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This aricle depicts a proposal of a novel DNA modifica-
tion mechanism induced by irradiation, and is written as
an award work from Japanese Society of Radiation Chem-
istry. The mechanism of DNA modification induced by K-
shell photoabsorption of nitrogen and oxygen atoms was
investigated by electron paramagnetic resonance and x-ray
absorption near edge structure measurements of calf thy-
mus DNA film. The EPR intensities for DNA film were
twofold times larger than those estimated based on the
photoabsorption cross section. This suggests that the DNA
film itself forms unpaired electron species through the ex-
citation of enhanced electron recapturing, known as the

postcollision interaction process.

Keywords: soft x-ray, DNA, electron paramagnetic reso-
nance (EPR), electron spin resonance (ESR), postcollision
interaction (PCI)

1 [FUsIc

2015 4F 9 Hic TBUHHIC X 287 L v DNA g
DEZE, L) Z A FIVT, HABEBL S XD ik
WML E 2 ZE L 7.

ARTIE, RZEDONRGHILE %> 7 T Oka, A
Yokoya, K. Fujii, Y. Fukuda, M. Ukai, Unpaired Electron
Species in Thin Films of Calf-Thymus DNA Molecules In-
duced by Nitrogen and Oxygen K-Shell Photoabsorption,
Physical Review Letters, 109 (2012) 213001V O fi#di &,
SRR D 72 O ICHRSUTHMEFET E 2o N IT D0

A proposal of a novel DNA modification mechanism induced
by irradiation

Toshitaka OkA™ (Institute for Excellence in Higher Education /
Graduate School of Science, Tohoku University),

T 980-8576 E IR ATHEHEXIIN 41

TEL: 022-795-6597, FAX: 022-795-6597,

E-mail: kotobuki@m.tohoku.ac.jp

W& #& 16 % 35101 5 (2016)

TOFHWZT.

2 B XiE&%HMAL\/c DNA BEDHE

HEAFRRZIE L0 & T 2 KRB KDY DNA (2 I 5
INz L, HEDDOIZMEENRSHEIC X > TDNA
2O PHYINT 72 £ O DNA BT S 11 % 28, T
SN ZBEOFEFCIE IZBSROME P 2V ¥ —
WK TRESCHEL S, —T, WX HIZ, ZOHES
IRNF—%2iERE (b d 2% L), DNA REILE
ThDIRFE, B, BE, Vv ERERRWICHIE - A
F AL TE D L) DD %72, DNA 5 DNA B
H IS B S SR DR BIA L fibNTE 7,
L ClE, Fujii 6 2% DNA HEHLEE S DNA $4U]I 72
EDNEDPRX DO ZFNF =12k > TETEH I L
ERET AL, KX R X 2R 72 DNA 55
AlZ, TS DNA 5O EEOHIZE DNA O+ /
TNA ANDIG 72 &, MRS ITE A~ D JEH DR S
ns,

— M 72 AR D IR E 12 X o TIZHR S 4172 DNA 48
BIEBLRIKBER ETHARL I LEDTE S, 0WbiE
HRAR LB, Th B, TADITINL—TTIE, DK
R D 20T TR, S D S R I W
7o 2BRICB T 2 REERYTH S TDNA 72 H )L
ICHIEH L, MBI RAE R 2 & ORI EYI
EORHND 1 5 TH % DNA HBI5OYI A2 X 5
ZALEHLPIZ LW EEZ TS, X ) BARIC
WZIE, X HE% DNA IS L, DNA Z/ 7 %0
RICECLNBRA A e, T EReTRE 3
Auger BfRIZ K 5T, £D X9 I DNA BT S
NLZOPEHSLIZLIZY, EWH T ETHS,

DNA 7 ¥ )V OWFZEIE, BH 3B % (K5 < IR
B, ISR L 72 % 8 FHEMEILE (electron
paramagnetic resonance, EPR, #1 A & > L5 (electron
spin resonance, ESR) & &) #4& £ Tk L, i T
EBISHANENRETEIEBIELEAETH B,
LoL, 2Ok BLEBEOTFIETIE, WikA 41t

13



A

i
plis

& Auger BFRD K ) 2 T WIMICIEIRE s 72 AL
ZHET S LA TH S, 22T, HHL I,
SPring-8 @ BL23SU MWt — A4 7 A »IZ EPR ¥ &% A
PepEe L, in situ ¢ EPR JI7E AT AE 22 255 2 Bl FE L 729,
EPR DX Y ET7 4 DHZEI AL v OPIZH D, 107 Pa
DIEEZEN TR X Kt % B4 L 7255 EPR JIl5E A3 ] 6E
ThH3. B8, KHSLTIEDNA 72 AL TiEE TR
REF LI REZH VS, ZHUEEOKET
WERDNA 7 AN EXHTB0TH 5.

RER

FEA NI DNA % ZZ80KICIE D L TR e 0 11
WHL, K& - Bl cwgs ez, HEilkh 5 DNA
W2 HEE L, bR D L, 2708 L -
Fowy Fo LICEELD, flovay F2ER EA
MICHD M, m—Fuay 7% (100 Pa) Z#&HL T
HEZEF 2 8= (1077 Pa) ICEAL 7, X Sa%k
Bz@EHl ey FiZEEIhs ey FlERD Y
ANBERINTL ). FHHEDNA & X ED
WIS 205, R X fitld 1 BoRRIT S T4 12
Inay FIZEREL 22 L 20> D705, DNA I
PR ST T D 72 D ITHR X R AR Z 8 D $)0) 2 ATRg i

3

WH B0, INEMIMS T X EEHE 3 KERIC
L7, £/, 0y FOT T FUBEDIRILT—ITE

WTHBHEN Ao o, HEZEHEL T
0y FICHFINM X RIEMETEZL2L 0 TH
h, BlINIs 7 FILDIF E A EI1ZDNA Bk
DHDTH B LW iz,

FEZT v v N—H A%, R (370eV-425eV) B
X OB (525eV-600eV) D KigtkIG % & = %)L
¥ —fHRCEPR HIE %2 1o 7, =32 L ¥ -2
7536 EPR JIEZ 1T\, 6072 7)o 2 [hlfE
DTOME%E, FXHIT—DRLA VALY (« oTH)
T# > T EPR OHE & L 7. EPR OMlESEM 35
R 147, @510 £1 mT, <A 7 ahil 250 yWW T
b5,

X 512, DNA D X BRI A <7 b v b IS
L7z, MXBOBBEIIEFTHT 72D, bW x-ray
absorption fine structure (XAFS) % TlZ Si FEA L1
TERR U 7ok X 2 gt LU, Blkto Fuv A4 v a L
VR ZMEL T X FROWINZ JAED 5 2 L2350,
SENESCFE D TX RIRPGIGE ;) 2479 2 & & L%,
DNA O H 372 L L X dp & D F IV &I 417,
74 MY A A= FTEBLCORE (1) %2, X6 I1CHEH
Z il D & AR LT ASDEDEEE (1) ZHE L,

14

Beer-Lambert Di%H] (A = —log(I/1p)) TWNEE A %
AL, ZRAX—ZHEIT5 28T THD X HRIKIL
HI%E ) 12 &k 5 XAFS %147z,

4 FREER

Figure 1 |2 DNA WD %3 5 L OBFED K @Y
UL fFICE D EPR A7 b LDl ERT, F IV
PP UBELHEL L) R IAKRT, E—o%1ED
2 LT CIMEART ZEHEMD 7Y AN 23370 eV
225 700 eV O L)L X —HiH TR S/, g fHIE Mn
2 —A =75 2000 LED SN, HHET (gl
2.0023) LIZHREBZICANTH DI ERbhroT,

EPR HiE & <A 7 n O HR (VP) DR
% Fig. 2 \Z/R§. J#%H, EPR MIE L VP ofIcIiE
MERYH D, VPOKREL %2 LENT 2DE,
MXBOZINLE—12oboT VPHNIVEC
2ClE EPR BE1E VP OB E L b2 200 01
MU, VPOIREL %5 LHBT 2 L0 BERBES
N, 22T, BERICHIFT 2 & dhFRBIfR 2 350
(13 wW!2-18 uwW!/2) o b x5 EEAYHZH D
250 uW CTEEBAETHI L L L7, 4, MXHEDA
Uy P ERISPCHRE Ot FR) 2857 & EPR D
MEICHHIL TRES D I L BEDP D,

H ! ! ! H
— 561.06 eV
Py
©
=
o
—
s
2
‘0
c
)
£
ud 1 1 1 1
337.5 337.9 338.3 338.7 339.1
Magnetic field / mT
Figure 1. EPR spectra for calf thymus DNA

during soft x-ray irradiation around the nitro-
gen and the oxygen K edge at room tempera-
ture. The EPR spectra were obtained at energies
of 395.48 and 561.06 eV. (Reprinted figure with
permission from T. Oka, A. Yokoya, K. Fujii, Y.
Fukuda, M. Ukai, Physical Review Letters, 109,
213001, 2012. Copyright (2011) by the Ameri-
can Physical Society.)
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Figure 2. Plot of the DNA film EPR intensity
vs the square root of microwave power. The
soft x-ray energies were 395 and 600 eV, and
the solid lines are visual guides. Hereafter, a
microwave power of 250 uW was used for all
EPR measurement. (Reprinted figure with per-
mission from T. Oka, A. Yokoya, K. Fujii, Y.
Fukuda, M. Ukai, Physical Review Letters, 109,
213001, 2012. Copyright (2011) by the Ameri-
can Physical Society.)
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Figure 3.

The dependence of the double- integrated EPR intensity of the calf thymus DNA film on the

soft x-ray energy, from 370 to 700 eV including the nitrogen and the oxygen K edges. The right-hand
axis shows the XANES spectrum of the calf thymus DNA film. The yields of the unpaired electron
species produced in the calf thymus DNA film were significantly enhanced by the nitrogen and the oxy-
gen photoabsorption. (Reprinted figure with permission from T. Oka, A. Yokoya, K. Fujii, Y. Fukuda,
M. Ukai, Physical Review Letters, 109, 213001, 2012. Copyright (2011) by the American Physical

Society.)
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Figure 4. The soft x-ray energy dependence of
the double-integrated EPR intensity of the calf
thymus DNA film around (a) the nitrogen K
The right-
hand axes show the x-ray absorption spectra of
the calf thymus DNA film. The dotted curves
represent the baseline of the spectra. (Reprinted

edge, and (b) the oxygen K edge.

figure with permission from T. Oka, A. Yokoya,
K. Fujii, Y. Fukuda, M. Ukai, Physical Review
Letters, 109, 213001, 2012. Copyright (2011)
by the American Physical Society.)
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Table 1. Ratios of {3 to a for EPR and XANES
spectra at the nitrogen K-edge (a: 395.48 eV,
B: 399.68 eV (i), 408.98 eV (0%), 420.48 eV
and 450.48 eV) and the oxygen K-edge (a:
526.06 eV, B: 532.26 eV (%), 538.06 eV (0%),
561.06 eV and 621.06 eV), for the calf thymus
DNA film. (Reprinted table with permission
from T. Oka, A. Yokoya, K. Fujii, Y. Fukuda,
M. Ukai, Physical Review Letters, 109, 213001,
2012. Copyright (2011) by the American Phys-
ical Society.)

EPR /. XANES f/a  EPR:XANES
Nitrogen K-edge
399.68 eV 0.39 0.20 1.93
408.98 eV 0.55 0.23 2.39
420.98 eV 0.33 0.19 1.77
450.48 eV 0.29 0.16 1.75
Oxygen K-edge
532.26 eV 0.56 0.48 1.17
538.06 eV 1.29 0.69 1.88
561.06 eV 0.71 0.62 1.15
621.06 eV 0.82 0.68 1.20
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Figure 5. Recapture cross section of the calf
thymus DNA film vs the photon energy above
ionization potential of nitrogen. The units for t
in the figure are atomic units (a.u.). The right-
hand axis shows the relative cross section of
DNA. The threshold peak of the recapture cross
section above the ionization potential is simi-
lar to the enhancement of the EPR intensities
shown in Figs. 3 and 4. (Reprinted figure with
permission from T. Oka, A. Yokoya, K. Fujii, Y.
Fukuda, M. Ukai, Physical Review Letters, 109,
213001, 2012. Copyright (2011) by the Ameri-
can Physical Society.)
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