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Studies of Radiation Biology by Soft X-Rays
and Vacuum-UV Light

Hiroshi MAEZAWA

Tokai University, School of Medicine

Radiobiological studies on several materials by vacuum-UV radiation and
soft X-rays using synchrotron radiation are reviewed briefly. A unique shape
of energy-dependency for the induction of chromosome aberrations in human
lymphocytes by soft X-rays was obtained. Killing on bacteria and mamma-
lian cells by the inner-shell photoionization of Br-and P-atoms was enhanced

as compared with that by the ionization in the normal fashion.
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DNTIE, ZOEEWEAFERICHS, 1D
BT EEBRO Licw, BERMUIE TOME
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Bl—v A 7 —BEEOKRSETH 26 mm TH O,
2.15 keV O XHR 8 13 28% ICTHRET 5,

BHEZHRONT = 2 v ¥ — (FER)EEE (EH
ARy V) AR BITHE, SR RIE AR R
TH 50 120 nm (10 eV) LI EOEZEENRIR T
BIE®E 7 + b 44 & — F (EMR Photodiode, 543
P—09-00) % ft>, 50 nm~120 nm T34 /v F
WilRF b )T Lo (FEOLIE D 50nm ~ 260
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Table.1 Characteristics of Irradiation Systems using in the Experiments of Radiatibn
Biology?.

Energy Range
(keV)
(Wavelength)

Beam Line

Monochromator

Beam Size at the
Sample Position
(mm)

Photon Flux at the
Sample Position
(photons.mA™,

S—l . m"2 )

Sample
Conditions

Sample
Scanning
Capability

Intensity
Monitor

Measurement
of Absolute
Intensity

14.7-4.13

(0.085-0.3nm)

KEK PF BL-4A

Double
crystal  cut
Si(111)

500 x 27 33" x 2V

2x10'® 4x10%?
at 6 keV

Dry (in vacuum)
Wet (in air,
solution)

Yes

Ring current,
Ionization
chamber

Ionization
chamber

Channel-

J2-4C

7(0.3-0.6nm)C

KEK PF
BL-11B BL-1B
Double Channel-
crystal cut
InSb (111)
5h x 1Y 50 x 17
1x10'(a) 6x10'(a)®
9x10'3(v) 5x10!(v)
at 2.153 keV

Dry (in vacuum)
Wet (in air,
solution)

Yes

Ring current,
Electron
multiplier

Ionization
chamber

0.4-0.052)

(3-25nm)

Grating

(21" x 6)

Dry
(Wet)

0.025-0.004

(50-300nm)

INS SOR-RING
BL-5

Grating
(Alor Au
coating)

6" x 4

10'® at 175nm
(A

10** at 80nm
(Au)

Dry (in vacuum)
Wet (in humi-
diated air,
solution)

No

Ring current

Photodiode,
Sodium
salicylate +
photomultiplier

1) BL-12C and BL-14C (PF) have been also used in the experiments at around 2 keV and 33 keV,

respectively.

2) Under construction.

3) (a) and (v) indicate air and vacuum, respectively.
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DEIEL T3, BRXHIRTIEHBHZEEREE
UGN, SBmEEE 3cm, F24AHR 0.247cm®)
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vvyobov) Yy rER BENXEDICELN
TeRI A & DNBF R E, & 50 IdEREED
IBAVNLNTWS, ) v/ Eif&HEMIETO
HFEE R LREGOLTNATENDD, &Y
v 7 EHRE (>230mA) ITFT Iy 7 RARET
T AWM DD B, FINHEFRL LEFEEED
HAaatickse=91) v /id, - LMEDE
P S R E ToMERLAEIE L RE LS
W AN D B, HEE =5 — OFEIE, RBEER
DIEROBRALEL T 50T, ORI
DEEDBLON TV B,

0.4 ~ 0.05keV OHEER X FEHD 2 P13 2
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Bnitds (AHA ~87°) THbB, V14 bL AR
Vall—vaVvAERRZL E-4LF4 VTOEE
FAMEFELTVS, ZONNEBERazNS
L, BENED SIRXFICOT T, 0.4 ~ 2keV
SEE ARV, BIEeTo T xvF - % h o
—FHLENTE S, F72, REDKBBINGG
(4.4nm, 0.28 keV) TD Auger Zh R DAY EH
AR TE 5 LI A,
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Mz r Vv F-HTHRE-DREAREZELHNDO S
D, 2)HEEANTRONR (FricKik) BRED £
fEHZR2EHMO D, ODZ>Th 5,
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E b oKL EEREEHBICET AR
N ERBRD X T 3 F — (RAEMEDST N S 17219,
XERHE, ROMEICENS dicentric B 4L i
EEHBEE (Y) 2 BEE (D) ol Y=C
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» ’:>.$ © <« =
~20- £ 8
! @ ™ 9
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o5k
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X 3
1 Q
- L1 1l [ Lod 1 , Pt
01 1 10
LET (keV/pm)

Fig.1 The linear component, « term. of the

dose relation ship for dicentric forma-
tion plotted against the LET. Open cir-
cles are data reploted from Virsik et
al™ on the chrome, aluminium and
carbon K-characteristic X-rays. (from
Ref. 14).

+aD+ BD? TELEINDEREL, afid X
T avF—REEEFEN (B1), RITE XK
IxLE-DRHLOIT, XEOBMEA*ERDOITEL
LT, LET 0 (#2 = v ¥ —f15., Linear Ener-
gy Transfer) SV SN TV %, fiDkE+F = *
WEF-—TORBHEEZGEOLETEZLS L, «fER
LETy =2~ 3keV/ ¢m (6.9keV L) T—2>D
E—2 %R L1co XERTHEL S 2IREBEFP o HBD
DD, XTI AWVF—ITLYRIELT ED, G
BAREDOFKE 725 DNA FEEIERER o0&
AbIO0TEEAONE, afiD T X VF —{KIF
WO, REEAERFERBEO DI, DNAW
D 1 oEEMsI@ICT 500, 2 DBEEN
BLFTHDMEV ST, BEEERET VAEZ
5L TEETH B,
BMEREOBILE XL CBETERICOVT, 6.9,
8.3 8 LU 18.8keV O XFRDEIEMLAL 171
BT EBRFERBEEORINGEE—HRIFTIET 3D
DXz xVF ORI TEE DL >7T(R2), L
L, YCo-1fDBELH~NEE, RXBRTD
HE XA ICED - 1o, WRRINIC, KIBREOH3E
M 4.4 keV ~ 14 ke VIR D X #2B L U ®Co
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207 5 13.8 keV
a 8.3 keV
6.9 keV

Co-7 /A

N
T
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Convertants per 10° survivals

X -ray Dose (x10 Gy}
induction of gene conversion at trp 5
locus of a diploid yeast, Saccharomy-
ces cerevisiae, irradiated with 60 Co
gamma-rays and monochromatic X-rays
at 6.9, 8.3 and 13.8 keV. (from Ref.11)

Fig.2

— 7T, BE-ETH-71

MIEENTO 7 o2y - LBEOHERE, I/
HH DNA OHEMEHIREE & FDYEDOHEES X
DEEBEOENITEDS, X V¥ — Kk
EEATHOM BN, REEREEK F
B, BIE, HAVIIEREEFHRLE, WR
T AEMDIC, B A4 XPERIERDEN
MdIUE, XL xovE — KR 5 E%
TR AR DD, BT T v EEL S
Th, ZRITEYFHT vV FRA v MiCk 581
WILETHA D,

X xovF— EHHEG 2 ~7 b v & DBk
IZ2WT, 15.5keV & 6.9keV THIZN DNA @
ERMEBB RN RSRIL D L EARBT 57—
e 5D, X7 LrFF, DNAZ% HFLA
VTR O#ERESLEE NS,

3.2 BXIEFREABRBHOLEYER
KBEB L 2D DNA O 1-20keV fHI T D
f —R/T (ELDx xovF —RNREICET 58
Bl xovF —RINRH O T, 0.869 23 U 12
bo, BHRELZRIREICE T 2R TH 3)
B 31CRd, DNA T3 VEF KBRINEEH
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F-factor (x102Gy/R)

1 2 4

| S T | i

6 810 20

Photon energy (keV)
Fig.3 Conversion factor (f) from the expo-

sure (in R) to absorbed dose (in Gy)
for E.coil DNA (Na-salt) and cells (%
mass abundance, H:9.73 C:13.15; N:
3.73; 0:70.88; P:0.67; S:0.17; Na: 0.82;
Cl:0.46; K:0.37; Ca:0.009; Mg:0.016).
Mass  energy-absorption  coefficients
taken from Hubbell (1982)'® were used
for calculation.

H- 20D EBDONE, KESUHIETRERT
O KRR S O BARE S 1BV, BEDEOR#MTH
3, TRNMF-FRUEOESAEFASTSE, &E
F DK BRI AERNTH T EMTE B, K
BEER D Auger BFOHERT 5Z M1 4 ViC
X BN RATIND C EDARRE TS B,
WRAEBEE DLW B, 7 HPEE O XFIcH
NERNTH L EOFEE, o xvEF -5
OF#D» SR I N 5, NREHER, ENETR
FBicHZoNd T x v F-FKEEEEL, »W2»
DFEFICDONWT, BFRST -9 2RI Lic® v
FAHNVBEICLDEEINTV S, Y VRFODE
&, KREEESE C 2B LS HWIEA AT
NBE, BIBERBEOBLZ2EDT 2VF —ff
BRBEEENSPFEINELT,

3.21 YVEF

DNA ORIz =7 hvAREIET S E, V) VK
SRR I T 75 - T KB & — 7 AT
Bdontc (B4, KRERT—5, Motk 5),
I, PO TORED »LFHEEINLEDE
—H 9T b, TOKBILBIIN T 3 v+ — (2.153
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1
218 217 236 215
Photon ‘energy ( keV )
Absorption spectrum of a thin film of
calf thymus DNA and the relative pho-
toelectron vyield spectrum of K,HPO,
around phosphorus K-absorption edge.
(K. Kobayashi et al. unpublished data).

Fig.4

EXPOSURE (kR)

19 !

~4ro
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SURVIVAL

A 2146 keVY
O 2.153 keV
O 2.160 keV

0.01-
Inactivation of solid bacteriophage TI
irradiated with monochromatic X-rays
at 2.153 keV (the resonance energy of
K-shell photoionization of phosphorus
atoms), 2.160 keV and 2.146 keV (above
and below the resonance energy).
(from Ref.21)

Fig.b

keV) & ZDRHED T 1 VF— (2.146 keV, 2.160
keV) O XH#E T, #.4% pBR322DNA ZHE L 72 &
T A, THUIM(—AEs L AN O mBE
BEM ) OEFRE, 2.153keV THMLAD ,
BN 747 2 — Y T1 OB ICH LTS,
KR LBV = 2 V¥ — XEDORITKTH %
(B5), kAEEAL, KBED (K6), BEES
HERMIAEMERT7)Th, BERE-BILHER

WA B|1EEIS

Exposure (kR)
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T T —
1071
-
.2
©
g
= 4q2
o 10°F
c
2
e
@ 103k e 2146kev N
A 2153keV A
o 2160keV
10744
Fig.6 Survival curves of E.coli H/r30 cells

irradiated with monochromatic X-rays
at 2.146, 2.163 and 2.160 kev.
(Maezawa et al. unpublished data).

Exposure (kR)
0 2 4 8

| T

107!

-2
1074}
0 O 2.146 keV

A 2153 keV
0 2.160 keV

Surviving fraction

103k

Fig.7 Survival curves of cultured mamma-
lian (FM3A) cells irradiated with mono-
chromatic X-rays at 2.146 2.153 and
2.160 keV. (Maezawa et al. unpublished
data).

Hi#RiE, 2.153keV D SBORICHRNTH S T
&L T A,
BEEBAHROMEAOKRE S, HEDSIRIR L 72
IANF-BICIDIREZ, KT (H3ISHR)
RV, RIGRE— 2 ReEE#< &, DNA *
UMM TRBHXR T 2V F -t L BEEF <1
505, KIGEEE ML OBI T LB %K
Wz xvF-DXBick2HEBRIREV T E
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EXPOSURE (kR)
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0.01%
Fig.8 Survival curves of bromouracil-labeled
(closed symbols) and normal (open
symbols) E.coli cells irradiated with

12.40 keV (triangle) and 13.49 keV (cir-
cle) radiation. Cells were irradiated
in aqueous solution containing 7.8%
dimethyl sulfoxide. (from Ref.27).

CEDYIFED - 72(F91.2—-1.345), DNA 184
UG, KxErosh Rz, @8 oXETIC
LAMRICHEENTVWEEEZ SN B, flfand:
FDHZEITIE, KB Hkd 2 RIEE
DNA #ECRMEODSLATRICENDZDTH
A 9o Auger BFBLUZMA A+ vick B BRI
BravyF-HoohRiE, @EONREBETFICES
CBDIDKEVCEDNREEN B,

3.22 7OAEF

DNA ORBIEETHAF I vAET oLy 5
WHBNIIVHEY S ULVTEESREZ AL, o
LBHAHNE IV RFETONREBHIEMAZTNEC
EBARETH D, 3 VROV TOERIZEL 1
BIL D0 A 7o 20220, #48 DNAD,
Ny FNAT» =Y T1® KBEES )Y BR
BB LU EMIAEMAS 2 2HOCTERSTH
Nico 78 LFEFOBE, KRNk (13.47 keV)
DI b F -l (~18.5keV) KT 2 LF —
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fil (12.4 keV) O X CTHRE 27T > 7o, HHAKE
KO KIGEDOBE LIS, HEXIc2ToEE, B
GHRE SRR ICB VT, 18.5 keV O HH512.4
keV ITH AR TH - 72 L L, BINHE
(BN = 2 v F =) TEZLTIGE, i DNA O
PR cldfi = 2 v F — ORI, —F
Ny FNAT =Y, KBE (VA VRAN

Ve —IINE), BEESLUEERRBTEEDN
ED SN (Table.2, XHR30L D) TTTHY

Y OBE LRI, BEOLERHICX 2HRICIT
N, KBEosh B BEARN T 2 vE—40) K
TV EDHER SN, BT, —HFICEg—D
® DNA UM%, H 50 id—2>OHic—1E
DOEFEIRIE A VE B fo D IT BT, 7o s KRSl
¥k THIz (Table.2, 5%1H), KikE#oD
DNA ESHUIW R0 & S ick, #lfasgto%h
RIIEV, T, MRSEEEEEROFE
kB EEFEZON5,

WRBHSNRA L D/NSEATLRVTHNS
AABITONTN S, 7o s KREHERICBL
T, W7o 74 % v ) Y R RENOER
ks o<+ 7574 — (HPLC) o3#r, KiGHH
DT OEFTAEYVFIOVE) T4 R T2 A D
JREEA) O HPLC B £ U NMR IT & 2954 H317h
NTWAEY, Fi, U VETEENE L, @R
AV TR7 LAF K dephospho (dA), D 7 5 &
AVTF =Yg VDOV TOMREBIED S, 1R
fro#EE HrFE N S,

NREREO B & /84, Milao X 5> ika&
RTHE, IKODEEYTH S OH © H 0EHER
REDMESN, FRRITAEYTHRAE AREE S &
5o —7, B4 A+ v OERICK BN FREOE
BHEZOND, PO, X7 LAFFHEDY ¥
PRERFIEEDOKR, LBotmBEsEmmeEonE,
A4 & YRR, A A& oAb b TR~ O
BRI E A, BTN, RSB EEL LS,
e DNFEAROHET AT &b, BEHRAE
YHWER OWIRBEAIA O icd 5 ET, 4%0E
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Table.2 Summary of data related to Auger enhancement in
bromine-incorporated materials. (from Ref.30).
Materials Biological Br-sensitization Auger event
effects in terms of absorbed  per lethal |
tested energy exposure
124 keV  13.5 keV
pBR322 plasmid Strand 0.95 0.89 0.072
DNA (solid) breaks
Bacteriophage Killing 1.64 2.08 0.04
T1 (solid)
E.coli cells? Killing 2.32 2.52 23
Yeast cells Killing 2.95 3.34 36
Mammalian Killing - - 96
cells (HeLa)
1) This term corresponds to the number of Auger event which is necessary to
produce one strand break in DNA or one lethal damage in cell systems.
2) in aqueous solution containing 7.8% dimethyl sulfoxide.
ZRHRETH 5, 107 T T T T
4 EERMNGREGOHE T oSk ]
4.1 HEFMOEARRYT ML § - ABSORPTION .
BERAGREE T, £2< oIV TEA N: 1o-16 B ]
ARG S BB LTS, —HlE LT DNA & Z - -
. - o . .
YR GDBIPHIELENITF)VAET 7= VT 1K E o7l i
O
ST 50nm (25 V) 75 254nm (4.9 eV) OF o r .
s v L. o
B TOBIAEA R <o b v (ER328 L URFER 2 s
\ _ & 10 7 I INACTIVATION 7
F—%) 2K 9IC/RT . 254-190 nm DHFLR < L J
g MNVEANT TN T 7 = VOBRINA RS bovk 49 L , | | 7
10
BULL, BNOAESIE DNA Itk b s, Fi 0 w0 150 200 250
- 3 ; . WAVELENGTH (nm)
DNA 5 O—2>DFEH & 75 5 REE L UEE . . o
Fig.9 Action spectrum for inactivation of

HEE RS SN LB EDS, COMEETIR
DNA BEEHEEZEZTRBWIZAS, 170 nm
(7.3 eV) 5 120 nm ITH 1 TOBILEZ D E
BRI, 75— VRN RS b rOENg H»
SIAIITE 150, BOER OB E TINE A
ERGMICHERT 5, COREREBTRY v/¥7
I & DNA I EICHE LI BDT, 4 V3
J71EEOEEHEZ 5105, 120 nm LI F 50 nm
I T, KRIGEZHEOERIE, W500I01E 5,

solid bacteriophage T!| irradiated with
monochromatic vacuum- and far-uv ra-
diations. E.coli Bg.1 cells were used
as a host strain for the measurement
of plaque forming ability of irradiated
phages. (Ref.32 and unpublished data).

c®%ﬁfd,&ﬂ®k%%ﬁ&yﬁﬁmx§o
77— VBHOBTFINERIBLZ 002(77— ¥
DOERIMEEICEdT 5, 7+ — VBIEMEED



HEk B1EE3F

) T 5, pBR322DNA O F— 4 133 15.5eV
fHETOBUIKOBFNENBLZ 0.5 THH T
EERT, TDTEDS, ¥ v/ XyEEEKROR
FUERMEN C EDRES NS LS, 170 nm LUF
DIFEOENIDS DNA 15058 /X7 THBHDI,
WAE, EENSTEREEO, X0 F )47 57—V
F 0 bEHERTH B, MEERTORIEIER
2~y kvl 50 nm 25 300 nm D & F TE S
e CCHk 35, 36 BLURFEET— 4 ),

VEFR 2 =7 N WEEBAT EDERD, BRI R
7 v EDRI GENSTEAHET 5 L1
HHETHNE, DNADNFFTOT—41ELD
BB 7B D SAIRETH b. 3 ) ¥ v E1DNA
OFSEYIMHER 2 ~ 2 b v e DNA 5 K P EHE
DOBIMN A7 b v HEED» S, FEUINTITREY
YR ORERL S 1B IR N D E BN T E L
AEOWIIT £ 5 T EpREanc™, ATP 0%k
EVEFA X7 F v 5d, 160nm TORE Y v B
B OPEEARES N1 P,

D VBRICE D ZonT T/ v S LIcAY
TR LAF F, dephospho (dA),75190nm (6.5
eV) 25 55nm (22.5 eV) OFFHDOE L O T 21
F-—oF TR, BB /o= 73574
—IC X BAMEYMOREN S, BEENMIITL B
EREREDSE] & DTS 5 7299, YIWr o0 E BRI
F, ) VBRI 27 VESOUIN (B9 O 1
BIUL) T, 3 KBAOMEOREE (K9
DOREFE 2) THD, TF=vE 5-dAMP mEL
EYIThHb, TN5IE, Xtk DNA T84
WMDETVAEZ L FTLEETH 5,

4.2 KBBRHBLUBKREOERRRY ML
XEOEYHER I, FICEENOKDOHIRTT
&72 OH 5 VA2 HICK B, 160nm (7.8eV) fi
MDOEZEENRE, KENHEL, HEOH 7 VA
WEIED, TOERIMATE, XEAMIERBRE
DOIERIC IO,
ATy THEEHVIZESRARY b D
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. ,
@ 2-deozyadenasine 4 S-dAMP

,
2-decryadenasine + 3.gamp

Adenine + S-gamp

®
~

Fig.10 Structure of dephospho (dA), and hy-
pothetical pathways (1,1, 2and2’) for
the degradation by vacuum-S.C radia-
tion. Symbole A in the structural for-
mula stands for adenine residue. From
the experimental results, a hypothesis
was advanced that deoxypentose moiety
was first destroyed (pathway2) in one
of the nucleotide residues.

(from Ref.40)

Adenine <4 3"dAMP

AEICE D, 160nm OFITk B, IKODROMED
BLUOERLICHEOHS VA LVOEES DB &
UEEDSE ) 3V LAty FAo OHM A
B O EED Bz s Nt

200- 150 nm OFHIK T, KEE S DNA HE
SHUIWIEF 2 <7 b UHFN SN ) kORI
ARy N EDKD S, KOSRICL Z OH 7
IANWOAERDHEE S Nl F 1z, KODIRIE,
KEEORIN R 27 b vOBRAEE 150 nm (8.3
eV) LIZNz, 175 nm (7.1eV) fHETHRIRE <
T, ZOBBICEELS SN,
EIKHIRRIC T A EZERMREOER IR, Hilic
ZRIN, SKMRBHELR, KRS
KR Citbiic, MEHIEERE® (250- 145 nm)
&b MEEERAET (160-254 nm) ASH WL SN,
HZERNBOBBELEES 5 &, TOHLIEA
WWKOBEETTE/-HE OH 5 ¥ hovic &k B0k
FE (B 0fEBIcL3EEZ OND, MIBERE
() DADEBICERT 25 REEE L1 &
FEETHB, OH7 VA NVEHOERE, Hs0
BE~OEAERSBEORE, B OREITEA
WF ==& D BDTIIIENIEA D D
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Table.3 List of Experiments of Radiation Biology using Synchrotron Radiation in JAPAN.

Radiation Experiments
Far- and vacuum- Action spectra
ultraviolet right Inactivation of tRNA.

Inactivation of lysozyme.

Inactivation and dissociation of ATP,

Photodissociation of olligonucleotide.

Formation of strand-breaks and base damages
in solid DNA.

Formation of strand-breaks in DNA in aqueous
solution.

Production of thymine-dimer detected by
monochronal antibody.

Radical products of base, nucleoside and
dinucleotide in ageous solution,

Production of water-radicals detected by
spin-trapping method.

Inactivation and mutagenesis of solid bacteriophages.

Inactivation of solid Sendai virus.

Induction of prophages in Bacillus subtilis spores.

Inactivation and mutagenesis of Bacillus subtilis
spores.

Killing and membrane damage of yeast cells in vacuum
and humidiated air.

Killing and membrane damage of cultured human cells.

Induction of strand-breaks in dry Barley nucleous.

Absorption spectra of tRNA, DNA, ATP and Sendai virus.
Photoacoustic spectra of biological and organic materials.

Soft X-rays Action spectra
Formation of strand breaks in solid DNA.
Transformation of solid DNA.
Inactivation of solid bacteriophages.
Killing and mutagenesis of E. coli, yeast and
mammalian cells.
Induction of chromosome aberrations in human
lymphocytes.
Effects of inner-shell photoionization in phosphorus,
bromine and iodine atoms in biological materials
Degradation of solid amino acids and oligonucleotide (S, P)
Degradation of nucleoside in solid and wet (Br)
Detection of fragile site in nucleous DNA in human
cultured cells. (Br)
Formation of strand breaks in solid DNA. (Br, P)
Inactivation of E. coli and solid bacteriophages. (Br, P)
Killing and mutagenesis of yeast and cultured
mammalian cells. (Br, P, I)
Induction of chromosome aberrations in cultured
mammalian cells. (P, Br)
G-values of Fricke solution.
Formation of hydroxyperoxide in liquid and solid water.
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