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Single-molecule intramolecular dynamics were successfully measured for three variants of SARS-CoV-2 spike
protein, alpha: B.1.1.7, delta: B.1.617, and omicron: B.1.1.529, with a time resolution of 100 ps using X-rays. The
results were then compared with respect to the magnitude and directions of motions for the three variants. The
largest 3-D intramolecular movement was observed for the omicron variant irrespective of ACE2 receptor

binding. A more detailed analysis of the intramolecular motions revealed that the distribution state of intra-
molecular motion for the three variants was completely different with and without ACE2 receptor binding. The
molecular dynamics for the trimeric spike protein of the omicron variant increased when ACE2 binding occurred.
At that time, the diffusion constant increased from 71.0 [mradz/ms] to 91.1 [mradz/ms].

1. Introduction

In late 2019, severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), which is an enveloped virus with spike proteins on the
viral surface, emerged in Wuhan, China, and lead to the worldwide
COVID-19 pandemic [1]. SARS-CoV-2 has developed various variants
[2-4], and despite the development of vaccines, the infection is still
spreading as of 2023. The SARS-CoV-2 spike protein binds with ACE2
before viral entry into cells [5,6], similar to the SARS-CoV spike protein
[7]. The structures of the spike variants has been reported, as well as the
binding of ACE2 to the receptor binding domain (RBD) from
SARS-CoV-2 [8-11]. In addition, the spike protein, which contains three
flexible hinges, moves frequently over a wide range [12]. The binding
mode of its central molecule, the spike protein molecule, to the ACE2
receptor and its binding stability have attracted much attention. By
measuring the intramolecular motions of these molecules, it is possible
to consider information such as the binding modes. Several
single-molecule measurement methods are available to measure the

intramolecular motion of proteins immobilized on a substrate, such as
single-molecule fluorescence resonance energy transfer (sm-FRET) [13,
14], atomic force microscopy (AFM) [15-17], classical molecular dy-
namics (MD) simulation [18,19] and Density Functional Tight Binding
(DFTB) [20,21].

Classical MD simulations enable calculations for large-scale systems,
but DFTB offers advantages in terms of accuracy and computational cost.
The sm-FRET timescale and the AFM timescale range from milliseconds
to seconds. Among these measurements, performing single-molecule
measurements using X-rays is the most accurate and fastest method
for measuring the internal motion of molecules. The results represent
real-time measurements that are closest to the timescale of MD simu-
lations and DFTB, ranging from picoseconds to microseconds. This
method, called Diffracted X-ray Tracking (DXT) [22-27], has been used
to detect the intramolecular motion of many membrane proteins [25,
26]. In particular, DXT can determine the directionality of rotational
motion and measure the angle of change in 10-100 ps per frame.
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2. Results & discussion

In this study, we performed 100 ps time-resolved DXT measurements
of three SARS-CoV-2 spike variants for two different molecular ar-
rangements, as shown in Fig. 1A The first molecular arrangement con-
sisted of a His-tagged SARS-CoV-2 spike trimer immobilized on a
polyimide substrate via Co?*, and gold nanocrystals attached to the
cysteine of the immobilized spike protein [28]. The next molecular
arrangement was obtained by first immobilizing the SARS-CoV-2 spike
trimer on a polyimide substrate and then allowing it to react with
angiotensin converting enzyme 2 (ACE2). Since ACE2 has an Fc-tag at its
C-terminus, it was labelled with protein A/G-coated gold nanocrystals;
ACE2 binds to the receptor binding domain (RBD) of the spike protein.

Diffracted X-ray Tracking (DXT) is an X-ray-based single-molecule
technique, as shown in Fig. 1B (PDB ID Spike Protein: 7CWL [29],
ACE2: 717f [30], Fc-tag: 6gle [31]). Other molecular arrangements are
not suitable for measuring the internal motion of spike proteins. The
details of the internal dynamics are not measured well enough for the
arrangement of cysteines in the spike protein bound to a substrate
(Fig. S1) because the gold nanocrystals and the interaction site are too
far apart. In another arrangement, ACE2 is immobilized on a substrate
and interacts with spike protein-labelled gold nanocrystals via a His-tag
(Fig. S2). In this case, although the internal dynamics of the decompo-
sition process of the virus are measured, the results are not suitable for
this research because the purpose of this research is to measure the in-
ternal motion of the spike protein during the process of infection. An
arrangement of gold nanocrystal-binding spike proteins interacting with
ACE2 (Fig. S3A) is suitable for measuring the difference in dynamics
before and after ACE2 binding. However, due to this arrangement, the
binding efficiency of gold nanocrystals to the spike protein is lower than
in the arrangement of gold nanocrystals attached to ACE2 via the Fc-tag
(Fig. S3B). Therefore, because the arrangement in Fig. S3B enabled us to
measure the internal dynamics of cell invasion, the experiments were
performed with this arrangement. In the experiment, the side view of
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spike proteins binding to ACE2 with gold nanocrystals to be measured is
shown in Fig. 1C. The spike proteins can move around the immobilized
point on the substrate in the aqueous solution. The internal dynamics of
individual adsorbed protein molecules on the substrate can be indirectly
measured through the trajectory of Laue diffraction spots from gold
nanocrystals with a diameter of 60-80 nm bound to the adsorbed protein
molecule. In the arrangement without ACE2, gold nanocrystals bind to
cysteine residues that do not participate in disulfide bonds [32]. On the
other hand, in the arrangement with ACE2, the RBD of the spike protein
interacts with gold nanoparticles attached to ACE2 (Fig. S4). The
diffraction spots were observed with incident X-rays in the energy range
of 14.0-16.5 keV, with measurements taken in 500 frames at a frame
rate of 100 ps. The trajectories in two directions, tilting (0) and twisting
(), were analyse [25,26]. Dynamics of biomolecular structures span
various timescales, ranging from femtoseconds to seconds, encompass-
ing processes from fast to slow dynamics [33,34]. In this study, we
successfully measured the molecular dynamics of domains containing
the RBD of the spike protein, as well as the interaction dynamics be-
tween the RBD and the ACE2 binding domain, with a time resolution of
100 ps.

Fig. 1D shows examples for the experiments tracking the motion of a
time-resolved Laue diffraction spot resolved in the following directions:
tilt (0) and twist (y). The trajectory of the green spot shows a large
displacement in the 6 direction and a slight shift in the y direction. The
internal dynamics of the protein molecule labelled with the gold nano-
crystal, corresponding to the green spot, roughly move more in the
tilting direction than in the twist direction. Strictly speaking, real space
and reciprocal lattice space are also different spaces when considering
the motion width. However, when the motion width is very narrow, as
for DXT data, this interpretation is intuitive and easy to understand. On
the other hand, the trajectory of the purple spot is an example of greater
movement in the y direction than in the 6 direction. Finally, the tra-
jectory of the blue spot moves at approximately the same rate in the y
and 6 directions and to the same extent in the tilting and twisting
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Fig. 1. DXT measurement models of SARS-CoV-2 spike protein trimer bound to ACE2. A: Schematic view of a His-tagged SARS-CoV-2 spike trimer stabilized on a
polyimide substrate via a cobaltous cation and a gold nanocrystal attached to the top of the trimer (left) and ACE2 attached to a gold nanocrystal via Fc-tag binding to
spike RBD (right). B: Schematic view of DXT measurement of spike trimer (blue) bound to ACE2 (green) attached to a gold nanocrystal. The tilting (0) and twisting ()
directions observed by DXT. C: Schematic cross section of the samples immobilized on a polyimide substrate and labelled with gold nanocrystals. D: Schematic view
of diffraction spot trajectories in time-resolved observations. The green diffraction spots move in the tilting (6) direction with a tendency towards the twisting ())
direction. The purple spots move in the twisting () direction with a tendency towards the tilting (0) direction. The blue spots move equally in tilting (0) and twisting
(y) directions. E: Schematic view of the top view of the SARS-CoV-2 spike trimer with ACE2. (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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motions.

Fig. 1E shows a schematic top view of the SARS-CoV-2 spike trimer
bound to ACE2 immobilized on a polyimide substrate. Since all His-
tagged sites of the SARS-CoV-2 spike trimer are adsorbed on the sub-
strate side, it is possible to distinguish twisting into positive and negative
directions. However, since the molecules are randomly adsorbed in two
dimensions, the tilting direction (0 direction) cannot be discussed in
terms of positive or negative directionality, only absolute momentum.
This feature of the DXT results for these angles (y and 0) is very
important; thus, it is specified in Fig. 1E.

Fig. 2A shows an actual stacking image of diffraction spots obtained
from DXT measurements. We established a blue 6-axis extending out-
ward from the center of the diffraction ring and a red y-axis aligned with
the rotation along the diffraction ring. The plane spacing of the Au (111)
plane with a value of 2.35 A appears in the inner region, while the Au
(200) plane with a plane spacing of 2.04 A is also observed outward. It is
possible to continuously capture and track these diffraction spots
throughout the acquisition, when the spots move in the 20 direction,
because of the X-rays with energy widths ranging from 14.0 to 16.5 keV.
We illustrated an example of diffraction spot tracking in Fig. 2B. The
diffraction spot located at the center of the image at At = 0.0 ms moves
at intervals of At = 0.5 ms and eventually shifts to the upper right corner
of the image at At = 2.0 ms. The image, obtained by accumulating
frames from At = 0.0-2.0 ms, is shown in the rightmost panel. We
calculate the angular displacement in two directions, namely, the 26 and
y directions, in response to the movement of this spot. Fig. 2C shows the
angular displacements in the 6 and y directions for each diffraction spot
and plotted them in a three-dimensional representation for the frames
where the spots were observed. We also presented an image where the
angular displacements in the two directions are stacked over frames
between 250 and 270, with the “frame number” axis. The left 3d plot of
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Fig. 2C represents the plotted angular displacements of actual diffraction
spots obtained through DXT measurement. The right 3D plot of Fig. 2C
illustrates angular displacements of the diffraction spots excluding those
attributed to physisorption-induced nearly stationary spots and those
from frames O to 100, as plotted from the left one. Diffraction spots
exhibiting minimal mobility due to physisorption are those with average
angular speed in the 0 or y directions of less than 0.2 mrad/frame. The
exclusion of spots from frames 0 to 100 is justified because immediately
after X-ray irradiation, the sample state is often unstable, making it
difficult to obtain accurate signals.

Table 1 displays the cumulative diffraction spot numbers for the
three variants, obtained by tracking from the measurement data. The
analysis utilized diffraction spots obtained by tracking for each variant,
excluding spots that remained nearly stationary due to physical
adsorption and spots up to the 100th frame after X-ray irradiation. The
increasing trend in the number of diffraction spots from omicron, delta,

Table 1
Diffraction spot number of spike variant alpha (B.1.1.7), delta (B.1.617) and
omicron (B.1.1.529) with or without ACE2 before filtering or after filtering.

before almost within the initial after
filtering stationary 100 frames filtering
B.1.1.7 1724 727 405 1329
B.1.617 2056 766 453 1596
B.1.1.529 1699 568 261 1434
B.1.1.7 with 5315 2219 828 2537
ACE2
B.1.617 with 7353 2741 1239 3753
ACE2
B.1.1.529 with 7695 2811 1234 4092
ACE2
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Fig. 2. Tracking of diffraction spots in DXT measurement. A: Diffraction image of Au (111) and (200) from gold nanocrystals in DXT measurement. B: Tracking
displacement of time-varying diffraction spots independently in both tilting (8) and twisting ()) directions. C: 3D graph plotting the displacement changes of each
diffraction spot, with Ay in the x-direction [mrad], frame number in the y-direction, and A26 in the z-direction [mrad]. (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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to alpha suggests that the binding efficiency between the spike protein
and ACE2 is highest for omicron [35]. We calculated the angular dis-
placements for each diffraction spot up to 20 frames and plotted the
Mean Square Displacement (MSD) curve for each frame in Fig. 3A. The
vertical axis represents the MSD values, and the horizontal axis repre-
sents time, ranging from 0 to 2.0 ms (20 frames). In the MSD curves in
the 0 direction, B.1.617 (blue plots, delta variant) and B.1.1.529 (orange
plots, omicron variant) were found to have almost the same mobility.
B.1.1.7 (green plot, alpha variant) had slightly lower motion in the 6
direction than the others. MSD curves in the y direction indicates omi-
cron had the most significant rotational motion when compared to the
other two variants. Furthermore, when comparing these two mutant
strains, the Alpha variant had slightly higher rotational motion than the
delta variant. Fig. 3B shows the molecular arrangement of the gold
nanocrystals labelled with the SARS-CoV-2 spike trimer at the time
when the DXT data in Fig. 3A were collected. The Gold nanocrystals bind
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to C136 or C488 within the receptor-binding domain (RBD) at the top of
the spike protein as shown in Fig. S4. The molecular dynamics in this
arrangement indicate the average values of these bindings. It has been
reported that C488 plays a crucial role in the cleavage of the spike
protein’s S1/S2 [36]. Given that the 6 and y directions are components
of the polar coordinate representation, it allows for the derivation of a
three-dimensional motion summation. In Fig. 3C, the three-dimensional
total internal motions of the three variants showed that the omicron
variant had the highest motion, followed by the alpha variant, and the
delta variant had slightly less motion than the alpha variant. These MSD
curves were fitted with the function r?(z) = D+ b. r?(r) is MSD
[mradz], D is the diffusion constant [mradz/ms], and 7 is the time in-
terval [ms]. The diffusion constant values for alpha, delta, and omicron
were 58.5, 61.7, and 71.0 [mrad?/ms], respectively. Based on these
diffusion constant values, the actual travel distances of the three variants
were determined based on Fig. S5. The MSD curve is dominated by the
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Fig. 3. MSD curves of spike variant alpha (B.1.1.7), delta (B.1.617) and omicron (B.1.1.529) without ACE2. A: MSD curves of 3 variants without ACE2 in 6 and y
directions, with delay time on the x-axis (20 frames = 2.0 ms) and MSD on the y-axis. B: Schematic view of SARS-CoV-2 spike trimer stabilized on a polyimide
substrate with a gold nanocrystal. C: MSD curves plotting the squared averages in both the 6 and y directions. Fittings was performed on this MSD using the equation
r}(7) = D7® + b. The calculated parameters are presented in Table S1. (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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values in the y direction. These results suggest that the magnitude of 3-D
molecular internal motion can serve as a new factor when discussing the
relationship between the magnitude of molecular motion and variants
with different infectivity, and the interaction between the virus and the
cell.

We show the distribution of angular displacements for the three
variants at the 20th frame (At = 2.0 ms) in Fig. 3C using boxplots, as
shown in Fig. 4A. P-values for each distribution were calculated using
the Wilcoxon rank sum test. While no significant difference was
observed between alpha and delta, both alpha and omicron, as well as
delta and omicron, exhibited statistically significant differences with
three asterisks. Fig. 4B presents histograms of the distributions for the
three variants, and an overlay of the three histograms is displayed at the
bottom. Gaussian curves were used to fit the histogram distributions,
and the peak positions were identified individually. Specifically, the
distributions of three variants can be fitted with a single Gaussian,
indicating the presence of a single mode of motion. These results suggest
that the motion of the omicron spike protein is the most pronounced
based on the measurements. This outcome implies a potential influence
of the binding strength of the omicron spike protein during trimer for-
mation [35,37].

Table 1 shows the cumulative diffraction spot numbers tracked in the
spike proteins bound with ACE2, similar to Table 1. Analysis was con-
ducted on diffraction spots, excluding those affected by physical
adsorption and the initial 100 frames. As in Fig. 3A, we plotted MSD
curves in the 0 and y directions for the system of the spike protein bound
to ACE2 in Fig. 5A. In 0 direction, The MSD curve for B.1.1.529 is
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positioned above the other two curves, indicating that B.1.1.529 ex-
hibits the highest mobility. B.1.1.7 and B.1.617 have similar values,
suggesting that their motion is comparable. As for the y direction, the
three variants displayed distinct MSD curves. B.1.1.529 had the highest
mobility, followed by B.1.617, and then B.1.1.7. The sample arrange-
ment in this measurement was as shown in Fig. 5B, where a trimer of
spike proteins immobilized on a substrate with ACE2 was bound with
gold nanocrystals. In this arrangement, due to the 100 ps timescale, we
measured the molecular dynamics of the interaction between the RBD of
the spike protein and ACE2, rather than the overall molecular dynamics
of spike protein and ACE2 [38]. We took the square root of the mean
square values of the MSD curves in the 8 and y directions in Fig. 5A to
calculate the three-dimensional motion (Fig. 5C). This MSD curves show
the three-dimensional total internal motions of the three variants with
ACE2. The three variants have different motion speed. The largest is
omicron, followed by delta, and then alpha. The MSD curve is primarily
influenced by values in the y direction. As in Fig. 3C, these MSD curves
were fitted with the function r?(r) = D7* + b. The diffusion constant
values for alpha, delta, and omicron with ACE2 were 57.0, 65.5, and
91.1 [mradz/ms], respectively. From the diffusion constant values, the
actual travel distances of the three variants were calculated in Table S1.

As in Fig. 5A, we represented the distribution of MSD at the 20th
frame (At = 2.0 ms) using boxplots (Fig. 6A) and histograms (Fig. 6B)
the three variants. For each variant’s distribution, a Wilcoxon rank-sum
test was performed, and p-values were calculated. Significant differ-
ences were observed in all combinations of alpha and delta, delta and
omicron, as well as alpha and omicron. This indicates that the three
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referred to the Web version of this article.)

variants exhibit different patterns of dynamics. Fig. 6B represents the
distribution of mobility for the three mutant strains in the form of his-
tograms. The histogram distributions were fitted with Gaussian curves,
and the peak positions were determined for each. As in Fig. 3B, these
distributions of dynamics are also fitted with a single Gaussian. A
superimposed representation of the three histograms is provided at the
bottom. From these results, it can be inferred that the omicron spike
protein, which binds to ACE2, exhibits increased mobility, in agreement
with reports of the omicron variant displaying a flexible interaction
regime with ACE2, and not contradicting them [39].

3. Summary

Our results suggest Spike protein omicron variants has higher mo-
lecular dynamics both on its own and when binding to ACE2 compared
to the alpha and delta variants. Furthermore, it also exhibits the char-
acteristic of increased mobility after binding to ACE2. These features

suggest that the omicron variant may influence the molecular recogni-
tion process following the binding of the spike protein to ACE2.

4. Materials and methods
4.1. Sample preparation

The three variants of SARS-CoV-2 spike protein (B.1.1.7: alpha
(#SPN-C52H6, ACRO Biosystems), B.1.617: delta (#SPN-C52Hr, ACRO
Biosystems), B.1.1.529: omicron (#SPN-C52 Hz, ACRO Biosystems))
were immobilized via Co®*" on polyimide films (thickness: 12 pm)
hydrophilized by UV irradiation. Each spike variant was adsorbed by
placing 10 pL drops on the substrate at room temperature and incubated
for 1 h. In the first experiment, crystalline gold nanocrystals 60-80 nm in
diameter were reacted with each adsorbed variant for 30 min under
boric acid solution (pH 9.0, 100 mM). The gold nanocrystals can react
directly with the cysteine residues of the spike variant. In the next
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Fig. 6. Boxplot and histogram of spike variant alpha (B.1.1.7), delta (B.1.617) and omicron (B.1.1.529) at the 20th frame of the MSD curve in Fig. 5C. A: Boxplots for
the alpha, delta, and omicron variants with ACE2 were subjected to a Wilcoxon rank sum test (***p-value <0.001, **p-value <0.01, *p-value <0.05). B: The
histograms of alpha, delta, and omicron with Gaussian fits, and the overlay of the three histograms.

experiment, spike variants were adsorbed on the substrate as in the
previous experiment, ACE2 receptor (#AC2-H5257, ACRO Biosystems,
50 mg/0.1 mL) was reacted with the spike-variant-adsorbed substrate
for 1 h, and then gold nanocrystals coated with FC antibody were
reacted with the FC-tag in the ACE2 receptor with incubation time for
30 min. Each reaction step was followed by rinsing with buffer solution
(PBS, pH 7.5) several times to ensure that unreacted material did not
interfere with the single molecule dynamic measurements. DXT mea-
surements were performed by dropping 3 pL of buffer onto the sample
substrate and covering it with polyimide films (thickness: 5 pm).

4.2. Diffracted X-ray Tracking (DXT)

In this research, DXT was performed in SPring-8 BL40XU using X-
rays with energy widths ranging from 14.0 to 16.5 keV and a photon flux
of 10'3 photons/s. The beam size of the incident X-ray was adjusted to
50 pm in diameter by a pinhole slit. The diffraction images by gold
nanocrystals were recorded by an X-ray image intensifier (100 mm in
diameter, v7339P, Hamamatsu Photonics, Japan) and CMOS camera
(Phantom V2511, Vision Research). The distance from the detector to
the sample was set to 50 mm. This measurement was performed three
times (at 5 x 5 positions per sample), and a total of 75 diffraction data
points were obtained for each variant. In DXT analysis of the diffraction
spot tracks and trajectories, diffraction spots on the Au (111) surface of
gold nanocrystals were tracked by TrackPy (v0.3.2 https://doi.org/10
.5281/zenodo.-60550), and custom software written for IGOR Pro
(Wavemetrics, Lake Oswego, OR) was used. The analysis was performed

by excluding diffraction spots that hardly moved (diffraction spots
where the movement distance was 2.0 mrad or less in 20 frames).
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