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Ak ZE e (B, Fig. 1) AL 575, Aassdtboi
TR L /- DNA BIGOBEERE &\ S By 27 A1
F 0 INBBEI RO THR I CEENLIND T DM
NTw5%, BEIL DNA BEER ETENS, —FHOx v
IRZBIZE > TiThbnTWwWa, L2LILThic, 204t
OBy 257 ATLBHRETE W DNABRELHD, O
NBFRTRARERLCTEN &\ - T2 BRI B GRS ENR
WA EHHEIN S, BEIEEOE &\ % IEMEICFHEld
LT X, Bk LB D OB ERHBEONE, b5
WIS BSRER O REE SO BAP S, Folt OEEM
DERICHRR S TV %,

IEFEICHUH R EBOESE VR A 72010, YOLD7%
DNA BERBERINCEE I N, B2 WIIEE LTy
harETHOLPICTAULELRD D, THNE TOPFR T,
DNA OEMPFE2IZTNTLE D, Wbk b DNA 1 AKGH
¥ 2 A4 (SSB; Singl strand Break & DSB; Double
strand break) 23fx b EHE/LEE & I, MIEFKIEIERA &
DORBRRZ LI OWT—EDOHMANE OGN TE/, Ly
LBIRICE - i@l 2 S THBHPRE L7290, FrDk
SIS OBE, Kb/l Miland - ThAEERK -
T Al MEs 2L CeoRxEEdTNE, Bikzo
LDICHT AL DOBROEETITEAE RN EEZ BN S,
F AT ORFGE D B, DSB 234 U T DNA O Y)W %
ZhE L RS A S E A BERR GEHRRARSGGR & -< HR
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Figure 1. DNA damages induced by ionizing radiation.
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T, HIROB L H T bbesRBINv, ARTIE,
SPring-8 D#k X i — A5 A4 v/ (BL23SU) ICFEE SN
BT E WIS (EPR) 2@ % AW T« BRI T -
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WKEL %5 X ICHBIL SR FRE £, &V O
B AL 0, — TR OB E D B ORFRH
ZAIC B ISR F OMAT S I+ A BER 5 55 L,
C OIRBEU 0 13 i R IREYE (7 BRL T O B) 1oL F—)
ICEALHET, ETCORMBTIZEAE—E LD, THITR
BYIX IO TRV F—DRMAFEL <725 L DI, &
KT & FORT HARYET (virtual photon) | 2800 &
DNEINBEEBEZHTENTE, TOXFHn 3 1/hvic
Hl§ 5, Sz 5 e DNA ST @8 5 B F 0
TERIE, IREVES AR 1/ hvy=1/E, i[C i3 5 [THE)
OWRS LA Rt A Z L2 BT 5, KT Om:@Ic
PEVIRTE s IR SN 5 5 FOF N, 13, IRE)F5RIE 5 A
DHFEFATOHE,
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Figure 2. Schematic diagram of oscillator strength distribution of

DNA molecule and virtual photon spectrum by irradiating with 3.3
MeV o-particles.
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Lz, InHOEZHIINEFILL (optical approxima-
tion) &MIFN B0, TOLXD KA LICED X,
DNA OIRE) T-5RE 545 & 3.3 MeV O a i A EZ2 L 7284
O T DAY P e BEEIICE L 72D 7% Fig. 2 T
B, WRHTHRESMIEIC VUV HRICE K ZHYL, &
DOFIK TR HFOMEF IR « BHE2S4 U 5, DNA
B OB THEROBPEY x & % < O VUV HEK TD
DNA #8E&Hge2, 81, 2 RoOBS e AL B
eI ThRiz,

LrL, 100 eV DL ok X #RAEE T OB FE LR TH
T\, COHEETIE VUV IICEHN, DNA OEETFHE &
P2V BNE S ZORERIE S T8, NE) bbb E 2
bnsh, DNAZKR T L2FBEBLETLRETHLHKE,
F#, MERDY VORNZEZ LV ORIE (K RIRG) 2
GAETHLIEDPKRELEH TH S, TORFICHES NFIE
FLIT Auger REFN4 573, 0 FOMEE L e L TR 58
BbdbH, IHICE, HEIN/- Auger BFA 4 V7%
FIC L A EREDOERE & o BB RS 7
&, VUV COMEFE & 38T S, 75 AKX —
DNA 5 (=EE s h#E 85 »EL 5 TS5,
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2m

Illustration of the EPR apparatus installed in BL23SU in SPring-8. The vacuum chamber, in which the micro-

wave cavity is installed, is mounted at the center of the magnet gap (see top view). The chamber is connected to the beam-

line vacuum pipe at both the front and the rear.

S5 ITHYT B~ 7 BEORIN AR F L& BIE T
%o EHIME, ~A 7 OEERIEIRSRONIMICFEE SN
L7, RENIBS B AR L &5 45 L BHAOEL
ZEAMIRBICR T L LERD D, YA 7 OEOBRAEIIZ
B7-OICiY, KIERICHIT HRBITEANRIPESLFTHIE
DEEL WA, — O XFHRO LS LHBARKEVE—
ATCIREMANCIEEICRNEETH 5, CNETD EPR %ff
SHFETIY, WIAEE « N U T ARE CRBHI B 23
FHORE L, ZOBRMKRICHAR LSS EPR E & CHEML
HEEITO OPBEDHETH 72 L L IDHET
i, KR CAHFEGOE T VIV, EROBRPTHEL
TLZEV, BHICh» S WAl RAS 5,

K43, BREOEEFR K BRI AL O X FR k%
FAN T A ST 572 0DFEF VKR L LTV, HRT
LEOTORA L LT, BHHE —AT A VICEERERKL
72 EPR #E % ¥ L 72 (Fig. 3)2, Zhid SPring-8 ®
F O % 3RO IHFIC LD, WD TS VEE
YA ZAROE— LT A ZEEPEIH SN/ & THDTH
BIC 723D Th bH, KEETIE, TOLEHTHAH<
A4 78¥HF v UF 0 —ORIEICRRT 5V — ABADIZDHD
BRWBIZEY 2 U —V g VEPIT H72OD T A VORI
TN SFTAHIERTELD (—HFRGFTTT

Table 1. Parameters of BL23SU and the EPR apparatus

Light source Variably polarizing undulator

Monochromator Varied-line-spacing plane gratings
(600 and 1000 lines/mm)
a+ =176 and 174°
Photon flux — 10" photon/sec at 0.5 keV
Photon energy 0.4~1.8 keV
E/AE ~10* at 0.5 keV
Microwave X-band, 8.8-9.6 GHz

Maximum magnetic field 14T

10-300 K by a closed-circular
cryogenic system

~10-¢Pa

Temperature control

Pressure in vacuum chamber

mm), HEFO< A 7O OBKEEIIZ 5 LB T
/oo MXAMMITELRF TR TRERIBELTCLED 2
O, A 7 OERIRBREERPEREST L S —ICHASH,
V—AFAVOEZELEGRINT WS, 1mm(v) X2 mm
(h) I O NI —A0F, FHERICBET S /-EEL10
mm DAL L CEEP TR B Sh 5, He fEERIC
FAMERIHEET, AMOBREITIOK £ TERICT S
CENTE S,

EPR %1%, BARFEFIHEFROFEHKXHL—LF
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A (BL23SU) A SNz, TOY—LAFA V1T, 1
HAJBEDT VY 2 V—REFANKIE L L, TNELRHE R
HEFE T2 50w & LTz, BOTEH VI IVF—4
fREEL A I WY SR/ E—AFTA VTHLY, D
EPREBE R RABHLE TOV — LA DIEARN 245t %
Table 1 IZ77 L 7=,

4. BRFRRUZZROKZMEICLDIEFGOI/ 7=
BEZCHIL
CO¥BEEMH ST, DNAEEKOSIHLD1OTHLTT
VDT VINND “FOGBET HiTo7. 7T VI,
AT GRUCODAELXOFTRLA A /LT FIVF—
PRV, T D7 DNA G FHCHLEZIT 9 <,

—— Beam0FF
—— BeamON

EPR intensity (relative)

DNA 5 FHNDOMMOTRAL CIESLBE L I ETL 7 =V
TCBEIL, REWICT T 2 VBEHEEVRT A LRI
WE SN, EHZEDOTWLYW, FxidEd, HEERE
MOTL AT —NT T UG TNICIEZL DB 5 HIVR
VBT 5 INIBEDT VIDVERICER L,
XEFHC kv mo s, 772/ DXV vy |
R e L7ck 20O EPR A7 P LA Fig. 4 127”4, B
2 R OTT K O 4Tk X 2 RA L 78556, RAHRRIC
DA I NBmD THFmDO T VIV hrdbnss (Fig.
4R DORE), COEBBFEGDOS YV NIVDANY FIVEILK
4 %% (Fig.5), EPR O~ A 7 O ik nEx % 2
2OaAVR—=FV 50 (Fig. 5D a KU b), B—

1 1 !
330 kx5 a0 5
EPR magnetic field (mT)

Figure 4. EPR spectra of guanine during irradiation with ultrasoft
X-rays (539eV) at 77K (a), and just after exposure (b). The
microwave power was 200 uW and the width of the magnetic field
modulation of 100 kHz was 0.5 mT.
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Figure 5. EPR spectra of guanine obtained during irradiation with

ultrasoft X-rays around the oxygen K-edge (525, 539 and 550 eV) at
77 K. The microwave power was 200 uW and the width of the mag-
netic field modulation of 100 kHz was 0.07 mT.
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Figure 6. Ultrasoft X-ray energy dependence of the yield of the short-lived guanine radical. The intensity of peak a (see
Figure 5) is plotted against the photon energy around (a) the oxygen and (b) the nitrogen K-edge region (solid line) . The
intensity was normalized by the incident photon flux. The X-ray absorption near edge structure (XANES) shown by a

dot line is reproduced from Fujii et al.
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LYo TLERAREL T VANDZ N (Fig. 4,b) &
I B2 ICX S e,
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539 eV OBHHC L D FF T VIV OG5 HE L KIEIC
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NoO5ELUETH -7 (Fig. 6,a)19, 539 eV Ok X
BH I THIC/IE L OB S5 ANVRIIVBEED 1s BT
DO=CHEEaxHRT % o* REGHENDFIE -, Ch
IC#t < Auger REFIAR & 5 EAFH NS0, —F5 n*
NOFREARE I 5 EF 2 5N 5531eV Tid, KA ICHEK
HEOWHICEPR V7 FIVOMEITIZ LA LRI Bad o
7o SHIC, BREBETR 77 VS TRPIC5 2B 5D
KHEb 6T, EFRO KRS (401eV) Ofrfs Tl
Fa oV VD EPR E 5 HMEIIMFE o it L /2B E& D%
TUCTHAREEIT NI &SSP - 7o (RIS
THEILS 5 & ~1/10LLFTH5) (Fig. 6, b),

U EDWERNS, 77 ZVBIEOS Y AIVERRIZ VR
ZIVIBFE O KRB AR & in g Elw K/ L T 5]
BUENREIN/, BERISTEFHO=CHEEZKT 55

Schematic illustration of the participant, spectator and normal Auger processes in the guanine carbonyl

e (o* or photo &)

oy

Transicnt guanine radical
by c*excitation ?

Schematic illustration of the short-lived guanine radical formation after resonant Auger process.

FHlaE A~ ILE IR 3 B R & Fig, T ICBMICR 9, K
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KRRl OREE & & B ICHBEVERE#ET 5 & TSN A, LALE
XETF & L TEPR THEISI NSO, MiFd 11ifiT
T NTIE B, SEBRII N/ T v oRENT Y
VL, BEVEEEL 72T EA EER T RVF =AY O
W DB FD, TOHFA T ICTHREINIERED
725 VNV ThHSB EHRISNS (Fig. 8),

5. REBYGTZHhFALZFPHIL

VAR S A E L L COLBl S N ARE R T Y IVICH
K95 AT )L (Fig. 4, b) 1F, BEICHEINTWAy
WA TS L /CRRICBl SN S AR P VD LT 5B S
ks, 7 AFE VSV (Fig. 9) LIS
Too TOFVHIVIZONWT, BEHRD Is—a*ihike (539 eV)
KU K BIBOHE T 7V F— (524eV) OZDD LRV
F—H B L /2B, REHRFENC R 3 5 I E O A 38X

May 2004 Vol.17 No.3® 15



fﬂ

Figure 9. Schematic illustration of the long-lived guanine cation
radical.
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Dose response curves of the long-lived guanine cation
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Production Mechanism of DNA Bases Radical Induced by Inner-shell

Excitation

Akinari YOKOYA Advanced Science Research Center, Japan Atomic Energy Research Institute
2-4, Shirakatashirane, Tokai, Naka, Ibaraki, 319-1195, Japan

Abstract

To reveal the precursor of oxidative nucleobase damages, such as 8-oxo-G in a DNA molecule, induced by ioniz-
ing radiation, DNA base radicals were examined around oxygen and nitrogen K-edge region using an EPR spectrom-
eter installed in a synchrotron soft X-ray beamline (BL23SU) in SPring-8. In situ measurements of EPR spectrum of
guanine base revealed that short-lived transient radical species are specifically induced by photoexcitation of a 1s
electron to ¢* antibonding orbital at the carbonyl oxygen atom. They promptly disappear by ‘‘beam-off’’. On the
other hand, a long-lived radical whose EPR spectrum is consistent with previous reports for guanine cation radical
was accumulated during the irradiation. The stable radical shows a smaller yield by the oxygen 6* resonance than
that by irradiation at off-resonance energy. These results indicate that these two radical processes would be in-
duced competitively after decay from the Auger final state.
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