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SAXS signals from the DNA of salmon spermatozoa in an aqueous solution were analyzed using a
rheometer-device, which controlled the rate of shearing during SAXS observations. When shearing rate >
1000 s™! was applied to the DNA suspension, DNA strands were not aligned as observed with other biological
filaments, but a stable diffraction peak approximately ranging 1.7-1.8 [nm™!] of Q-values were observed. We
compared our observation with simulated SAXS signals.
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Under in vivo or in vitro conditions, any chemical or physical conditions that would modify the structure
of double stranded DNA (dsDNA) are assumed to affect gene expression and the stability of DNA molecules.
Thus, the solution structure of DNA-strands has been a major target in the field of structural biology. However,
direct methods to investigate the solution structure of DNA has been hampered due to technical limitations.
For example, the nuclear magnetic resonance technique has a limitation of base-pair numbers up to several
tens [1]. Circular dichroism (CD) may be useful to know the structure of DNA molecules in solution. Although
in an indirect way, it was revealed that ethanol, magnesium, electric field and some salts accelerated structural
conversions [2,3]. The dynamic structural changes of DNA in the solution were analyzed using atomic force
microscopy under the limitation—resolution in nm-range, to recognize the details, but we needed to fix DNA
strands on stiff substrate. Finally, cryo-electron microscopy would be our best choice to recognize the
structural details, but we cannot easily know the structural dynamics in solution from fixed or frozen images.

X-ray fiber diffraction is a direct method to determine the solution structure of DNA strands, but so far,
DNA specimens in a dried or partially hydrated gel-state have been a major target for investigation. In this
study, we applied our original method [4-6] for aligning biological fibers such as microtubules, axonemes,
and actin fibers in various solutions to native DNA specimens prepared from salmon spermatozoa. Our
apparatus was made of two parallel disks separated at 0.3—0.4 mm apart, one of which was placed on an AC
motor to rotate. DNA suspension was placed between the disks, and by changing the speed of disk rotation,
we applied various shearing speeds to the DNA specimen during the observation of SAXS signals from DNA.
Unfortunately, we could not orient DNA strands to the shearing flow, however for the first time, the diffraction
signals reflecting a certain intrinsic structure of DNA double strands in solution were observed. We compared
the observed data with simulated SAXS or fiber diffraction signals. It was suggested that signals coming from
the strand pitch of the DNA helix were detected with our shearing flow techniques.

Materials and methods

DNA specimen

DNA specimen from salmon sperm was used for this experiment (Fujifilm Wako Pure Chem. Corp., Osaka,
Japan). We estimated the mean length of DNA strands to be 200 bps (Fig. 1), which did not change even after
X-ray irradiation for fiber diffraction. Thus, we assumed that there were no major changes in strand length
even after mechanical shearing or X-ray irradiation up to 600-s exposure. Before the experiments, the DNA
specimen was dissolved in heated distilled water at 50°C till it attained a volume of 250 mg/mL after which
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it was allowed to cool gradually and incubated at room temperature for 5 h to remove the remaining single-
stranded DNA.

Fluorescence intensity (relative)
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Fig. 1: Analysis of the molecular size of DNA used for X-ray fiber diffraction. a, Electrophoresis of DNA specimen
before (ii) and after (iii) X-ray irradiation. The ladder in (i) shows DNA stranded with 100 bps. b and c, fluorescence
density analysis showing the distribution of base-pair numbers (200 + 79 and 200 + 84) before and after the
experiments, respectively. The measured length was slightly longer than the persistence length of dsDNA [7,8].
Averaged from four independent electrophoresis.

Small-angle X-ray scattering (SAXS) analysis

DNA specimen was placed in a rheometer-type shearing apparatus previously described by Sugiyama et
al.[4]; Kamimura et al.,[6]. In brief, ca. 80 uL of DNA solution was placed between a quartz disk with a
diameter of 18 mm (thickness, 0.2 mm) and a ring-shaped copper plate separated with a gap of 0.32 mm. The
quartz disk was then spun at approximately 5—15 revolutions per seconds (rps) by an AC motor (HM2225
F12H, Technohands, Kanagawa, Japan).

Synchrotron X-ray beam (BL45XU, SPring-8, Hyogo, Japan) was then introduced to the DNA suspension
from the side of the quartz disk, we then collected diffracted signals coming through a small quartz window
with a diameter of 3 mm perforated on the copper plate. SAXS signals were acquired with a cooled II-CCD
(C4880-10-14A; Hamamatsu Photonics, Shizuoka, Japan) with 0.5-s exposure. After 50 s at a room
temperature of 20°C we recorded 100 diffraction images. Wavelength and beam-size of 0.1 nm and 0.3 x
0.2 mm, respectively, were used. Camera length was 728 or 962 mm. Acquired images were analyzed using
the Imagel] software (version 1.52t, NIH). To make SAXS-profiles from recorded images, diffraction signals
were rotationally averaged and intensity profiles from the center was determined.

By changing the speed of the AC motor (at approximately 0-20 rps), we controlled the shearing rate (y) of
the flow condition given to the DNA specimen. Shearing rate was estimated using the equation:

y=2nfR/d

where, R and d are the radius of the rotating disks (7.5 mm) and specimen thickness (0.32 mm), respectively.
The calculated shearing rate given to the DNA specimen was approximately 0-3000 s™'. To test whether there
was any damage due to X-ray irradiation and mechanical shearing, by electrophoresis we compared the mean
base length before and after the experiments. Both shearing and X-ray irradiation did not cause modifications
in the base pair length of the DNA (Fig. 1). Under our experimental conditions, the shearing stress given to
DNA specimen was estimated to be ca 3 [N/m?], this indicates that if this shearing stress is averaged
homogeneously by each molecule a shearing force of < 1 pN was given to each DNA molecule. Since
continuous shearing forces were given to the DNA suspension in our experiments, it would be unlikely that
DNA strands tangled with each other to make bigger clusters.

We also executed simulations of SAXS signals using DNA-protein data bank (PDB) data produced by 3D-
simulation [9] to compare with our experimental data. For these purposes, three programs, Crysol [10,11] and
a new program Scatfit were used. Scatfit was programmed originally by one of the authors (A. Longo) to
cover the Q-range up to 10 nm™! by simplifying the calculation of Debye scattering, where all atoms given in
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the PDB data are to have similar weights.

Results and discussion

Without shearing force, we did not observe signals with specific peaks; however, under the condition with
shearing flow of approximately 1,000 s™!, different patterns of diffraction appeared as shown in Fig. 2 around
Q-value of approximately 0.17-0.18 nm™!. As we will discuss below, using three simulation methods, the
peak does not correspond to any estimated peaks of SAXS signals. The position of the peak, we observed
almost corresponds to the helical pitch of the double strands of B-form DNA, 3.5 nm, which is usually
observed using the X-ray fiber diffraction technique from dried DNA gels. From our preliminary observations,
after prolonged shearing we discovered that the peak position showed a gradual shift toward those with high
Q-values. Time-course analysis of the diffraction peak shift under various conditions is now being executed
in more detail.

It has been shown that after fluorescence labeling DNA short strands showed alignment under shearing
conditions [12,13] though the shearing rate was much lower (< 10 s™!) than the conditions we used. Similar
aligning behavior of the DNA strands would occur under the present conditions.
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Fig. 2: X-ray diffraction of DNA from salmon sperm suspended in an aqueous solution under shearing-flow condition
(1,000 s™). (a) thirty diffraction images acquired within 1-s exposure were averaged. Standard scattering data with
lead stearate is shown on the left side. (b) measured profile of scattering intensity (log scale) vs Q-value [nm~"]. Axis
with calculated s-value (Q/21) is also shown. Arrow in b indicates the peak position of d =3.5nm (Q =0.18 nm™, s
=0.286 nm™).

To obtain more accurate insight into the experimental data, we executed the simulation of solution
scattering from B-DNA. We used three programs to simulate the scattering profile of different lengths of B-
DNA, 5-80 bps (Fig. 3). All the simulated profiles equally showed broad plateaus in the range of 4-6 nm™!
of Q-values, which correspond to s-values of 0.64 —0.95 nm™!, i.e., 1.0~1.6 nm periodicity in the reciprocal
spacing. The new program, Scatfit, developed by one of the authors (A. Longo) is useful for simulating SAXS
for long DNA molecules (up to 100 bps) in a wide range of Q-values.

Simulation results in Fig. 3 indicate that the broad SAXS peak in the range of 4-6 nm ™' of Q-values reflects
scattering coming from the internal structure of DNA, i.e., helical pitches, as the intensity increased depending
on the number of base-pairs. However, our simulation could not show any specific peaks around the 1.7-1.8
nm ™! of Q-values (d=3.5 nm) as observed in our experiments (arrow in Fig. 2). In the same Q-range, we also
simulated the diffraction by making a rotational averaging of B-DNA fiber diffraction (Fig. 3d), mimicking
the situation where DNA molecules are not aligned but bent or dispersed in a plane perpendicular to the X-
ray beam [14]. This simulation also fails to show the single peak we observed.

We cannot completely deny the possibility that the diffraction we observed (Fig. 2) comes from entangled
clusters of DNA molecules and there was a certain nematic interaction among DNA double-strands in the
specimen with a high concentration we used. However, it is obvious a single peak of 1.7-1.8 nm ™' of Q-values
showed some structural regularity in the DNA suspension. DNA with fixed length shorter than the persistence
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length, 100-150 bps, of DNA double-strand [11,15] should be used in the future. We expect that our method
of X-ray diffraction analysis under shearing-flow conditions would be a powerful tool for observing the
solution structure and dynamics of native DNA double-stranded molecules.
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Fig. 3: Simulation of diffraction signals from DNA in solution. a-c indicates SAXS simulations with tree methods,
Crysol, AXES, and Scatfit, respectively. PDB data of DNA strand corresponding to human TUBA2 was used for
these simulations. Comparison of SAXS signals from B-DNA of 5-80 base pairs are shown. These results are almost
consistent with those reported previously [16]. d, an expected profile of diffraction obtained from rotational averaging
of B-DNA fiber diffraction. Arrows indicate the peak position of DNA diffraction observed in this study.
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