contributed to fibril formation (Figure 2c). Although 
some of the ThT molecules contributed to the binding to protofibrils or oligomers, approximately 
37.5 nmol of ThT bound to the fibrils, which consisted of 132 nmol of SOD1. This analysis suggests 
that one ThT molecule could bind to approximately 3.5 molecules of SOD1 in the fibril form. 

3.2. Fluorescent-Dye-Based New Applications of Rheo-NMR 
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In this study, we used ThT as a fluorescent dye to detect fibril formation. We revealed the time 
evolution of the interaction between ThT and fibrils during amyloid formation. To date, other 
fluorescent dyes such as 1-anilinonaphthalene-8-sulfonic acid (ANS) [14,15], thiazin red [16], and 
Congo red [8,17] are widely used to analyze amyloid formation. In particular, ANS is a fluorescent 
probe that can detect prefibrillar species that are likely the most toxic species in amyloid pathology 
[14]. Therefore, the combined use of ANS and ThT—by monitoring both ANS and ThT signals by 
Rheo-NMR—will enable the detection of multiple fibrillation states in a quantitative manner in real 
time. 

Importantly, our established methodology does not require any isotope labeling of protein 
samples. In most cases of protein NMR studies, the use of 13C- and/or 15N-isotope labeling is required 
to measure the NMR spectra of proteins. However, stable isotope compounds such as 13C-labeled 
glucose and 15N-labeled ammonium chloride are not inexpensive. Although deuterated buffer was 
used in this study to suppress the intense signals from buffer, phosphate buffer provides an 
inexpensive alternative. Phosphate groups do not have any detectable protons in NMR spectra, and 
therefore do not interfere with the NMR signals of ThT. As a result, ThT-based Rheo-NMR 
measurements using phosphate buffer would further reduce the experimental cost. 

Furthermore, our Rheo-NMR methodology can be applied to high-molecular weight proteins. 
The high molecular weight of proteins causes severe line broadening and peak overlap, which makes 
it difficult to obtain structural information on the sample. In contrast, by using our Rheo-NMR 
methodology, kinetic information on the formation of amyloid species can be indirectly obtained 
from the signals of low molecular weight dyes. If the NMR signals of dyes overlap with protein 
signals, a T2 relaxation filter can be used to suppress the protein signals. This strategy enables the 
selective detection of dyes that have low molecular weight and a long T2 relaxation time. Moreover, 
our approach requires the acquisition of only one-dimensional NMR spectra, leading to short 
measurement times. This improves the time resolution of the fibril formation analysis, as compared 
with multi-dimensional NMR approaches. We anticipate that these methodological advantages will 
contribute to furthering the understanding of fibril formation of numerous amyloidogenic proteins. 

4. Materials and Methods 

4.1. Protein Expression and Purification 

A pET3a plasmid encoding the H46W mutant of the loop-truncated human SOD1ΔIV,ΔVII was 
transformed into Escherichia coli strain BL21(DE3). Cells were cultured in Luria-Bertani (LB) media 
and protein expression was induced by adding 0.5 mM isopropyl 1-thio-β-D-galactopyranoside 
(IPTG) to the media. Cells were disrupted by sonication and the supernatant was purified by 
ammonium sulfate precipitation and chromatography, as described previously [18]. The purity of the 
sample was checked by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 
(Figure S2). 

4.2. Rheo-NMR Measurements 

All Rheo-NMR measurements were performed at 298 K using a 600 MHz Bruker Avance 
spectrometer equipped with a 5-mm TXI triple resonance cryoprobe. Water-suppressed 1H NMR 
spectra were obtained by using the excitation sculpting pulse scheme [19]. The acquisition of one 
spectrum took 30 min. Continuous measurements were performed over a total time of 48 h. NMR 
samples were prepared at a concentration of 1.0 mM SOD1, 125 μM thioflavin T (Sigma-Aldrich, St. 
Louis, MO, USA), 100 μM sodium 2,2-dimethyl-2-silapentane-5-sulfonate (DSS, Tokyo Chemical 
Industry, Tokyo, Japan), 5% D2O, and 10 mM deuterated Bis-Tris HCl (Cambridge Isotope 
Laboratories, Cambridge, MA, USA) at pH 6.3. NMR measurements under the static condition were 
performed by not spinning the NMR tube. Rheo-NMR measurements under the sheared condition 
were performed by spinning the NMR tube at 30 Hz, corresponding to the shear rate of 434–811 s−1. 
The 1H chemical shift was calibrated using the methyl resonance of DSS. Data were processed and 
analyzed using TopSpin 3.5pl7 (Bruker BioSpin, Rheinstetten, Germany). 
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4.3. Thioflavin T Fluorescence Measurements 

Thioflavin T fluorescence was measured on a FP-8300 instrument (JASCO, Tokyo, Japan). 
Thioflavin T emission was measured in the range of 455 to 550 nm by excitation at 440 nm. To prepare 
the samples for fluorescence measurements, the samples after Rheo-NMR measurements were 
diluted 100 times with 10 mM deuterated Bis-Tris HCl pH 6.3. 

4.4. Transmission Electron Microscopy (TEM) 

The suspension containing SOD1 fibrils after Rheo-NMR measurements was diluted 10 times 
for the preparation of the sample for TEM measurements. The sample was placed on a collodion-
coated grid and stained with EM Stainer (Nisshin EM, Tokyo, Japan). Negatively stained TEM images 
were acquired on a JEM-1400 Plus instrument (JEOL, Tokyo, Japan). 

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/18/11/2271/s1. 
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Abbreviations 

AD Alzheimer’s disease 
ALS Amyotrophic lateral sclerosis 
ANS 1-Anilinonaphthalene-8-sulfonic acid 
DMA Dimethylamino 
DSS Dimethyl-2-silapentane-5-sulfonate 
IAPP Islet amyloid polypeptide 
IPTG Isopropyl 1-thio-β-D-galactopyranoside 
LB Luria-Bertani 
NMR Nuclear magnetic resonance 
PD Parkinson’s disease 
SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis 
SOD1 Superoxide dismutase 1 
TEM Transmission electron microscopy 
ThT Thioflavin T 
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