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Abstract: (1) Background: Optical absorption cross-section—the absolute absorption intensity specific
to each molecule—of nucleic acid bases enables us to estimate the reaction yields of DNA lesions
induced by the exposure to not only photons but also ionizing radiations. However, it was unknown
in the energy region exceeding ~10 eV (wavelength < ~120 nm). (2) Methods: Thin films of DNA
bases—thymine and guanine—were prepared using a vacuum sublimation technique. Absorption
spectra of these films were measured in the energy region from 3.1 to 250 eV (5400 nm) at the
synchrotron radiation facility UVSOR. (3) Results: The absorption spectra of both bases exhibited
prominent absorption peaks around 20 eV and smaller peaks in the energy region below 10 eV.
The determined optical oscillator strength distribution was verified to be reasonable based on the
Thomas—Reiche-Kuhn oscillator strength sum rule. (4) Conclusion: Most of the oscillator strength
distribution was positioned in the measured energy region, and therefore the absorption spectra
significantly contributed to the quantitative study for the photo and radiation-chemical reactions
of DNA.

Keywords: DNA bases; absorption spectroscopy; oscillator strength; Thomas—Reiche—Kuhn oscillator
strength sum rule

1. Introduction

Exposure of organisms to ultraviolet (UV) [1] and ionizing radiation (IR) [2—4] is possible to induce
DNA lesions that may lead to mutagenesis and carcinogenesis. There has been extensive research both
in vivo and in vitro to understand the interaction of DNA and organisms with UV and IRs. Knowledge
of the photo- and radiation-chemical reaction processes and yields of DNA damage induction is critical
to understanding these phenomena and the treatment of cancer.

It is well known that the quantum yields of photochemical reactions depend on the optical
absorption cross-sections, namely, the molecule-specific absolute absorption intensities of target
molecules at the incident photon energy. Additionally, according to the “optical approximation”
proposed by Platzman [5], radiation-chemical yields can also be estimated from the optical absorption
cross-section over a wide energy range, as reviewed by Hatano et al. [6]. Therefore, the optical
absorption cross-section is important for considering the interaction of molecules with both photons
and IRs quantitatively.
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Absorption spectra of nucleic acid bases, the building blocks of DNA, have been measured up to
approximately 6.5 eV (wavelength > ~190 nm) for vapor [7-9] and solution [10-12] samples and to
10 eV (wavelength > ~120 nm) for thin film samples [13], though the absorption intensities of vapor
and film samples were relative. The relative absorption spectra of DNA bases have also been measured
in the carbon (280-320 eV; 3.9—4.4 nm), nitrogen (395430 eV; 2.9-3.1 nm), and oxygen (525-565 eV;
2.2-2.4 nm) K-edge energy region, in which K-shell electrons are excited, using powder samples [14].
However, no absorption spectrum of DNA bases covering the complete energy region between the
UV and carbon K-edge energy (denoted as the intermediate region hereafter) has, to the authors’
knowledge, been reported, presumably owning to the lack of appropriate window materials.

In general, the absorption intensity in the intermediate region is much higher than that in other
energy regions [6]. Therefore, the optical absorption cross-section of DNA bases in the intermediate
region is essential to consider the reaction yields of bases irradiated with IRs and, of course, such photons.
Our group developed a novel technique for the vacuum sublimation of amino acids onto collodion films,
through which intermediate region photons are trasnmitted, and determined the optical absorption
cross-section of four amino acids in the energy region from 3.1 to 250 eV (5-400 nm) [15]. A similar
method is applicable to the absorption spectroscopy of DNA bases. Thus, in the present paper,
we report an experimental method for the absorption spectroscopy of DNA bases in the intermediate
region, and the optical absorption cross-section of thin films of thymine and guanine (pyrimidine and
purine DNA bases, respectively) in the photon energy range from 3.1 to 250 eV.

2. Materials and Methods

2.1. Sample Preparation

Tungsten meshes (wire diameter: 0.02 mm, 80 meshes/inch; Nilaco Corporation, Tokyo, Japan)
supported on stainless steel plates with a hole (diameter: 12 mm) were placed on a sheet of perforated
metal and submerged in a distilled water bath (diameter: 150 mm) equipped with a cock at the bottom.
The water level was adjusted to be approximately 5 mm above the meshes. Ten microliters of a 3%
solution of collodion in isoamyl acetate was dropped onto the surface of the water using a micropipette
and formed a large film. After vaporization of the solvent (~20 min), the water was drained from the
cock slowly (~1.5 mL/s). The meshes covered with the large collodion film were dried in a vacuum
desiccator. In this way, collodion films with an effective diameter of approximately 12 mm were
prepared on each tungsten mesh.

Thin films of thymine and guanine were prepared using the vacuum sublimation technique.
The reagents (purity > 99%) were purchased from Wako Pure Chemical Industries Ltd., Osaka, Japan,
and used without further purification. Each reagent was ground into a powder with a mortar and
pestle before use. The powder was placed on a Kapton sheet and sublimated onto half of the collodion
films by heating to 370 K with a nickel-chrome heater. The base pressure of the vacuum sublimation
chamber was approximately 103 Pa. The films of different thicknesses were prepared to use suitable
films depending on the measured energy region, because it was expected that the absorption intensities,
which also depend on the thickness of the films, largely changed in the intermediate region [15].
The thickness of the films was roughly estimated to be tens of nanometers using a thin-film thickness
monitor (CRTM-5000, ULVAC, Inc., Kanagawa, Japan). Uncertainty of the thickness was 10-20%
depending on the positions of the substrates on our experience [15,16].

2.2. Absorption Spectroscopy

Absorption spectroscopy was performed at beamlines BL5B [17] and BL7B [18] of the synchrotron
radiation facility UVSOR, at the Institute for Molecular Science, Japan. The beamline BL5B was used
for the measurement of the absorption spectrum from 30 to 250 eV. Different combinations of gratings
and mirrors were employed to obtain the desire energy ranges as follows: Grating 2 and Mirror 4
(G2M4) for 30-80 eV, G2M2 for 80-180 eV, and G2M1 for 180-250 eV. The beamline BL7B was used for
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the measurement of the absorption spectrum from 3.1 to 30 eV. Two gratings of G1 (1200 lines/mm) and
G2 (600 lines/mm) were used. To eliminate the effects of second and higher-order light on the spectra,
an aluminum film (Nilaco Corporation, Tokyo, Japan) and a lithium fluoride window were placed
in front of the samples in the case of the measurements for 36-72 eV and 3.1 to ~10 eV, respectively.
The light intensity transmitted through the film of the DNA base on collodion (I (E)) and that of the
collodion film (Iy (E)) were measured for each incident photon energy E.

2.3. Determination of the Optical Absorption Cross-Section

The measured absorption intensities, absorbance (A; (E) = logio (Ip/I)), are relative values, that is,
depend on the number density and thickness of the sample films. Hence, we converted the absorbance
to the absolute values, namely, optical absorption cross-section ¢ (E). According to the Beer—Lambert
law, the absorbance can be converted to optical absorption cross-section as follows:

o(E) = Al—(E) )
nllog,,e

where 1 and [ are the number density (in cm™3) and thickness (in centimeters) of the films of thymine
and guanine sublimated onto the collodion films, respectively. However, the number density of the
films was unknown and the thickness estimated using the thickness-monitor was inaccurately as
mentioned above [15,16]. Dissolving the DNA-base films and measuring the concentration of the
solutions, the values of the product of 7 and I can be determined [16]. However, it was difficult to
dissolve the DNA-bases selectively owing to the elution of the collodion films. Therefore, we adopted
the following method to determine o (E).

Disc-shaped thin films of thymine and guanine, of 10-mm diameter, were newly sublimated onto
quartz plates (Ohyo Koken Kogyo Co., Ltd., Tokyo, Japan), of which cutoff wavelength was ~165 nm
(~7.5 eV), similarly to the manner already described. The absorbance of those films in the energy region
of 3.1-7.5 eV (165-400 nm), A, (3.1-7.5), was measured using a commercial vacuum monochromator
system (VM-504, Action Research Corporation, Greer, SC, USA). The optical absorption cross-section
o0 (3.1-7.5) is also described as follows obeying the Beer-Lambert law:

Ay(3.1-75)

1-75) =
o3 5) n’ I’ logye

@

where 1’ and I’ are the number density (in cm~3) and thickness (in centimeters) of the films of thymine
and guanine sublimated onto the quartz plates, respectively. After the absorption measurements,
we dissolved the films on the quartz plates in ethanol and collected the solutions independently to
determine the values of the product of n” and I’. The concentration of the obtained solution C can be
determined using the Beer-Lambert law as follows:

c=23¢, ®G)

where A3 and As are, respectively, the absorbance of the dissolved film and standard sample,
the concentration C; of which is known, at the prominent peaks. These measurements were performed
in the energy region of 3.1-6.2 eV (200—400 nm) using a spectrophotometer (UV1240; Shimadzu
Corporation, Kyoto, Japan). Using the values of C and the volume of sample solution V, we can
determine the values of the product of n’ and I as follows:

_ NsCV
o

n'l’ (4)

where Ny and r are Avogadro’s number and the radius of the film (5 mm), respectively. Hence,
0 (3.1-7.5) was determined using Equations (2)—(4). Assuming that the films of DNA bases exhibit
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the same values of optical absorption cross-section regardless of the substrate, namely, collodion and
quartz plates, Equation (2) can be rewritten as

A1(31-75
0(31-75) = Ai31-75) ®)
nllog,e
Therefore, by substitution, Equation (1) can be rearranged as
0(3.1-7.5)
E)= ——A4(E 6
o) = X eisrs B ©)

Thus, o (E) was determined for entire measured region, namely, 3.1-250 eV.

3. Results and Discussion

Figure 1 shows the obtained absorption spectra of the thymine and guanine thin films. The observed
peak energies corresponded to those in the literature for energies lower than 10 eV [13]. Those peaks
are mainly assigned to m — 7t * transitions [12,19]. The largest peaks assigned to mainly ¢ — ¢ *
transitions [20,21] were observed at around 17.7 eV for thymine and 21.0 eV for guanine.

5§ 200 ———— —— — 60

o Guanine

= —— Thymine 150

.5 150 F

° — 140

1 €T
o 100 130m &
5 I &
2 120

S 50 |

E {10

K i |

a 0 — . Y 0

O 3 10 100 250

Photon energy / eV

Figure 1. Absorption spectra (thick lines) and integrated values of optical oscillator strength distribution
df/dE from 3.1 eV to the photon energy E (thin lines) of thymine (black) and guanine (red) thin films.

Since the values of the optical absorption cross-section from 3.1 to 250 eV were calibrated only in
the region from 3.1 to 7.5 eV as described in the previous section, we confirmed the accuracy of the
optical absorption cross-section by using the Thomas—Reiche-Kuhn oscillator strength sum rule [22],
per the literature [6,15,23,24].

According to the sum rule, the sum of the oscillator strength distribution df/dE, including discreet
and continuum spectra, is equal to the number of electrons (N,) associated with the optical transition
within the given energy range (E; to Ey) of the molecule,

E2 df
ftotal jl::l dE e
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In the present work, N, corresponds to the number of electrons of the samples excluding the
K-shell electrons because the measured absorption spectra did not include the K-edge energy region.
The oscillator strength distribution df/dE can be obtained from the optical absorption cross-section o
(E) as follows: ,

ne-hdf

o(E) = mec dE

where ¢, i, m,, and c are the elementary electric charge, Planck constant, electron rest mass, and speed

of light, respectively. The value of the constant term of Equation (8) is 109.8 X 107'® cm? eV when the
units of df/dE and o (E) are eV~! and cm?, respectively.

The values of fiy4, in the energy range from 3.1 to 250 eV of thymine and guanine were 44.7 and
54.0, respectively (Figure 1), and agreed well with the values of N, (48 for thymine and 56 for guanine)
within experimental and analytical errors [15]. Therefore, it was concluded that the values of the
optical absorption cross-section determined in the present work are reasonable.

As shown in Figure 1, the main part of the oscillator strength distribution was placed in the
intermediate region, namely, the region from 10 to 250 eV, and therefore the absorption spectra obtained
in this work would substantially contribute to estimations of the interaction between DNA bases
and IRs using the optical approximation. The optical absorption cross-section of the remaining DNA
bases—adenine and cytosine—and of the RNA base—uracil—should also be determined in the future.
The optical absorption cross-section of thymine and guanine in the K-edge energy region has not been
determined yet. Since the oscillator strength distributions are uncharacterized in this region, it is also
an important future work to determine them experimentally although they can be roughly estimated
from the number of atoms comprising the molecules [25]. In such experiments, the method described
in this work is applicable by replacing the collodion films for silicon nitride [26,27] or silicon carbide
films [28]. By combining such future works, more precise estimations of the interaction between DNA

®)

bases and IRs or photons can be achieved.

4. Conclusions

The optical absorption cross-section of thymine and guanine thin films was determined in the
energy region from 3.1 to 250 eV for the first time. Most of the oscillator strength distribution was
positioned in the measurement region. Therefore, the presented spectra would substantially enable
estimations of the interaction between DNA bases and IRs or photons, and as a result, contribute to
quantitatively understanding reaction processes and yields of DNA-damage-inductions.

Author Contributions: Conceptualization, K.R K. and K.N.; investigation, K.R K., Y.I,, and K.N.; writing—original
draft preparation, KR.K., Y.I, and K.N. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: This work was supported by the Joint Studies Program (18-514) of the Institute for Molecular
Science. The authors gratefully acknowledge Masafumi Tanaka of Kobe University for his valuable support
during the synchrotron measurements.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Cadet, J.; Sage, E.; Douki, T. Ultraviolet radiation-mediated damage to cellular DNA. Mutat. Res. Fundam.
Mol. Mech. Mutagen. 2005, 571, 3-17. [CrossRef] [PubMed]

2. von Sonntag, C. Free-Radical-Induced DNA Damage and Its Repair; Springer: Berlin, Germany, 2006.

3.  Rezaee, M.; Cloutier, P,; Bass, A.D.; Michaud, M.; Hunting, D.J.; Sanche, L. Absolute cross section for
low-energy-electron damage to condensed macromolecules: A case study of DNA. Phys. Rev. E 2012, 86,
031913. [CrossRef] [PubMed]

4. Chen, W,; Chen, S.; Dong, Y.; Cloutier, P.; Zheng, Y.; Sanche, L. Absolute cross-sections for DNA strand
breaks and crosslinks induced by low energy electrons. Phys. Chem. Chem. Phys. 2016, 18, 32762-32771.
[CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.mrfmmm.2004.09.012
http://www.ncbi.nlm.nih.gov/pubmed/15748634
http://dx.doi.org/10.1103/PhysRevE.86.031913
http://www.ncbi.nlm.nih.gov/pubmed/23030950
http://dx.doi.org/10.1039/C6CP05201K
http://www.ncbi.nlm.nih.gov/pubmed/27878170

Quantum Beam Sci. 2020, 4, 30 60f7

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Platzman, R.L. Superexcited states of molecules. Radiat. Res. 1964, 17, 419-425. [CrossRef]

Hatano, Y. Spectroscopy and dynamics of molecular superexcited states: Aspects of primary processes of
radiation chemistry. Rad. Phys. Chem. 2003, 67, 187-198. [CrossRef]

Voet, D.; Gratzer, W.B.; Cox, R.A.; Doty, P. Absorption spectra of nucleotides, polynucleotides, and nucleic
acids in the far ultraviolet. Biopolymers 1963, 1, 193-208. [CrossRef]

Clark, L.B.; Peschel, G.G.; Tinoco, L, Jr. Vapor spectra and heats of vaporization of some purine and
pyrimidine bases. J. Phys. Chem. 1965, 69, 3615-3618. [CrossRef]

Li, L.; Lubman, D.M. Ultraviolet-visible absorption spectra of biological molecules in the gas phase using
pulsed laser-induced volatilization enhancement in a diode array spectrophotometer. Anal. Chem. 1987, 57,
2538-2541. [CrossRef]

Zaloudek, F; Novros, J.S.; Clark, L.B. The electronic spectrum of cytosine. J. Chem. 1987, 57, 2538-2541.
[CrossRef]

Middleton, C.T.; de La Harpe, K.; Su, C.; Law, Y.K.; Crespo-Hernadez, C.E.; Kohler, B. DNA excited-state
dynamics: From single bases to the double helix. Annu. Rev. Phys. Chem. 2009, 60, 217-239. [CrossRef]
Sapunar, M.; Domcke, W.; Dosli¢, N. UV absorption spectra of DNA bases in the 350-190 nm range:
Assignment and state specific analysis of solvation effects. Phys. Chem. Chem. Phys. 2019, 21, 22782-22793.
[CrossRef] [PubMed]

Yamada, T.; Fukutome, H. Vacuum ultraviolet absorption spectra of sublimated films of nucleic acid bases.
Biopolymers 1968, 6, 43-54. [CrossRef] [PubMed]

Zubavichus, Y.; Shaporenko, A.; Korolkov, V.; Grunze, M.; Zharnikov, M. X-ray absorption spectroscopy of
the nucleotide bases at the carbon, nitrogen, and oxygen K-edges. J. Phys. Chem. 2008, 112, 13711-13716.
[CrossRef] [PubMed]

Kamohara, M.; Izumi, Y.; Tanaka, M.; Okamoto, K.; Tanaka, M.; Kaneko, F.; Kodama, Y.; Koketsu, T.;
Nakagawa, K. Optical oscillator strength distribution of amino acids from 3 to 250 eV and examination of the
Thomas-Reiche-Kuhn sum rule. Rad. Phys. Chem. 2008, 77, 1153-1155. [CrossRef]

Izumi, Y.; Nakagawa, K. Quantum yields of decomposition and homo-dimerization of solid L-alanine
induced by 7.2 eV vacuum ultraviolet light irradiation: An estimate of the half-life of L-alanine on the surface
of space objects. Orig. Life Evol. Biosph. 2011, 41, 385-395. [CrossRef]

Beamlines List of UVSOR: BL5B Calibration Apparatus for Optical Elements and Detectors. Available online:
https://www.uvsor.ims.ac.jp/beamlines/5B/bl5b.html (accessed on 7 August 2020).

Beamlines List of UVSOR: BL7B 3 m Normal-Incidence Monochromator for Solid-State Spectroscopy:.
Available online: https://www.uvsor.ims.ac.jp/beamlines/7B/ebl7b.html (accessed on 7 August 2020).
Barbatti, M.; Aquino, A.J.A.; Lischka, H. The UV absorption of nucleobases: Semi-classical ab initio spectra
simulations. Phys. Chem. Chem. Phys. 2010, 12, 4959-4967. [CrossRef]

Isaacson, M. Interaction of 25 keV electrons with the nucleic acid bases, adenine, thymine, and uracil. 1.
Outer shell excitation. J. Chem. Phys. 1972, 56, 1803-1812. [CrossRef]

Emerson, L.C.; Williams, M.W,; Tang, I.; Hamm, R.N.; Arakawa, E.T. Optical Properties of Guanine from 2 to
82 eV. Radiat. Res. 1975, 63, 235-244. [CrossRef]

Stohr, J. NEXAFS Spectroscopy, 1st ed.; Springer: New York, NY, USA, 1992.

Yagi, H.; Nakajima, K.; Koswattage, KR.; Nakagawa, K; Huang, C.; Prodhan, M.S.I.; Kafle, B.P;
Katayanagi, H.; Mitsuke, K. Photoabsorption cross section of Cg thin films from the visible to vacuum
ultraviolet. Carbon 2009, 47, 1152-1157. [CrossRef]

Yagi, H.; Nakajima, K.; Koswattage, K.R.; Nakagawa, K.; Katayanagi, H.; Mitsuke, K. Photoabsorption cross
section of Cy thin films from visible to vacuum ultraviolet. J. Chem. Phys. 2009, 130, 234510. [CrossRef]
Henke, B.L.; Gullikson, E.M.; Davis, J.C. X-ray interactions: Photoabsorption, scattering, transmission, and
reflection at E = 50-30000 eV, Z = 1-92. At. Data Nucl. Data Tables 1993, 54, 181-342. [CrossRef]

Izumi, Y.; Imazu, A.; Mimoto, A.; Tanaka, M.; Nakagawa, K.; Tanaka, M.; Agui, A.; Muro, T. Measurement
and comparison of absolute value of soft X-ray natural circular dichroism of serine and alanine. ]. Phys.
Conf. Ser. 2009, 190, 012209. [CrossRef]


http://dx.doi.org/10.2307/3571104
http://dx.doi.org/10.1016/S0969-806X(03)00016-1
http://dx.doi.org/10.1002/bip.360010302
http://dx.doi.org/10.1021/j100894a063
http://dx.doi.org/10.1021/ac00147a022
http://dx.doi.org/10.1021/ja00311a022
http://dx.doi.org/10.1146/annurev.physchem.59.032607.093719
http://dx.doi.org/10.1039/C9CP04662C
http://www.ncbi.nlm.nih.gov/pubmed/31595896
http://dx.doi.org/10.1002/bip.1968.360060104
http://www.ncbi.nlm.nih.gov/pubmed/5641412
http://dx.doi.org/10.1021/jp802453u
http://www.ncbi.nlm.nih.gov/pubmed/18842017
http://dx.doi.org/10.1016/j.radphyschem.2008.05.010
http://dx.doi.org/10.1007/s11084-011-9237-2
https://www.uvsor.ims.ac.jp/beamlines/5B/bl5b.html
https://www.uvsor.ims.ac.jp/beamlines/7B/ebl7b.html
http://dx.doi.org/10.1039/b924956g
http://dx.doi.org/10.1063/1.1677456
http://dx.doi.org/10.2307/3574149
http://dx.doi.org/10.1016/j.carbon.2008.12.053
http://dx.doi.org/10.1063/1.3153275
http://dx.doi.org/10.1006/adnd.1993.1013
http://dx.doi.org/10.1088/1742-6596/190/1/012209

Quantum Beam Sci. 2020, 4, 30 7of7

27. Izumi, Y.; Tanabe, M.; Imazu, A.; Mimoto, A.; Tanaka, M.; Agui, A.; Muro, T.; Nakagawa, K. Characteristic
oxygen K-edge circular dichroism spectra of amino acid films by improved measurement technique.
J. Chem. Phys. 2013, 138, 074305. [CrossRef] [PubMed]

28. Izumi, Y.; Tanaka, M.; Tanigawa, Y.; Tanabe, M.; Momoki, Y.; Iwai, M.; Takenaka, S.; Ishiyama, K.; Kuroki, M.;
Muro, T. Nitrogen K-edge soft X-ray natural circular dichroism of histidine thin film. . Phys. Conf. Ser. 2014,
502, 012038. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1063/1.4790599
http://www.ncbi.nlm.nih.gov/pubmed/23445007
http://dx.doi.org/10.1088/1742-6596/502/1/012038
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Sample Preparation 
	Absorption Spectroscopy 
	Determination of the Optical Absorption Cross-Section 

	Results and Discussion 
	Conclusions 
	References

