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The protective effect of ascorbic acid (AA) and DMSO against double-strand breaks
(DSBs) in DNA was evaluated by single-molecule observation of giant DNA (T4
DNA,; 166kbp) through fluorescence microscopy. Samples were exposed to three
different forms of radiation: visible light, y-ray, and ultrasound or freeze/thawing.

Ascorbic acid, or vitamin C, is a representative antioxidant. With regard to
irradiation with visible light, 1 mM AA reduced the damage down to ca.30%. Same
concentration of AA decreased the damage done by y-ray to ca.70%. However, AA
had almost no protective effect against the damage caused by ultrasound. This
significant difference is discussed in relation to the physico-chemical mechanism of
double-strand breaks depending on the radiation source.

Dimethyl sulphoxide (DMSO) is widely used as a cryoprotectant for organs,
tissues, and cell suspension in storage. To date, many in vitro assays using cultured
cells have been performed for analysing the protective effect of DMSO against

genomic DNA damage; however, there have been few reports on the direct and



quantitative detection of DNA double strand breaks (DSBs) using single-molecule
observation.

For the result of DMSO’s protection on DSBs, we found that 2% DMSO
conferred the maximum protective effect against all of the injury sources tested, and
these effects were maintained at higher concentrations. Further, DMSO showed a
significantly higher protective effect against freezing-induced damage than against
photo- and y-ray-irradiation-induced damage. Thus, the current data revealed that
DMSO exhibits a protective effect in a dose dependent manner. Our study provides
significant data for the optimization of DNA cryopreservation.

The change of the higher-order structure of genomic DNA molecules in the
presence of alcohols by use of single DNA observation with fluorescence microscopy,
by focusing our attention to unveil the different effect between 1-propanol and
2-propanol. We found that, with 1-propanol, the long-axis length exhibits minimum at
60% and then tends to increase with the increase of alcohol content. On the other hand,
with 2-propanol the long-axis length exhibits almost monotonous decrease with the
increase of alcohol content. These results indicate that DNA undergoes reentrant
transition of coil-globule-coil with 1-propanol, whereas such reentrance phenomenon

does not appear with 2-propanol.
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Chapter 1

General Introduction

1.1 Research history of DNA

With the discovery of Deoxyribonucleic acid (DNA) by Johann Friedrich Miescher in
1869, many researches into DNA had already been done over past 150 years [1]. In
the middle of the twentieth century, some of the most fundamental discoveries had
been found in DNA research. During the previous period, proteins had been believed
as the carrier of genetic information [2-3]. Oswald T. Avery, Colin MacLeod and
Maclyn McCarty published their landmark paper in 1944 suggesting that it was DNA
which carry the information of genetic [4]. A few years later, Erwin Chargaff
discovered that the base composition of DNA varies between species. It is also found
that within each species the bases are always present in fixed ratios: the same number
of adenine as thymine bases and the same number of cytosine as guanine bases [5-6].
Alfred Hershey and Martha Chase confirmed DNA as the genetic material in 1952 [7].
After a year, building on X-ray analyses by Rosalind Franklin and Maurice Wilkins,
Francis Crick and James Watson famously solved the structure of DNA [9]. Finally,

by the middle of 1960s the genetic code had been cracked [10].



1.2 Basic structure of DNA

DNA plays a very important role in all living organisms since it is a fundamental
biomolecule carrying genetic information. As shown in figure 1.1, there are two
single-stranded polymers around each other forming as a double-helix structure. Both
of these strands consist of a chain of basic building blocks, which contains a
phosphate group, a deoxyribose sugar, and a nitrogenous base [11]. The stacking
interaction between aromatic rings of adjacent bases and the specific hydrogen bonds
between nitrogenous base pairs of opposite DNA strands are the two major forces

responsible for the stability of the double-helix structure of DNA [11-13].

1.3 Double-strand breaks (DSBs) of DNA

Damage to DNA is a major problem for living things. DNA damage is currently
categorized into 4 types: base changes, cross-linking, and single- and double-strand
breaks (DSBs). Among these, DSBs (figure 1.2) are considered to be the most serious
because they lead to cancer and cell death [14-19]. Many studies have been performed
to detect DSBs both in vivo and in vitro. The polymerase chain reaction can be used
to detect DNA damage through observation of the termination of amplification
[20-21]. Immunological assays are also commonly used for the detection of oxidative
DNA damage through the use of an antibody or immunoglobulin [20, 22]. In situ
hybridization provides information on specific changes in certain DNA sequences [20,

23]. A comet assay can detect double-strand breaks in DNA, although a quantitative
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evaluation is almost impossible [20, 24]. Despite the availability of these methods, it
has been difficult to estimate the number of double-strand breaks in a reliable manner,
especially for genome-sized long DNA molecules. Recently, it has been
demonstrated that the direct visualization of single giant DNA molecules using
fluorescence microscopy provide useful information on the structure and function of
genomic DNA molecules [25-27], including the application to analyze DSBs in a

quantitative manner [28-36].

1.4 High-order structure transition of DNA

DNA transition between elongated coil and compacted globule states, the coil-globule
transition, represents one of the central problems in the field of biochemistry and
biophysics. There are many previous studies have examined this problem both in
theoretical and experimental [37-49]. A lot of these researches focus on linear
polymer chains since it is the common style of DNA molecules in most living cells
[37, 39-40, 42-43, 45-46, 48-49]. During the past couple of decades, it has been found
that long DNA above the size of several tens kilo base pairs (kbp) exhibits unique
conformational characteristics, as has been demonstrated by single molecular
observation in bulk solutions with high sensitive fluorescence microscopy [38, 40, 43,

47].



1.5 Secondary structure of DNA

There are several secondary conformations of DNA molecules. The B-form which
was described by Watson and Crick is common kind of DNA in cells [11]. It is 23.7 A
wide and extends 34 A per 10 bp of sequence. The double helix makes one complete
turn about its axis every 10.4-10.5 base pairs in solution. A-form is thought to be a
biologically active double helical structure of DNA. It is a shorter, compact helical
structure with a right-handed double helix similar to the B-form [50]. C-form is
another possible double helical structure of DNA. It is also a right-handed double
helix very similar to the B-form [51]. DNA secondary structure has close connections
with life activities. It is reported that the secondary structure of DNA is a common and
causative factor for expansion human disease and it also has influence on human
telomerase activity [52-53]. There are a lot of researches had done on DNA’s
secondary structure in different chemicals solutions [54-56]. A-form, B-form and
C-form are three DNA conformations which had been found in solutions [50-51].
Figure 1.4 are the schematic of A-form, B-form and C-form DNA [57]. B-form (in the
middle) is the normal secondary structure of DNA in solutions. The compact style of

DNA in the left is A-form. C-form DNA in the right is also right-handed.

1.6 Organizations of thesis

The remainder of the dissertation is organized as follows. Chapter 2 briefly describes
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the protective effect of ascorbic acid on photo-, y-ray and ultrasound-induced
double-strand breaks of Giant DNA (T4 phage DNA:166 kbp). Chapter 3 summarizes
the protective effect of ascorbic acid on photo-, y-ray and freezing-induced DNA (T4
phage DNA:166 kbp) double-strand breaks. Chapter 4 briefly describes the high-order
structure transition and secondary structure changes of genome-sized DNA (A phage

DNA:47 kbp) in different propanols solutions.



Chapter 2

Protective Effect of Ascorbic Acid against
Double-strand Breaks in Giant DNA: Marked
Differences among the Damage Induced by

Photo-irradiation, Gamma-rays and Ultrasound

2.1 Introduction

Reactive oxygen species (ROS), which are generated through various processes, have
been considered to be a major contributing factor to DNA strand breaks. The use of an
antioxidant is an efficient method for protecting DNA from damage induced by
reactive oxygen radicals [14, 58].

Ascorbic acid (AA), or vitamin C, is a representative antioxidant. Pauling
claimed that AA could play a significant role in maintaining good health in humans
[59-60]. It has been reported that AA can reduce ROS in human sperm cells to
minimize the risk of DNA damage [61]. The chemical formula of AA was shown in
figure 2.1.

In the present study, to evaluate the protective effects of AA on genome DNA
molecules in a quantitative manner, we measured DSBs caused by photo-irradiation in
the presence of sensitizer, y-rays and ultrasound through single-molecule observation
by fluorescence microscopy. To observe the effect of photo-induced reaction oxygen

species, we used YOYO-1 (quinolinium,1,1'-[1,3-propanediyl-bis [(dimethylimino)-3,
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1-propanediyl]] bis [4-[(3-methyl-2(3H)-benzoxazolylidene)-methyl]]-tetraiodide) as
a photosensitizer to generate reactive oxygen, and performed the real-time
observation of double-strand breaks in individual DNA molecules, where YOYO-1
also helps to visualize DNA as a fluorescence dye [30]. With regard to y-ray and
ultrasound, the numbers of DSBs were evaluated in terms of the average length of

DNA molecules at different degrees of irradiation in the presence of AA.

2.2 Materials and Methods
2.2.1 Materials

T4 phage DNA (166 kbp, contour length 57 pm) was purchased from Nippon
Gene (Toyama, Japan). A fluorescent cyanine dye, YOYO-1 (quinolinium, 1, 1'-[1,
3-propanediyl-bis [(dimethylimino)-3, 1-propanediyl]] bis
[4-[(3-methyl-2(3H)-benzoxazolylidene)-methyl]]-tetraiodide), was purchased from
Molecular Probes, Inc. (Oregon, USA). Antioxidants, 2-mercaptoethanol (2-ME) and
AA, and other necessary chemicals were purchased from Wako Pure Chemical

Industries (Osaka, Japan).

2.2.2 Real-time observation of photo-induced breakage
In fluorescence microscopic observations, to minimize intermolecular
aggregation, measurements were conducted at a low DNA concentration (0.1 pM in

nucleotide units). T4 phage DNA was dissolved in buffer solution with YOYO-1 in 10
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mM Tris-HCI (pH: 7.5). To evaluate the protective effects against double-strand
breaks, AA was added to samples with final concentrations of 0.5 mM and 1.0 mM.
2-ME (concentration: 4% (v/v)) was added to the samples to slow the photo-cleavage
reaction to a level that was suitable for real-time observation.

The double-strand damage in individual DNA molecules was observed at a
peak emission wavelength of 510 nm under strong light illumination. Fluorescence
DNA images were captured by use of an Axiovert 135 TV microscope (Carl Zeiss,
Oberkochen, Germany) equipped with an oil-immersed 100x objective lens, and
recorded on DVD through an EBCCD camera (Hamamatsu Photonics, Hamamatsu,
Japan). The recorded videos were analyzed by VirtualDub, a free and open-source
video-capture and video-processing utility for Microsoft Windows written by Avery

Lee. All observations were carried out at around 20 °C [29-30].

2.2.3 Gamma-ray and ultrasound irradiation
T4 phage DNA (final concentration: 0.1 uM) was dissolved in Tris-HCI
(concentration: 10 mM) buffer solution at pH 7.5. After AA was added to the DNA
solution at either 0.5 mM or 1.0 mM, the samples were irradiated by *°Co y-ray at a
dose rate of 3860 Gy/h. The quantity of y-rays was controlled by the duration of
irradiation [30, 34].
Ultrasound for irradiation was provided by two Langevin transducers
(FBL28452HS; FUJI CERAMICS, Fujinomiya, Japan) and the power was controlled

by adjusting the transducers. The solutions for irradiation contained 0.1 uM T4 DNA,
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AA (final concentration: 1.0 mM) with 10 mM Tris-HCI buffer [31].

2.2.4 Measurement of the length of single DNA molecules by fluorescence
microscopy

DNA molecules were fixed on a glass surface after the addition of YOYO-1
(final concentration: 1 uM). In order to stretch DNA molecules, glasses were
pre-treated with poly-(L-Lysine) (concentration: 0.05% (v/v)) solution, and washed
repeatedly with distilled water. A droplet (15 pl) of a sample was adsorbed on a
modified glass slide and covered with a glass coverslip slightly. Fluorescence images
were observed with an Axiovert 135 TV microscope (Carl Zeiss, Oberkochen,
Germany) and analyzed by free software, ImageJ (National Institute of Mental Health,

MD, USA) [30-31].

2.3. Results and Analysis
2.3.1 Protective effect of ascorbic acid against photo-induced DNA double-strand
breaks

Figure 2.2 exemplifies the real-time observation of double-strand breaks and
the corresponding quasi-three-dimensional profiles of the fluorescence-intensity
distribution for a DNA molecule.

From the visual confirmation of breakage, the breakage time, 1, was evaluated

by taking time zero as the moment when focused illumination was initiated. The
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average breakage time, <t>, was calculated from the data for 40-50 DNA molecules.
In the absence of AA, <t>was 13 s. <> increased with the addition of AA: <t> was
22 and 26 s in the presence of 0.5 and 1.0 mM AA, respectively. Figure 2.3a shows
the time-dependent increase on the percentage of damaged DNA molecules under of
the double-strand breaks under photo-irradiation.

In order to gain further insights into the mechanism of the double-strand
breaks, as in Figure 2.3b, we rescaled the graph by placing the logarithm of the
probability P of surviving DNA and the square of the duration of irradiation on the
vertical and horizontal axes, respectively. The linear relationships in the figure implies
that the kinetics is given as the multiplication of two independent events, i.e., the
double-strand breaks are induced as a two-step mechanism as the result of occurrence
of two single-strand breaks nearby each other on the both sides of double-stranded
helix [29-30]. As illustrated in Figure 2.4a, in the two-step mechanism, single-strand
breaks, or nicks, are generated randomly along double-strand DNA molecules under
irradiation (Step 1). When another single-strand break occurs on the other DNA
strand near a certain nick, a double-strand break (Step 2) is generated, which is
recognized as fragmentation in the single-molecule measurement (Figure 2.2). A
DNA chain is cut into fragments only when the sugar phosphate backbones on both
sides are broken. We have previously reported the details of the kinetics of DSBs
through such a two-step mechanism [29-30]. In the following discussion, we only
describe the essence on the theoretical scheme to analyze the experimental data.

Under constant illumination with a power of I, the number of nicks along a
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single DNA molecule will increase as in eg. (1), where a is a constant:

dn/dt = al (2.1)

By denoting P as the probability of surviving DNA molecules against double-strand

damage, the rate of the decrease in P can be represented as the product of n (number

of nicks) and P:

dP/dt = —knP = —kaltP (2.2)

where k is a rate constant. Then, we obtain

logyo(P/Py) & —alt? (2.3)

By considering the initial condition as Po = 1 at t = 0, we obtain eq. (2.4):

loglo(P) = _KVtz (24)

where K" is a rescaled kinetic constant. Thus, the slopes in Figure 2.3b provide

guantitative information on the protective effect of AA against photo-induced

double-strand breaks.

The linear relationships in Figure 2.3b actually demonstrate the validity of eq.
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(2.4) for photo-induced DSBs, and from such relationships we can evaluate the
relative kinetic constant KY / KV, where Agis the case without AA. The difference in
the slopes in Figure 2.3b indicate that the kinetics on the double-strand breaks in the
presence of 0.5 mM and 1.0 mM AA are about 40% and 30%, respectively, of those in
the absence of AA. It is also to be noted that such protective effect of AA is expected
to work for the kinetics of single-strand breaks, as suggested from the above

mentioned theoretical framework.

2.3.2 Protective effect of ascorbic acid against gamma-ray-induced DNA
double-strand breaks

Fluorescence images of DNA fixed on a glass substrate for specimens after
y-ray radiation are exemplified in figure 2.5a. As shown, the length of DNA
molecules decreases with an increase in the intensity of y-ray irradiation for both with
and without AA. The average control length of DNA, <Lo>, was determined to be
20.3 um for the samples without y-ray radiation. This is somewhat smaller than the
natural contour length (57um) and can be attributed to the procedure used to extract
and purify T4 DNA molecules from the phage. Figure 2.5b shows the change in the
average length <L> of DNA as a function of the irradiation dose. If the average
number of DSBs per individual DNA molecule is defined as <n>, the following
relationship is derived under the assumption of a one-step mechanism (Figure 2.3b)

[29-30]:
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<n >=< Ly >/<L>-1 (2.5)

The proportionality of <n> with respect to the irradiation dose with y-ray is

shown in figure 2.5c. Thus, we assumed eq. (6) by introducing a kinetic constant K”:

n =KD (2.6)

2.3.3 Protective effect of ascorbic acid against ultrasound-induced DNA
double-strand breaks

Figure 2.6a exemplifies the DNA observations after exposure to ultrasound.
We analyzed the experimental data in the same manner as for y-ray-induced
double-strand breaks. Based on the data on the sound pressure level-dependence of
the average length <L> given in figure 2.6b, we obtained a graph of the average
number of breaks per original DNA molecule, <n>, with respect to the sound pressure,
as shown in figure 2.6¢. This confirms the existence of a threshold value of sound
pressure for DNA double-strand breaks; below this threshold, the probability of
double-strand breaks is essentially zero [31]. Above the threshold, <n> increases
linearly with the sound pressure. Interestingly, the nature of the increase in <n> is
almost the same independent of the presence or absence of AA. These results
demonstrate that AA does not have an obvious protective effect against
ultrasound-induced DSBs.

As in the analysis of y-ray-induced DSBs, the slope from the linear relationship

13



with the intercept of horizontal axis at the threshold sound pressure po = 40 kPa,

kinetic constant, KY, is given as in eq. (2.7):

n =KY(p — 40) (2.7)

where n is the number of DNA double-strand breaks and p (kPa) is the sound pressure

of the ultrasound.

2.3.4 Comparison of the protective effects of ascorbic acid among
photo-irradiation, gamma-rays and ultrasound

To compare the protective effects of AA against DSBs due to irradiation from
different sources based on the experimentally available kinetic constants, KV, K’ and
K, we introduced a relative constant, K1 = K / Ko, where Ko is the kinetic constant of
the control group for each radiation source. Thus, it becomes possible to compare the
degree of protective effect by AA, regardless the mechanism of the DSBs, either
one-step or two-step. Changes in the relative constant Ki; under different
concentrations of AA are shown in figure 2.7.

AA decreased the DNA damage caused by the exposure to visible light
(510nm) and this protective effect was enhanced with an increase in the concentration
of AA. The DSBs induced by visible light decreased by about 65% in 1.0 mM AA
solution. Although AA had a similar protective effect against y-ray-induced DSBs,

the damage was reduced by only around 30% in 1.0 mM AA solution, which is not as
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good as the protective effect against photo-induced damage. On the other hand, AA
did not have any obvious protective effect against DSBs caused by ultrasound, where

the kinetic constant is essentially the same as that in the absence of AA.

2.4. Discussion

The protective effects of ascorbic acid against double-strand breaks in giant
DNA molecules, which were caused by photo-irradiation in the presence of sensitizer,
y-rays and ultrasound, were tested at the level of single DNA molecules.

With regard to photo-induced DSBs, AA obviously reduced the number of
breaks and this inhibitory effect increased with an increase in the AA. As for the DNA
damage caused by y-rays, the protective effect of AA is somewhat weaker compared
to the case of photo-induced damage. On the contrary, for the damage by ultrasound,
AA did not show any obvious protective effects against DSBs.

Previous studies have shown that there are two main mechanisms for the
development of radiation-induced DSBs [29-30]. For y-ray radiation, single step is the
main process to cause DSBs (see figure 2.4b), which is attributed to the generation of
number of ROS upon the incident of individual photon of y-ray. Whereas
photo-radiation causes DSBs through two step mechanism (figure 2.4a) by reflecting
that each single photon causes mostly single ROS and thus induces only single strand
break. Then, when a second single strand break occurs where near the existing single

strand break, DBS is caused, i.e., the two step mechanism. Summarizing the results
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and discussion we may conclude as that: 1) The significant protective effect of AA
against photo-induced damage may reflect the effective diminish of ROS by AA. 2)
For the y-ray induced DSB, the protective effect by AA is a little bit weaker than the
case of photo irradiation. This may be due to the generation of numbers of ROS by
single photon of y-ray. Surviving oxygen species against the diminishment effect by
AA may cause DSBs. 3) As for the DSBs by ultrasound, damage is caused by the
shockwave through the generation of cavitations [31]. Thus, the chemical effect of AA

to diminish ROS is considered to be negligibly small for the protection of DSBs.
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Chapter 3
Protective Effect of DMSO against Double-strand
Breaks in Giant DNA: Differences among the Damage

induced by Photo-and y-ray-irradiation, and Freezing

3.1 Introduction

Dimethyl sulphoxide (DMSO) is known to be a useful free radical scavenger and a
radio-protectant [62-69]. In fact, it has been reported that DMSO reduces the degree
of radiation injury of adjacent organs in cancer radiotherapy. Radiation damage can be
classified as direct or indirect [66,70]. In the indirect mechanism, the irradiation of
organs as well as the cellular medium causes formation of chemically active species,
i.e., reactive oxygen species (ROS), such as the hydroxyl radical and methyl radical
[70-71]. However, the mechanism underlying chemical reduction of reactive species
by DMSO is still unclear [62].

DMSO is one of the most important agents in cryopreservation, i.e., it protects
living cells, organs, and tissues during storage at freezing temperatures [62-63, 72-81].
When the DSBs occur in the preserved cells, the damage is hazardous to the cell, and
the viability after preservation will be significantly lower, because the cell will not
survive during subsequent cell mitosis after thawing. This protective effect on DNA
has been argued to be related to the strong solvation effect of DMSO on water

molecules [63, 72-74, 82]. DMSO interacts with water molecules through the two

17



hydrogen bonds of water [81]. The chemical formula of AA was shown in figure 3.1.
Despite these useful practical applications of DMSO, the protective effect of
DMSO against DSBs induced due to radiation or freezing/thawing has not yet been
evaluated quantitatively. In the present study, to quantitatively evaluate the protective
effects of DMSO against DSBs on genomic DNA molecules by use of single DNA
observation, we artificially induced DSBs by several different injury sources;
photo-induced reactive oxygen, y-ray irradiation, and freeze/thawing. To observe the
effect of photo-induced ROS, YOYO-1, a green fluorescent dye, was used as a photo
sensitizer to generate ROS, and the real-time observation of DSBs in individual DNA
molecules was performed, where YOYO-1 also helps to visualize DNA under visible
light [83-86]. With regard to y-ray irradiation, the number of DSBs was evaluated in
terms of the average length of DNA molecules at different degrees of irradiation in the
presence of DMSO. Likewise, we also evaluated the degree of DSBs caused by
freezing/thawing—with two cold temperatures (—25 °C and —80 °C)—by considering
the phase boundary of freezing in a water-DMSO solution [78]. Because thermal
disruption is one of the critical factors in cryopreservation, application of our method

will provide a critical knowledge about freezing/thawing stress on preserved DNA.
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3.2 Materials and Methods

3.2.1 Materials

T4 phage DNA (166 kbp) was purchased from Nippon Gene (Toyama, Japan). DMSO
was obtained from Wako Pure Chemical Industries (Osaka, Japan). The fluorescent
cyanine dye, YOYO-1 (quinolinium,
1,1’-[1,3-propanediyl-bis[(dimethylimino)-3,1-propanediyl]]
bis[4-[(3-methyl-2(3H)-benzoxazolylidene)-methyl]]-tetraiodide), was purchased
from ThermoFisher Scientific corporation(Waltham, MA). The antioxidants,
2-mercaptoethanol (2-ME) and DMSO, and other necessary chemicals, were

purchased from Wako Pure Chemical Industries (Osaka, Japan).

3.2.2 Real-time observation of photo-induced breakage

In fluorescence microscopic observations, measurements were conducted at a low
DNA concentration (0.1 uM in nucleotide units). T4 phage DNA (final concentration
0.1 uM) was dissolved in a solution containing 0.05 uM YOYO-1. The antioxidant
2-ME (4 (v/v)%) was added to the samples to retard the photo-cleavage reaction so as
to detect the reaction rate of DSB by real-time observation. To observe the effect of
photo-induced ROS, YOYO-1 was used as a photosensitiser to generate reactive
oxygen, and the real-time observation of DSBs was performed in individual DNA
molecules, where YOYO-1 also helped to visualise DNA DSBs in individual DNA
molecules at different DMSO concentrations at a peak emission wavelength of 510

nm under light illumination at 450-490 nm. Fluorescence images of DNA molecules
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were captured by using an Axiovert 135 TV (Carl Zeiss, Jena, Germany) microscope
equipped with an oil-immersed 100 x objective lens and were recorded on a DVD
through an EBCCD camera (Hamamatsu Photonics, Hamamatsu, Japan). All

observations were carried out at room temperature (24 °C) [83].

3.2.3 Measurements of the contour length of DNA molecules to evaluate the
injury caused by y-ray and freezing

DNA solutions with different DMSO concentrations were irradiated with®°Co y-rays
at a dose rate of 28 Gy/min. The quantity of y-rays was controlled by the duration of
irradiation'®43, For the evaluation of freezing-induced DSB, DNA samples in a
DMSO-water solution were frozen to —25 °C (freezing speed: ca. —0.4 K/min) and
—80 °C (freezing speed: ca. —0.9 K/min) for 4 hours with electric freezers. They were
then thawed at 4.2 °C (NIHON FREEZER, Tokyo, Japan) for about 12 hours.

Just before the measurements by fluorescence microscopy, DNA molecules were
stained with YOYO-1 (final concentration: 0.05 pM). Glasses were pre-treated with
poly-(L-lysine) (concentration: 0.05 (v/v) %) solution, and washed repeatedly with
distilled water. A droplet (10 puL) of a sample was absorbed on a modified glass slide
and covered with a glass cover slide under weak shear. Fluorescence images were
observed with an Axiovert 135TV microscope (Carl Zeiss, Jena, Germany) and

analysed using ImageJ software (National Institute of Mental Health, MD, USA) [83].
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3.3 Results
3.3.1Protective  effect  of DMSO against DSBs caused by
photo-irradiation-induced ROS
First, the process of double-strand breakage was observed in T4 phage DNA (166 kbp)
in real-time by labelling YOYO-1, a photosensitiser, that helped to visualise DNA
under a fluorescence microscope (Figure 3.2). The three images reveal the DNA
conformations in the bulk aqueous solution as observed under translational and
intra-chain Brownian motion. The corresponding quasi-three-dimensional images of
the individual photo were acquired for illustration of the fluorescence intensity
distribution for the DNA molecule (bottom images, Figure 3.2). Thus, fluorescence
microscopy made it possible to monitor the process of double-strand breakage in
individual molecules. The breakage time, t (0.20 sec in this example, Figure 3.2), was
evaluated by taking time zero as the moment when focused illumination was initiated.
Subsequently, a time-dependent increase in photo-irradiation-induced DNA
damage in the solution containing different concentrations of DMSO was evaluated
by calculating the percentage of damaged DNA strands relative to the total observed
strands (Figure 3.3a). Further, the graph was rescaled by placing the logarithm of the
probability of surviving DNA, P, and the square of the irradiation duration, t?, on the
vertical and horizontal axes, respectively. The linear correlation between the square of
breakage time and logioP in figure 3.3b suggested that the kinetics of double-strand

breakage can be given as the product of two independent events, i.e., DSBs are
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induced via a two-step mechanism as follows:

In case of single-strand breaks (SSBs), nicks are generated randomly along the
double-stranded DNA molecules under irradiation, and fragmentation of a DNA
molecule is induced by an additional SSB near an existing SSB [83]. We previously
reported the details of the kinetics of DSBs through a similar two-step mechanism
[83]. Under constant illumination with a power I, the number of nicks along a single
DNA molecule will increase as shown in equation (3.1), where « is a positive

constant:

dn/dt = al (3.1)

After integration, by setting n (number of nicks) = 0 at t = 0, we obtain:

n=alt (3.2)

By denoting P as the probability (percentage) of surviving DNA molecules against

double-strand damage, the rate of the decrease in P can be represented as the product

of nand P:

dP/dt = —knP = —kaltP (3.3)

wherek is the rate constant. Next, we obtained:
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log,o(P/Py) x —alt? (3.4)

and by introducing an initial constant of P(t =0) = 1 at t = 0, we obtained:

10g10 P = _K'U tz y (3.5)

Where Ky is the rescaled kinetic constant. The linear relationships between the square
of the time and logioP in figure 3.3b confirm that the above-mentioned two-step
reactions define the underlying mechanisms of DSBs caused by photo-induced ROS.
From figure 3.3a and 3.3b, it was apparent that the protective effect increased with an
increase in DMSO concentration and this effect was essentially maintained in DMSO
concentrations higher than 2%. From the slope of the graph in figure 3.3b, the relative
kinetic constant of the DSB reaction was deduced to be, k = Ku/ K\, where K.° is the
constant in the absence of DMSO. The relative kinetic constant, k, at different DMSO

concentrations was calculated from the slope in figure 3.3b (See Figure 3.6).

3.3.2 Protective effect of DMSO against y-ray-induced DSBs

Next, fluorescence images of the T4 DNA fixed on a glass substrate after variable
y-ray-irradiation doses (Gy) were obtained (figure 3.4a). As shown, the length of
DNA molecules decreased with a higher level of y-ray-irradiation. The average length

of DNA in a single observation, <Lo>, was determined to be 30.2 um for the control
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sample before y-ray-irradiation. For the target DNA strands, <L > was plotted for the
irradiation doses (Figure 3.4b). The average number from the data for <L > and DSBs
per individual DNA molecule, <N>, were evaluated by using the following equation

[83]:

<Ny >=<Ly>/<L> -1 (3.6)

To compare the number of DSBs in a quantitative manner, a new parameter <n >, the

average number of DSBs per 10 kbp was introduced:

<n>=< N, >-10/X, (3.7)

Here, Xois the number of units (kbp) of DNA under control conditions, which was

calculated by comparison with the natural contour length (57 um, 166 kbp).

X, = (< Ly > 166)/57 (3.8)

As a result, the data of a linear correlation between <n > and irradiation dose, D, was
obtained, suggesting that the increase in DSBs was proportional to the dose of
y-ray-irradiation (Figure 3.4c). This linearity implies that the DSBs induced by y-ray
are caused in a single-step reaction, i.e., one DSB is caused by a single y-ray photon.

In contrast, in the ROS attack emitted from the fluorescence dye under visible-light
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irradiation, one DSB was caused by a pair of neighbouring SSBs on complementary
strands [83]. In this figure, the slope, K, represents the Kkinetic constant under the
framework of a one-step reaction mechanism. As shown in figure 3.4c, K, decreases
monotonously with an increase in DMSO concentration up to 2% and was kept almost
constant with a further increase in the concentration. Thus, the protective effect

reached a plateau at 2% DMSO concentration.

3.3.4 Protective effect of DMSO against freezing-induced DSBs

Finally, DSBs caused by freeze/thawing in the solution containing variable DMSO
concentrations were assessed by fluorescence microscopy using the DNA fixed on a
solid substrate (Figure 3.5a). Further, the average length at different DMSO
concentrations for freezing at —25 °C (slow frozen) and —80 °C (quick-frozen) were
measured (Figure 3.5b). By using a method similar to that used to assess the
y-ray-induced DSBs, the relationship between the number of DSBs per 10 kbp, <ng>,
and the DMSO concentration was obtained (Figure 3.5c). As shown, the probability of
DSBs was higher for freezing to —25 °C than for quick freezing to —80 °C [87].
DMSO was found to have a protective effect against DSBs and significantly, this
effect reached a plateau at 2% DMSO. Like the protective effects of DMSO against
damage caused by photo-induced ROS and y-ray-irradiation, the protective effect of

DMSO against freezing-induced damage was maximum at a 2% concentration.
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3.4 Discussion

In the current study, we induced DSBs in the target DNA using different sources and
assessed DSBs directly by observing under a fluorescent microscope. The data
provided the common kinetics of DSB formation by the variable resources.

To compare the protective effects of DMSO against DSBs, caused due to damage
by different sources, based on experimentally available kinetic constants, Ky, K,, and
Kt nf, we introduced a relative constant, k = K/Ko, where Ko is the kinetic constant of
the control group for each injury source in the absence of DMSO. Using this
renormalized constant K, it is possible to compare the degree of the protective effect of
DMSO, regardless of any difference in the mechanism of double-strand breakage,
including whether the mechanism involves either one-step or two-step reactions.
Changes in the relative kinetic constant, k, under different concentrations of DMSO
are summarized in figure 3.6. The DSBs caused by photo- and y-ray-irradiation
significantly decrease to the order of 1/100 when the concentration of DMSO is above
1.5-2.0%. In contrast, the decrease in the rate constant of DSBs remains in the order
of 1/5-1/10 for injury due to freeze/thawing, even at a DMSO concentration > 2%.
This large difference in protection is attributable to the difference in the
physical-chemical mechanism of DSBs. Considering freezing, the growth of ice
crystals is considered to be the main cause of DSBs, and vitrification is critical for
preservation [88-91]. However, when DMSO is added to an aqueous solution, the ice
crystallization is expected to reduce, and thus the double-strand breakage would be
decreased. On the contrary, y-ray-irradiation is considered to cause DSBs mainly
through an indirect mechanism, i.e., generated ROS may attack DNA molecules. It
has been reported that a single y-ray photon can produce several reactive species,

which produce a DSB in a one-step process. For damage caused by photo-irradiation,
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DSBs are induced mainly through a two-step mechanism. Interestingly, DMSO has a
strong protective effect against ROS, regardless of whether the mechanism is
single-step or two-step.

The protective effects of DMSO against photo- and y-ray-irradiation were about
1.2-fold less than that against freeze-thawing. This difference between radical
protection and freezing protection is attributable to the different mechanisms of
radical damage (photo- and y-ray-irradiation) and physical damage (freeze/thawing).
Since DSBs are one of the most important types of DNA damage and the results of
our experiment demonstrated that DMSO could decrease both physically and
chemically induced DSBs, DMSO should be very effective in protecting DNA
molecules from DSBs. As past research demonstrated that high concentration (more
than 10%) of DMSO had various effects on biological systems, which was very toxic
[67,69,72,78], the results from our experiment suggested that 2% DMSO would be a
good starting point in future experiments in biological and medical sciences as well as
cryopreservation.

The single-DNA observation provided precise Kinetic data, and therefore, it is
useful for quantitatively evaluating DSBs and is expected to be useful for

measurements of DSBs caused by other types of injuries.
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Chapter 4
Specific structural changes of DNA molecule in

various alcohol solutions

4.1 Introduction

DNA transition between elongated coil and compacted globule states, the coil-globule
transition, represents one of the central problems in the field of biochemistry and
biophysics. There are many previous studies have examined this problem both in
theoretical and experimental [37-49]. A lot of these researches focus on linear
polymer chains since it the common style of DNA molecules in most living cells [37,
39-40, 42-43, 45-46, 48-49]. During the past couple of decades, it has been found that
long DNA above the size of several tens kilo base pairs (kbp) exhibits unique
conformational characteristics, as has been demonstrated by single molecular
observation in bulk solutions with high sensitive fluorescence microscopy [38, 40, 43,
47].

There are several secondary conformations of DNA molecules. The B-form
which was described by Watson and Crick is common kind of DNA in cells [11]. It is
23.7 A wide and extends 34 A per 10 bp of sequence. The double helix makes one
complete turn about its axis every 10.4-10.5 base pairs in solution. A-form is thought
to be a biologically active double helical structure of DNA. It is a shorter, compact

helical structure with a right-handed double helix similar to the B-form [50]. C-form
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is another possible double helical structure of DNA. It is also a right-handed double
helix very similar to the B-form [51]. DNA secondary structure has close connections
with life activities. It is reported that the secondary structure of DNA is a common and
causative factor for expansion human disease and it also has influence on human
telomerase activity [52-53]. There are a lot of researches had done on DNA’s
secondary structure in different chemicals solutions [54-56]. A-form, B-form and
C-form are three DNA conformations which had been found in solutions [50-51].
Figure 1.4 are the schematic of A-form, B-form and C-form DNA [57].

DNA secondary structure has close connections with life activities. A-form,
B-form and C-form are three DNA conformations which had been found in solutions
[50-51,92].

In biomedical experiment, alcohol precipitation is a widely used technique to
purify or concentrate nucleic acids [93-105]. Isopropanol (2-propanol) is one kind of
alcohol often used to isolate DNA molecules from cells through the generation of
precipitation [105-107]. Since the oxygen atoms and the nitrogen atoms in the
backbone of DNA made it as a polar molecule, the polarity of solution should have
influence on the high order structure of DNA. 1-propanol is always used as a solvent
in the pharmaceutical industry mainly for resins and cellulose esters [106-107]. As 2-
and 1-propanol are isomers with different polarity, we did the comparative study of
the effect on the higher order structure of giant DNA between them through
single-molecule by fluorescence microscopy. The chemical formula of 1-propanol and

2-propanol were shown in figure 4.1.
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In this study, the high-order structure of giant DNA was evaluated through
fluorescence microscope. The long-axis length of DNA molecules, parameter used to
determine the high-order structure, showed huge difference between 1-propanol and
2-propanol solutions, which demonstrate that the high-order structure of DNA
molecules will be influenced by the kinds of alcohol-water clusters of solutions. We
also used the circular dichroism (CD) spectra to test the secondary structure of DNA.
The results of degrees of ellipticity (0) of DNA solutions in different propanols are
also very different, which indicated that the kinds of alcohol-water clusters of

solutions will also influence the secondary structure of DNA.

4.2 Materials and Methods
4.2.1 Materials

The bacteriophage A-DNA (48 kbp) was purchased from Nippon Gene. A
fluorescent cyanine dye, YOYO-1 (quinolinium, 1, 1'-[1, 3-propanediyl-bis
[(dimethylimino)-3, 1-propanediyl]] bis [4 - [(3 — methyl - 2(3H) - benzoxazolylidene)
- methyl]] - tetraiodide), was purchased from Molecular Probes, Inc. (Oregon, USA).
Antioxidants, 2-mercaptoethanol (2-ME) was purchased from Wako Pure Chemical

Industries (Osaka, Japan).

4.2.2 Single molecule observation of DNA through fluorescence microscope

DNA samples were dissolved in propanol-water solution with a final
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concentration of 30 uM in nucleotide units. The YOYO-1 (final concentration: 1uM)
was added to the DNA solution, together with the antioxidant 4% (v/v) 2-ME.
Fluorescence DNA images were captured by use of an Axiovert 135 TV microscope
(Carl Zeiss, Oberkochen, Germany) equipped with an oil-immersed 100x objective
lens, and recorded on DVD through an EBCCD camera (Hamamatsu Photonics,
Hamamatsu, Japan). The recorded videos were analyzed by free software, VirtualDub
(written by Avery Lee) and ImageJ (National Institute of Mental Health, MD, USA).

All observations were carried out at around 24 °C.

4.2.3 Measruement of DNA secondary structure through circular dichroism (CD)
spectra

Same DNA samples in propanol-water solution were prepared. In order to
understand the change in the secondary structure of DNA depending on 1-propanol
and 2-propanol concentration, the CD spectra of A-DNA were measured with a CD
spectrometer (J-820, JASCO, Japan). Measurements were performed at a scan rate of
100 nm/min and 2000 pL of each sample were tested at around 24 °C. The cell path
length was 1 cm and CD spectra were obtained as the accumulation of three scans.
4.3 Results
4.3.1 High-order structure of DNA molecules in propanols solutions

For evaluating the coil status of DNA molecules, we measure the long-axis length
of them, L, as fluorescence images and schematics of figure 1 showed. Fluorescence

images of DNA molecules [propanol concentration of samples from up to blow: 0%,
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50%, 70% (v/v) (1-propanol)] of figure 1 are three representative styles of DNA
molecules in solutions. Figure 4.2(a) indicates A-DNA exhibit a coil-globule
coexisting state as partial globule. As shown in figure 4.3, after applied an electric
field around 10 V/cm to the DNA samples [5], the bright spot separated and connect
with a narrow bright line which indicated that coiled and globular states coexist in a
single DNA molecule.

Figure 4.4 shows the distribution of long-axis length of DNA molecules. It could
find that DNA molecules’ globular state appeared when its long axis length less than
2.5 um. The globular state became more as the long-axis length getting shorter. When
long-axis length got shorter than 1.0 pm, DNA molecules exist as globule or
coil-globule states. The pure coiled state of DNA almost disappeared. The average
long-axis length is showed in figure 4.6(a). For DNA molecules in different
concentrations of 1-propanol solutions, one minima of average length appear at 60 %
(v/v). In 2-propanol solutions, the average long-aixs length of DNA decreased and
transited from elongated coil state to folded globule is generated around 70-80% (v/v).
Above 75% (v/v), DNA maintained as folded globule and the average length of DNA
molecules remains essentially the constant. As for the globular rate of DNA samples,
figure 4.6(b) indicated that it basically increased with concentration of propanol
increased. In 1-propanol solutions above 60% (v/v), the globular rate decreased a bit

after the minima of average long-axis length of DNA samples.
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4.3.2 Secondary structure of DNA molecules in propanols solutions

As spectra results showed in figure 4.5, for DNA molecules in 1-propanol
solutions, from the positive band at around 275 nm and the negative band at around
245 nm, the secondary structure of DNA kept as B-like form from 0% to 70% (v/v).
The spectra became really close to zero when concentration of 1-propanol is higher
than 70% (v/v). It could be considered that it would not be successful in measuring
the CD spectra of samples because of the deposition of DNA molecules. As for
samples in 2-propanol solutions, the secondary structure changed to A-like form from
30% to 60% (v/v) since the positive band is higher and the negative band is lower
than samples in 0 % (v/v). DNA molecules’ secondary structure went back to B-like
form at around 70% (v/v) of 2-proanol as the spectra result is close to 0%. By the
reason of DNA deposition, it is also not successful in measuring the CD spectra of
samples when the concentration of 2-propanol is higher than 75% (v/v). In order to
understand DNA molecules’ secondary structure clearly, degrees of ellipticity (0) at
270 nm were showed in figure 4.6(c). It could be found that results of CD spectra
measurement of 1-propanol and 2-propanol are quite different. DNA molecules in
1-propanol only showed B-like form before DNA deposition. In 2-propanol solution,
both A-like and B-like form appeared when the concentration of 2-propanol lower

than the DNA deposition concentration.

4. Discussion

The long-axis length of DNA molecules in solutions decreased as the concentration of
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1-propanol increased to 60% (v/v), then increased a bit and keep it as the
concentration getting higher. For 2-propanol solutions, the long-axis length just
decreased as the concentration getting higher and then kept in the minimum in the
high concentration. As shown in figure 4.6(a), for DNA in ethanol solutions, which
is another common chemical used in DNA precipitation, the long-axis length reached
a minimum at 60% (v/v), then increased as the concentration is getting higher [37].

The secondary-structure of DNA molecules kept as B-like form in 1-propanol
solutions. However, it changed to A-like form and then back to B-like form in
2-propanol solutions as the concentration of 2-propanol increased. Moreover, past
research of our group on the secondary-structure of DNA in ethanol solutions
demonstrated that DNA showed B-, C- and A-like form as the concentration of
ethanol getting higher [37]. The observed large difference of the effect of ethanol and
propanol isomers on the DNA conformation will be discussed in relation to the
nano-structure of alcohol solution.

Nowadays, structural characterization of genomic DNA is one of the most
important trends in medicine, biology and agricultural sciences. The indispensable
procedure for the analysis of DNA in living cells is to isolate DNA molecules as
precipitates from the crude mixture in rich variety of cellular components. According
to the standard experimental protocol in molecular biology and medicinal chemistry,
usage of 2-propanol is recommended, seemingly without any reasonable
physic-chemical explanation why 2-propanol is desirable [100-101]. As a related

phenomenon, we have recently reported that ethanol causes reentrant transition on
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DNA accompanied by the increase of its concentration [37]. We will discuss the
mechanism of the reentrant transition in terms of the effect of nano-sized clusters on
the ethanol, 1- and 2-propanol solutions with high concentrations.

DNA is negatively charged because of the negatively charged phosphate group in
its structure. As all of alcohol molecules are polar, it could be inferred that the alcohol
solutions will have influence on the structure of DNA molecules. Since alcohol
molecules will combine with water molecules as cluster which are also polar, they
will therefore affect DNA’s structure. Many studies had been done on the formation of
clusters in solutions of alcohols in water [108-113]. Previous study indicated that the
clusters formation at composition of 1 alcohol molecule and 5 water molecules occur
in 1-propanol and 2-propanol solutions. However, a composition of 5 1-propanol
molecules and 40 water molecules cluster formation also showed in the mixture of
1-propanol and water [113]. The reentrant of DNA molecules’ high-order structure
could attribute to the special cluster showed in 1-propanol solution. The A-form
secondary structure of DNA showed in the dehydration environment [50]. As the
clusters in propanol are mainly the composition of 1 alcohol molecule and 5 water
molecules, it could be the reason of the change of DNA secondary structure in

2-propanol solutions.
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Chapter 5

General Conclusion

5.1 The protective effects of ascorbic acid against double-strand
breaks

The protective effects of ascorbic acid against double-strand breaks in giant DNA
molecules, which were caused by photo-irradiation in the presence of sensitizer,
y-rays and ultrasound, were tested at the level of single DNA molecules.

With regard to photo-induced DSBs, AA obviously reduced the number of breaks
and this inhibitory effect increased with an increase in the AA. As for the DNA
damage caused by y-rays, the protective effect of AA is somewhat weaker compared
to the case of photo-induced damage. On the contrary, for the damage by ultrasound,
AA did not show any obvious protective effects against DSBs.

Summarizing the results we may conclude as that: 1) The significant protective
effect of AA against photo-induced damage may reflect the effective diminish of ROS
by AA. 2) For the y-ray induced DSB, the protective effect by AA is a little bit
weaker than the case of photo irradiation. This may be due to the generation of
numbers of ROS by single photon of y-ray. Surviving oxygen species against the
diminishment effect by AA may cause DSBs. 3) As for the DSBs by ultrasound,
damage is caused by the shockwave through the generation of cavitations. Thus, the

chemical effect of AA to diminish ROS is considered to be negligibly small for the
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protection of DSBs.

5.2 The protective effects of DMSO against double-strand breaks
The protective effects of DMSO against double-strand breaks in giant DNA molecules,
which were caused by photo-irradiation in the presence of sensitizer, y-rays and

freezing, were tested at the level of single DNA molecules.

The DSBs caused by photo- and y-ray-irradiation significantly decrease to the
order of 1/100 when the concentration of DMSO is above 1.5-2.0%. In contrast, the
decrease in the rate constant of DSBs remains in the order of 1/5-1/10 for injury due
to freeze/thawing, even at a DMSO concentration > 2%. This large difference in
protection is attributable to the difference in the physical-chemical mechanism of
DSBs. Considering freezing, the growth of ice crystals is considered to be the main
cause of DSBs, and vitrification is critical for preservation. However, when DMSO is
added to an aqueous solution, the ice crystallization is expected to reduce, and thus
the double-strand breakage would be decreased. On the contrary, y-ray-irradiation is
considered to cause DSBs mainly through an indirect mechanism, i.e., generated ROS
may attack DNA molecules. It has been reported that a single y-ray photon can
produce several reactive species, which produce a DSB in a one-step process. For
damage caused by photo-irradiation, DSBs are induced mainly through a two-step
mechanism. Interestingly, DMSO has a strong protective effect against ROS,
regardless of whether the mechanism is single-step or two-step.

The protective effects of DMSO against photo- and y-ray-irradiation were about
1.2-fold less than that against freeze-thawing. This difference between radical

protection and freezing protection is attributable to the different mechanisms of
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radical damage (photo- and y-ray-irradiation) and physical damage (freeze/thawing).
Since DSBs are one of the most important types of DNA damage and the results of
our experiment demonstrated that DMSO could decrease both physically and
chemically induced DSBs, DMSO should be very effective in protecting DNA

molecules from DSBs.

5.3 Single giant DNA molecule's phase transition in the protocol of
alcohol solutions

The long-axis length of DNA molecules in solutions decreased as the concentration of
1-propanol increased to 60% (v/v), then increased a bit and keep it as the
concentration getting higher. For 2-propanol solutions, the long-axis length just
decreased as the concentration getting higher and then kept in the minimum in the
high concentration. As showed in figure 4.6(a), for DNA in ethanol solutions, which
is another common chemical used in DNA precipitation, the long-axis length reached
a minimum at 60% (v/v), then increased as the concentration getting higher [37].

The secondary-structure of DNA molecules kept as B-like form in 1-propanol
solutions. However, it changed to A-like form and then back to B-like form in
2-propanol solutions as the concentration of 2-propanol increased. Moreover, past
research of our group on the secondary-structure of DNA in ethanol solutions
demonstrated that DNA showed B-, C- and A-like form as the concentration of
ethanol getting higher [37]. The observed large difference of the effect of ethanol and
propanol isomers on the DNA conformation will be discussed in relation to the

nano-structure of alcohol solution.
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Figure 1.1 Schematic illustrations of a DNA double helix
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Figure 1.2 Schematic illustrations of a double-strand breaks (DSBS).
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Figure 1.3 A representative fluorescence image of DNA transition from elongated coil

to compacted globule states (ADNA)
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Figure 2.1 the chemical formula of ascorbic acid
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Figure 2.2 Example of the real-time observation of double-strand breaks.
Fluorescence microscopic images on a single T4 DNA molecule under
photo-irradiation (left) and the corresponding quasi-three-dimensional profiles of the
fluorescence-intensity distribution (right). (Fluorescent dye YOYO-1: 0.05 uM,

Ascorbic acid: 1.0 mM)
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Figure 2.3 Photo-induced DSBs. (a) Time-dependence of the percentage of damaged
DNA molecules. (b) Relationship between t? and logioP. (P is the percentage of
surviving DNA molecules under photo-irradiation, which was calculated as [100% —

(percentage of damaged DNA)])
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Figure 2.4 Schematic illustrations of a double-strand break.

(a) Two-step mechanism. (b) One-step mechanism.
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Figure 2.5 y-ray-induced DSBs. (a) Fluorescence microscopic images of DNA
molecules fixed on a glass surface after irradiation with different doses of y-rays. (b)
Average lengths of DNA, <L>, vs. the irradiation dose of y-rays. (c) Number of

DSBs per DNA molecule, vs. the irradiation dose of y-rays.

64



a

Control

86.0 kPa

+AA (1.0 mM)

14.9 kPa 43,0 kPa 86.0 kPa
b 10 pm
8 -
Tr /s
6 —e- Control p ‘e
— + Ascorbic Acid (1.0 mM) id
5 v
a4 o
7 3t A
2r e
1+ i
#
0?-—9_;-G-=_—-DI _____ L L I_____I
0 20 40 60 80 100 120
Sound Pressure (kPa)
C
= @
1.00 = #= o .
L \
0.8 \
W
i\? 0.6} W
\
v i
A 0.4} =iy
- ~3
v x
0.2 - [-e- Control U""-.O._
—c— + Ascorbic Acid (1.0 mM) -
0.0

20 40 60 80 100 120
Sound Pressure (kPa)

(=]

Figure 2.6 Ultrasound-induced DSBs. (a) Fluorescence microscopic images of DNA
molecules fixed on a glass surface after exposure to ultrasound at different sound
pressures. (b) Average lengths of DNA, <L>, vs. the sound pressure of ultrasound. (c)
Number of DNA double-strand breaks per molecule, <n>, vs. the sound pressure of

ultrasound.
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Figure 2.7 Difference in the protective effect of AA. Vertical axis is the relative
Kinetic constant K/Ko on the reaction to cause DSBs at different concentrations of
ascorbic acid, where Ko is the rate constant in the absence of AA. (For
ultrasound-induced DNA damage, the kinetic constants are adapted from the threshold
sound pressure, whereas the data are essentially the same for the kinetic parameters

provided from the slopes, as shown in Fig.5c.)
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Figure 3.1 the chemical formula of DMSO

67



0.00sec 0.20sec 0.44sec

.—)-_)

EE—
10um

LA 4

Figure 3.2 Example of the real-time observation of DSB caused by
photo-irradiation-induced ROS.Fluorescence microscopic images of a single T4 DNA
molecule under photo-irradiation (upper), and the corresponding
quasi-three-dimensional profiles of the fluorescence intensity distribution (bottom).

(Fluorescence dye: 0.05 uM YOYO-1 in the absence of DMSO).
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Figure 3.3 Photo-induced DSBs. (a) Time-dependence of the percentage of damaged
DNA molecules at different DMSO concentrations. (b) The relationship between t2
and log10P, where P is the percentage of surviving DNA molecules, which was
calculated as [100% — (percentage of damaged DNA)]. (The kinetic constants, Kv's
(s-2), are evaluated from the slopes ofFigure 2b.)(For DMSO’s concentration on 2%

and 3%, fitting lines are coincided since their slopes are very close.)
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Figure 3.4 DSBs induced by y-ray. (a) Fluorescence microscopic images of DNA
molecules fixed on a glass surface after irradiation with different doses of y-ray. (b)
Average DNA lengths, <L >, vs. the irradiation dose of y-rays. (c) Number of DSBs
per 10 kbp, <n >, vs. the irradiation dose of y-rays. (The kinetic constants, Ky's (Gy),
are evaluated from the slopes ofFigure 3c.) (As DMSQ’s concentration beyond 2%,

fitting lines are coincided since their slopes are very close.)
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Figure 3.5 Freezing-induced DSBs. (a) Single DNA image after freeze/thawing to
—25 °C (upper: slow frozen) and —80 °C (lower: quick frozen). (b) Average lengths of
DNA, <L >, vs. the concentration of DMSO. (c) The number of DSBs per 10 kbp,

<ns=>, vs. the concentration of DMSO.
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Figure 3.6 Difference in the protective effect of DMSO. Vertical axis is the relative
kinetic constant k = K/Kq for the generation of DSBs at different concentrations of
DMSO, where Ko is the rate constant in the absence of DMSO. With respect to

freezing, quickfreezing is to —80 °C, and slow freezing is to —25 °C.
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Figure 4.1 the chemical formula of (a)1-propanol and (b) 2-propanol
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Figure 4.2 Fluorescence images of representative styles of DNA molecules in
solutions [propanol concentration of samples from up to below: 0%, 50%, 80% (v/v)

(1-propanol)]
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Figure 4.3 After applied an electric field around ~10 V/cm to the DNA samples, the

coiled and globular states separated
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Figure 4.4 Distribution of long-axis length of DNA molecules in propanol solutions.
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Figure 4.5 CD spectra of DNA (A-DNA, 30 uM in nucleotide units) at different

propanol solutions.
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Figure 4.6 (a) The average long-axis length of DNA molecules at different alcohol
solutions; (b) The globular rate of DNA samples at different propanol solutions; (c)

Degrees of ellipticity (0) of CD spectra of DNA samples at 270 nm
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