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A B S T R A C T   

Acceleration of societal ageing has increased the global incidence of geriatric diseases such as Alzheimer’s disease (AD), and the demands for proper diagnosis and 
monitoring of those diseases are also increasing daily. We utilized diffracted X-ray blinking (DXB) for amyloid β (Aβ) isoforms, which are thought to be closely related 
to AD, to discriminate among the dynamics of individual particles in early and long-term oligomerisation and aggregation inhibiting environments. Among the 
various Aβ isoforms, the dynamics of Aβ (1–42), which is known to be the most toxic form, were the slowest (the dynamics were lower by 78% com-pared with short- 
term incubation), and the dynamics were restored (the dynamics increased by 105% compared with normal aggregation) in an environment that suppressed oli-
gomerisation of Aβ (1–42). It has been confirmed that the use of DXB allows measurements of dynamics related to the functional states of the target molecules.   

1. Introduction 

Amyloid β (Aβ) isoforms are derived from amyloid β precursor pro-
tein via secretase cleavage, and they mainly play individual roles in 
various target cells; Aβ (1–42) and Aβ (1–40) isoforms composed of 42 
and 40 amino acids are concerned with improving astrocytes and pro-
moting neurogenesis, respectively [1]. However, aggregates of Aβ 
(1–42) and Aβ (1- 40) have high cytotoxicity and are detected in patients 
with Alzheimer’s disease(AD) [2,3]. 

Thus far, the method for dealing with AD has been focused on Aβ 
aggregation rather than on quantitative diagnosis and impediment of AD 
progression [4]. The traditional questionnaire, imaging/measuring 
(counting) the Aβ isoforms molecules are widely used, however, are not 
suitable for early diagnosis, quantitative monitoring, or in vitro tests. 
Therefore, the current biochemical methods used to diagnose AD are 
concentrated on selectively detecting Aβ oligomers in peripheral blood 
with sensitive antibodies [5]. Nevertheless, detection of novel oligomers 
requires high sensitivity to target pathogenic Aβ, including multiple Aβ 
isoforms, various oligomers or fibrils, which cannot be detected. Here, 
we present another strategy in which a biophysical method using X-rays 
is used, not selective antibodies and evaluations of dispersion for distinct 

dynamics for oligomerisation of Aβ. The relationship between protein 
dynamics and their functional state has been consistently studied. For 
several proteins, including antigen-antibody reactions, a quantitative 
relationship between dynamics and ‘functional state’ has been reported 
[6,7]. We applied a new time-resolved measurement method, diffracted 
X-ray blinking (DXB), which monitors more area than other biophysical 
methods and evaluates the dynamics of Aβ (1–42) and Aβ (1–40) with 
cytoxicity, and Aβ (1–38) with less cytotoxicity [2,3]. The cytotoxicities 
of Aβ isoforms rely on the degree of aggregation are related to molecular 
stiffness; therefore, DXB can measure and evaluate molecular motions or 
dynamics related to the molecular stiffness of the target Aβ with below-Å 
resolution. We have shown that the dynamics of Aβ (1–42), Aβ (1–40), 
and Aβ (1–38) isoforms were slower after 96 h of incubation than those 
after 18 h of incubation, and the dynamics related to oligomerisation 
depended on incubation time [8]. By assessing the distribution of indi-
vidual dynamics, it was revealed that these descending dynamics orig-
inated from diminishing faster dynamics. In the case of Aβ (1–42), which 
has the most cytotoxicity and greatest molecular stiffness, the decrease 
in dynamics was larger than those of other isoforms. We also used DXB 
to measure inhibited aggregation derived from the C-terminal domain, 
where the Aβ (1–42) isoform is mostly affected, and the dynamics of Aβ 
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(1–42) were meaningfully recovered more than those of other isoforms 
[8,9]. 

2. Materials and methods 

2.1. Oligomerisation and immobilization of Aβ on substrate 

We considered Aβ (1–42), Aβ (1–40), and Aβ (1–38) isoforms with 
few sequence differences in initial reconstitution, as shown in Fig. 1 a, 
and the only difference among them is the C-terminal domain [10,11]. 
The DXB measured immobilized and labeled Aβ isoforms on substrate 
through Lys or Met (shown in Fig. 1 b). DXB measurements are often 
performed on polyimide films (t = 0.007 mm) with gold deposition [7]. 
In this study, we titrated Aβ isoforms on gold substrate coated with 
succinimidyl 3-(2-pyridyldithio)propionate (SPDP). SPDP family is 
widely used for a cross linker between the gold surface and the primary 
amine [7]. After the titration, immobilization and oligomerisation were 
proceeded in an incubator (37◦C) for 18 h to measure early oligomer 
dynamics. More detailed information of samples is shown in S.I. 1, S.I. 2, 
and S.I. 3. 

2.2. Immobilization of stabilized Aβ to substrate 

Many studies revealed that Aβ isoforms with high sequence homol-
ogy are oligomerized by distinct processes. Oligomerisations of the Aβ 
isoform entered a lull state over 2 days of incubation [8]; therefore, we 
incubated Aβ isoforms for 4 days in free buffer solution, NOT on a 
substrate, until they reached a metastable state (shown in S.I. 3 d). It was 
possible to compare the distinct dynamics of individual Aβ isoforms by 
early oligomerisation (18 h incubation) and at a stable state (96 h in-
cubation). Stabilized Aβ samples were titrated on a gold substrate coated 
with SPDP and labeled with gold nanocrystals, while Aβ isoforms for 
early oligomerisation were manufactured on substrates from scratch 
(see Section 2. 1). 

2.3. Inhibition of the C-terminal domain 

We adapted a polyimide film with Pd/Cr vapour deposition to pre-
vent the C-terminal domain from inducing distinct oligomerisation of Aβ 
(1–42) and Aβ (1–40). We titrated Aβ isoforms on a bare Pd surface and 
incubated them for 18 h. It was designed that reductive environment 
and steric hindrance of the C-terminal domain was granted by binding of 
Met 35 close to the C-terminal domain and Pd (shown in S.I. 3 e) [12]. 

2.4. Gold labelling 

The SPDP cross linker was also used for tethering well-dispersed gold 
nanocrystals to immobilized Aβ (shown in S.I. 3) [7]. It was presumed 
that the initial Aβ/substrate binding occurred at Lys 28 with high flex-
ibility, and the subsequent Aβ/gold nanocrystal binding site mainly 
adapted Lys 16 (shown in Fig. 1 a). After incubation of Aβ on the gold 
substrate, as described above, the gold nanocrystals coated with SPDP 
were titrated on the substrate. To eliminate the remaining free Aβ or 
gold nanocrystals, we gently washed the substrate after Aβ/gold nano-
crystal binding (ca. 2 h). 

2.5. DXB measurements 

A schematic drawing of the sample holder and DXB instrument used 
in this study is shown in Fig. 1 b. Au (111) diffraction by gold labels was 
synchronized with the individual Aβ molecule dynamics of the indi-
vidual target. DXB measurements with various X-ray sources (X-ray tube 
and synchrotron radiation) allowed discrimination between individual 
molecular dynamics with high accuracy (<0.01 Å), high speed (25 μs 
~0.1 s) and fewer genetic or chemical changes. In this study, the 
wavelength of incident X-rays was 1.54 Å (Cu Kα, MicroMax-007 HF, 
RIGAKU), and the scan area was larger (φ70 μm) and brighter (40 kV, 
30 mA) than those of other biophysical methods, such as confocal mi-
croscopy. Accuracy of the dynamic measurements was sufficient at 
approximately 0.02 Å for X-ray single molecule dynamics measurements 
[13]. The diffracted photons were counted by a PILATUS 200 K array 
(DECTRIS), which was installed 30 mm from the sample holder. 

Fig. 1. Sample and DXB measurement. (a) Schematic diagram of Aβ (1–42), Aβ (1–40) and Aβ (1–38). Aβ (1–42) and Aβ (1–40) differ only in C-terminal domain, but 
the rest of the amino acid sequence is the same. On the other hand, although the structure of Aβ (1–38) was not revealed, it showed similar fibrillogenic behavior to 
Aβ (1–40), and the arrangement was also closer than Aβ (1–42), so it was referred to Aβ (1–40). (b) Schematic drawing of DXB measurement in this study. Unlike 
conventional DXB measurement, the direct beam was simultaneously monitored to compensate bias through Al (t: 5 mm) window. (c) ACF analysis in DXB mea-
surement. ACF analysis was performed in pixel by pixel on Au (111). 
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2.6. Calculating and analysing the ACF curve 

We monitored the direct beam using an Al window (t = 5 mm) 
embedded in the stopper while DXB studies were performed (shown in 
Fig. 1 a and b). The intensity of the direct beam was applied for 
compensation of Au (111) intensity (shown in Fig. 1 c and S.I. 4). An ACF 
of the Au (111) intensity for each sample, caused by the DXB mea-
surement, was calculated and applied. The ACF of each sample was 
calculated over 100 s time intervals (exposure time: 0.05 s, ACF time: 
2000 frames) and fitted by a single pixel in Au (111) using the formula 
below:  

ACF = <I(t) ⋅ I(t + T)> / <I(t)2> = y0 + A ⋅ e− τ⋅t                                   

where the brackets is time-averaged values, I(t) is the number of photons, T is 
the elapsed time, τ is the decay constant, and y 0 and A are fitting parameters. 

The intrinsic decay constant (sec− 1), which is the reverse of the lag 
time (τ− 1, sec1, called the ‘time constant’) for each fitting curve was 
regarded as a ‘scale of diffusion’. Considering that the first-order expo-
nential function reached 63.2% of the original intensity at the time 
constant, the fitting curve provided the calculated mobility (Å/s) of each 
Aβ isoform [6,7,14]. Consequently, a larger decay constant indicated 
faster dynamics for softer or monomer-like Aβ than the smaller decay 
constant associated with stiff or oligomerized Aβ. The decay constants 
obtained through DXB measurements and analyses can be also con-
verted into rotational diffusion constants (diffusivity) through the 
following equation:  

D = DC ⋅ Φ2 / 4                                                                                    

where D is the rotational Diffusion constant, DC is the ACF decay constant, Φ 
represents movements in the time constant [14] . 

However, since the above Φ includes movement of the diffraction 

spots in all directions, it was not analysed separately for a specific tilting 
or rotational motion (S.I. 5). Moreover, using a pixel-by-pixel approach 
(sorted by standard error < 20%, y0> 0, A> 0, and τ > 0), we con-
structed box plots indicating the median (50%), first (25%), and third 
(75%) quartiles and the medians for decay constants of individual target 
Aβ isoforms to estimate dispersion and the fluctuations buried in the 
ACF of the averaged Au (111) intensity with several noisy or unfitted 
pixels (shown in Fig. 1 c). We performed Shapiro-Wilk normality test, 
and the Wilcoxon rank sum tests were performed using the R package 
[15]. 

3. Results and discussion 

3.1. Shrinked dynamics of stabilized Aβ isoforms in long-term incubation 

The diffraction movie for each sample was composed of continuous 
images from DXB and is usually analysed with ACF curves and regres-
sion techniques [6,7,14]. The averaged ACF calculation for DXB on each 
frame was performed by averaging the intensities of filtered pixels 
(sorted by ACF calculation and regression analysis for each single pixel 
(see Section 2. 4) of Au (111) to elucidate the dynamic differences in 
unified and simplified individual Aβ isoform oligomers (shown in Fig. 2 
a). The averaged ACF decay constants(τ − 1) of all isoforms in stabilized 
condition were decreased than early oligomerisation(All averaged ACF 
decay constants are shown in S.I. 6 a). Furthermore, we analysed his-
tograms for the decay constants consisting of sorted pixels that were 
more reliable than the averaged ACF and omitted dispersion or diffusion 
modes (Fig. 2 b). It was determined that the decrease in the faster dy-
namics and the increase in the slower dynamics constituted a metastable 
state. The locations of peaks were presumed to be fitted with a single 
Gaussian. In early oligomerisation, the peak locations of decay constants 
(τ− 1) for Aβ (1–42), Aβ (1–40), and Aβ (1–38) were 1.48 × 10− 2/s, 1.66 

Fig. 2. Aβ isoforms’ dynamical changes between long-term (96 h) and short-term (18 h) incubation. (a) Averaged ACF curves of long-term (left) and short-term 
(right) incubation. (b) Histograms and (c) box plots of decay constants calculated in pixel by pixel. The distributions were compared between long-term and 
short-term incubation in individual Aβ isoforms. The distributions of all samples were non-parabolic through Shapiro-Wilk normality test, therefore, Wilcoxon rank 
sum tests were performed: ***p-value < 0.001. 
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× 10− 2/s, and 1.57 × 10− 2/s, respectively (shown in S.I. 6 b). However, 
in stabilized Aβ isoforms, the peak locations of decay constants of Aβ 
(1–42), Aβ (1–40), and Aβ (1–38) were 9.05 × 10− 3/s, 1.09 × 10− 2/s, 
and 1.09 × 10− 2/s, respectively (shown in S.I. 6 b). It was also deter-
mined that the trend for dynamics decreased in the order Aβ (1–42), Aβ 
(1–40), and Aβ (1–38); this is also the decreasing order for toxicity, 
which is consistent with previous studies [2,8]. The diffusivity 
(mrad2/s) of each sample was also calculated using the decay constants 
(see Section 2. 6), the diffusivity of Aβ (1–42) with the highest cyto-
toxicity were shrinked by 78% (entire diffusivity are shown in S.I. 6 b). 
Considering the size of Aβ (1–42) oligomer estimated to be 100 nm 
through transmission electron microscope images (shown in S.I. 2 b), the 
calculated mobility (Å/s) in early oligomerisation and stabilized state 
were 0.63 Å/s and 0.49 Å/s, respectively. The double gaussian fittings 
were tried, it was also reproduced the trend that the dynamics of Aβ 
(1–42) mostly shrinked (shown in S.I. 6 c). Furthermore, we constructed 
box plots for sorted pixels of individual Aβ isoforms to investigate pre-
vious analyses (shown in Fig. 2 c). Box plots of individual samples were 
reproduced as histograms and showed that the dynamics of stabilized Aβ 
isoforms were diminished, and the dynamics of Aβ (1–42) was dimin-
ished remarkably (each median of the decay constant is shown in S.I. 6 
d). It was also confirmed that the dispersion of dynamics in Aβ (1–42) 
was decreased mostly, because the width (between 75% and 25%) of box 
plot was mostly shortened than other isoforms. The distributions of all 
samples were non-parabolic through Shapiro-Wilk normality test, 
therefore, Wilcoxon rank sum tests were performed using the R package 
[15]. All comparisons in short and long-term incubation were statisti-
cally significant (shown in S.I. 6 e). 

3.2. Recovered dynamics of Aβ (1–42) in inhibited C-terminal domain 

We performed DXB measurements on the Pd substrate to investigate 
C-terminal domain induction of different aggregation processes and 
compared that with data for the Aβ isoforms on the gold substrate coated 
with SPDP (shown in Fig. 3 a). The averaged ACF decay constants (τ− 1) 
of Aβ (1–42) was recovered than that others (shown in Fig. 3 b). The 
dynamics of Aβ (1–42) on the Pd substrate for C-terminal inhibitory 
were faster than that on the gold substrate coated with SPDP (all aver-
aged ACF decay constants are shown in S.I. 7 a). We also analysed the 
decay constant histograms consisting of sorted pixels and presumed 
peak locations to determine dispersion or diffusion mode (Fig. 3 c). The 
peak locations also calculated from single Gaussian fitting were also 
increased in Aβ (1–42), while others decreased (each location of a decay 
constant is shown in S.I. 7 b). The diffusivity (mrad2/s) of each sample 
was also calculated using the decay constants (see Section 2. 6), the 
diffusivity of Aβ (1–42) with the highest cytotoxicity were increased by 
105% (entire diffusivity are shown in S.I. 7 b). The calculated mobility 
(Å/s) was 0.56 Å/s on Pd substrate (the size of Aβ (1–42) estimated to be 
100 nm). Moreover, it was reconfirmed the same trend that the dy-
namics of Aβ (1–42) on Pd surface recovered than others by the double 
Gaussian fittings (shown in S.I. 7 c). We also constructed box plots of 
sorted pixels for individual Aβ isoforms (shown in Fig. 3 d), and the 
effect of inhibition was verified. The rank for dynamics was reversed in 
Pd binding versus SPDP binding, and the hardest Aβ (1–42) became 
softer than the others. Furthermore, it was also shown that the dynamic 
dispersion of Aβ (1–42) on reductive substrate were recovered remark-
ably (each median and quartile of the decay constant is shown in S.I. 7 
d). Accordingly, it was elucidated that Aβ (1–42) aggregation process 
aggressively harnessed the oxidative Met 35 and C-terminal domain, 
including Ile 41 and Ala 42 [9]. The distributions of all Pd binding 

Fig. 3. The dynamics of Aβ isoforms on Pd substrate (incubation time: 18 h) inhibiting oligomerisation through C-terminal domain. (a) Schematic drawing of 
immobilized Aβ isoforms through Met 35/Pd binding (left). Met 35/Pd binding increase steric hindrance, and ensure the reductive environment which inhibit 
oligomerisation through C-terminal domain, whereas Au substrate coated with SPDP proceed oligomerisation (right). (b) Averaged ACF curves of Aβ isoforms on Pd 
substrate. (c) Histograms and (d) box plots of decay constants calculated in pixel by pixel. The distribution was compared between Pd binding and SPDP binding. The 
distributions of all samples were non-parabolic through Shapiro-Wilk normality test, therefore, Wilcoxon rank sum tests were performed: *p-value<0.05, **p-val-
ue<0.01; if not stated: not significant (n.s.). 
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samples were also non-parabolic through Shapiro-Wilk normality test, 
therefore, Wilcoxon rank sum tests were performed using the R package 
as well [15]. Notably, there was no statistical significance in comparing 
Aβ (1–38) with other Aβ (1–42) and Aβ (1–40); thus, it was implied that 
the oligomerisation of Aβ (1–38) had less relation with C-terminal 
domain compared with that of the other isoform (shown in S.I. 7 e). It 
was also reproduced through DXB measurement that the aggregation of 
Aβ (1–42) was most affected by C-terminal domain in the presence of 
oxidative Met 35 and relatively less in the case of Aβ (1–38) [9]. 

3.3. Analysis in cumulative time interval 

In this study, ACF calculations are mainly performed at 100 s in-
tervals (Δ100s) as described above. Furthermore, time-integration 
analysis was performed to reveal the recovering dynamics related to 
inhibition of Met 35/Pd binding and oligomerisation. In the time- 
integration analysis, ACF calculations were performed every Δ100 s 
from the 3 s time interval (Δ3 s, 0.05 s exposure time × 60 frame) by 
increasing the time interval by 0.5 s; accordingly, 195 ACF analyses 
were finally calculated in individual samples (shown in S.I. 8). In 
particular, we explored which type of motion was changed in Aβ(1–42), 
in which inhibition of the C-terminal domain worked effectively and the 
rank of dynamics were reversed. For Pd binding and SPDP binding of Aβ 
(1–42), histograms for decay constants from Δ60 s to Δ100 s were 
drawn, and regression analysis was performed using a double Gaussian. 
It was found that the proportion of faster dynamics (smaller location) 
was increased by Pd binding and decreased by SPDP binding by 
comparing the areas of the individual peaks obtained from regression 
analyses (shown in Fig. 4 a and S.I. 9). Moreover, the difference between 
the histograms for Pd binding and SPDP binding were calculated, and it 

was elucidated that faster dynamics remained for Pd binding and slower 
dynamics remained for SPDP binding (shown in Fig. 4 b). This was 
observed in the vicinity of the time interval to be observed (Δ60 s ~ 
Δ100 s), and it extended to the beginning in the late period. As shown in 
S.I. 10, to determine the cause of the reversed dynamics ranking, an 
analysis was conducted in the extended time interval, from the early 

(Δ3 s) to the final ACF time (Δ100 s). However, the initial time in-
terval in which the diffraction spots appeared (when diffraction 
appeared, the intensity was multiplied from ‘0 counts’ to a specific 
value, which is infinity.) would be better omitted, and it was confirmed 
that dispersion of the early dynamics was decreased compared with that 
for latter dynamics. By creating a two-dimensional decay constant heat- 
map for Δ3 s ~ Δ100 s, it was determined that the dynamics and 
dispersion of Pd binding were faster than those of SPDP binding (shown 
in Fig. 4 c and S.I. 11). Furthermore, theoretically, the integral of the 
rotational diffusion constant for each accumulation time can be repre-
sented as a quasi-Mean Square Displacement (quasi-MSD) as shown in 
below:  

MSD =
∫

D dt                                                                                      

where D is the rotational Diffusion constant [16]. 
Although, this quasi-MSD is a limited quantitative comparison, it was 

reproduced that 
Aβ (1–42) with Pd binding was significantly more active than Aβ 

(1–42) with SPDP binding at all cumulative times (shown in Fig. 4 d and 
S.I. 11). Therefore, identify and analyse the dynamic behaviours of 
molecules, it is more appropriate to review not only a specific time in-
terval but also from a short cumulative time interval. 

Fig. 4. Analysis of inhibited Aβ (1–42) in cumulative time interval. (a) Time accumulation histograms (cumulative interval: 60 s–100 s, capture interval: 0.5 s) of Pd 
binding and SPDP binding, and (b) subtract of these histograms. (c) Two-dimensional decay constant heat-map of Pd binding (left) and SPDP binding (right). (d) 
Quasi-MSD of Pd binding (pink) and SPDP binding (gray) obtained from decay constants/accumulation time plots. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.) 
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3.4. Prospect of DXB in diagnosis 

Through this study, it was confirmed that the dynamics of Aβ (1–42) 
were most attenuated by quantitatively distinguishing the initial (18 h 
incubation) and metastable states (96 h incubation) of Aβ isoforms. In 
addition, by adapting Met 35/Pd binding, we dynamically discriminated 
the characteristic oligomerisation of Aβ (1–42) derived from the C-ter-
minal domain without genetic or biological processes. In particular, it 
was confirmed that the pathological states of Aβ isoforms were detected 
with distributions for various dynamics, not size comparisons or 
biochemical methods using antibodies. 
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