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7 A F ) KRR (DNA) iIcA 505 8-4 F V77 = (8-oxoguanine):
ZRIFM: S EEET

Arthur P. Grollman

8-Oxoguanine in DNA: Is Mutagenic Properties and Repair

Arthur P. Grollman

(SZff: 199449 H 14 H; ZFE 1994 429 /] 14 H)

1. FLBHIC

N D DNA (i3, 8-oxoguanine % 2% T 20
UL E ORI S % & DK (base) 25 B
IN TV 5 (Gajewski, et al., 1990). THh 5D
DNAHED S LD H % & D 13 DNA 5% FH 11
L, 752 bDRERDFRICL > TRBAP
fifa (b % {edEd % (Ames and Gold, 1991).

Kasai & Nishimura |2 & %, #flf@ N guanine &
hydroxy radicals & DT & % 8-oxoguanine M
Rl D % I (Kasai and Nishimura, 1984; 1991),
KU ENICO S THIFE S 1o T DILFRIHE
fif ¥ Bk D 15y S D KR U E B (Gajewski et al.,
1990; Floyd, 1990) i &L uid, WHFLEMWIHERLA D
guanine (3410 FHIC 1O E & TC8ALIcH
W TEE(L & 11 8-oxoguanine (275 % (Floyd, 1990).
DL NVBBIRHIDILERPAYE TRE S hic
7Y 2BV TKRITE S W B HEMEEE L 0 B
@b, C OFRICELER] (ubiquitous) ITfFAET B
DNA i DA RIFEE R T 5 T & FBRZED
(Kuchino et al., 1987; Shibutani et al., 1991).

2. Miscoding D14EE

8-oxoguanine DA FLJEIME (3 DNA #HE&IKGIC B
7 5% = 5 — (miscoding) DFEHR A KIS 3.
8-oxodeoxygnanosine (8-oxodG) % 4% i€ O {if &
(site specific) ICHUHERDOFEMAE N TDOREA D
DNA ) * 5 —¥XIHIC & 5 DNA Bl £ER
Zfrd 5 &, 8-0x0dG 1375 1 v — DNA 0
FOLELRICEE L, dAMP & dCMP % % O xHir

© 1RBBIE RIS 2

Table 1. Relative incorporation of nucleotides oppo-
site 8-0xodG by DNA polymerases in vitro*

DNA polymerase Incorporation C: A

pol a 1:200
pol 6 145
pol III 1:8
pol B 4 :-1
pol I T::1

* Data from Shibutani et al. (1991) and from S.
Shibutani (unpublished).

EICASICHY 1A% ¥ % (Shibutani ez al., 1991).

dAMP OIS HEUAA B Z, DNA £ x 5 —
YOREICL > THECRL I EMNEH O
2. Table 1 [IZ/RE N BRI dCMP & dAMP OHY
ABDIIDNA X ) A5 —€¥aTIiE1:2007T
HBM, DNAEY A5 —LBTIEHIC4:1TH
% (Shibutani er al., 1991). #ifdf% D DNA 5%
12759 DNA # ) *x 5 — € LIBEBELX Y x5 —
£ D DE (T 8-oxoguanine D &1 1 HH 15 [
f3d 5 T & A2%ikd % (Michaels et al., 1992).

3. HEIS(EFERI

8-0x0dG D XHi 1< deoxyadenosine (dA) 7S
BChz L T\ % " HfH DNA Ol 2D-NMR (2
& - THAB & 11 (Kouchakdjian et al., 1991), i
X BRAS T & - THEE S Nz (McAuley-
Hecht et al., 1994). 8-oxoguanine (¥ B-DNA i
HHIC BV T syn conformation % & 1, dA &
Hoogsteen pair 223 5 L ESh TV 3
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(Kouchakdjian et al., 1991; McAuley-Hecht et al.,
1994). 8-0x0dG : dA pair /% Watson—Crick geome-
try EUTVWBEEDT 54 < —KIgOELEEX
IEE KRBT 5 E#%Z 5N 5 (Shibutani et al.,
1991). BRALIRME & L THEEHNICBEfRAS S 5 A5
BREERIG A Ik 9 % Fapy & i3 DS THR
73 % (O’connor et al., 1988).

4. ZRHEOHE

KBSEEIC B 1F % 8-oxoguanine IZ K4 % &R
FROPE B L LR OFFME (3, 8-oxoguanine
THEHFRMCEN L2752 3y F2@HLT
Wr7E & 7z (Woal et al., 1990; Moriya et al., 1991;
Cheng et al., 1992; Moriya et al., 1993). THELEH)
Mk (VB Ml) T3 SV40-ori % b - 1o HigH
DNAD Y v b VX7 5 — % L7 (Moriya
et al., 1993). 75 LAk TOERBHCER s hic
ZHRAEGS 75 Z3 v FOWEERS|IE colony hy-
bridization & DNA sequencing D iC & » T4
fr&E 7. 8-oxoguanine 1T & B FERIZ G: C
—T: A transversion Td» 5 C & H/RE 1Lz Wood
et al., 1990; Moriya et al., 1991; Cheng et al., 1992;
Moriya et al., 1993). C O#5%R 13 Lo DNA #
VAT —ERIBICA SN BT 5 — D RRME -
LBEET 5. RO IKEE & v VBl
12 3% VIR T, 8-oxoguanine DZEFIEF 12550
L #Z 51015 (Moriya et al., 1993).

5. DNA EEDEER

8-oxoguanine DETEH I3 & & & & Fapy {05 % &
D DNA 6 Fapy 2 £ b7 bEEZ ok
N-glycosylase (mutM ¥ 7: |3 Fpg & 1) (Chets-
anga and Lindahl, 1979) OfEHIck - THEE %
(Tchou et al., 1991). Fpg &3 8-0x0dG % &>
DNA (2 xf L T Fapy % & > " H#{DNA L v {#
PP SEVEMNMAE & > TW3 (Tchou et al.,
1994; Tchou and Grollman, 1994). Fpg HH D4
FEREE 13 Fapy & © & L A 8-oxoguanine TH
5 EEBIZFHIFBRORIRL TV S,

WEERNELE, S & THEKEV C LT, fhic
BRI IE R T % 8-0x0dG & Fapy (3 dC & %t
%15 L1 & &1 Fpg EADTEMIC & » T DNA
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Mo EDERMR, THITKL, 8-0xodG :dA pair
{3 Fpg OBFRIEHORE & L TAR#EY BT
&% (Tchou et al., 1991; Tchou and Grollman,
1994). ZRFROPREIATSH % 8-0x0dG : dA
pair DETEIT 1E45—> D DNA glycosylase TH %
adenine DNA glycosylase (mutY &) »5B59 3
(Michaels et al., 1992, 1993; Au et al., 1989). Fpg
EH DA E[ABEIC, adenine DNA glycosylase |3
X L% DNA tHD dG : dA mismatch DEEENE
ELTHRE, WREhi (Michaels et al., 1992,
1993; Au et al., 1989). Adenine DNA glycosylase
DE—FAMAFRIER IBRLIRS DNA 0EH% b
MRTWVWEHETH S (Tchou and Grollman, 1993;
Michaels and Miller, 1992).

8-oxoguanine ® DNA th~® H Bl 13, DNA @
EERB{L DO, 8-0x0dGTP @ DNA 21 I D
DNA “OHUAAIZ & » T HiEe 3% (Tchou and
Grollman, 1993; Michaels and Miller, 1992). 8-
oxoguanine (3§D dA & dC 123 F [E B ot
BLTT 74 72— KIcBUAZE N5 DT (Cheng
et al., 1992; Maki and Sekiguchi, 1992), & L{&1§
MBiTbhiF g, A: T—>C: G transversion %
S5 (Yanofsky et al., 1966). il nucleo-
tide triphosphate pool %> 5 8-0x0dGTP % [4 < 728
I 8-0x0dGTPase /L L TEREZP LTV S
(Maki and Sekiguchi, 1992).

% OIEHRREDOBIEKIFAEDI D, H59 5
H:#) D DNA T 8-oxoguanine S {EfE 4 5 Z & I
£ Td 5 (Frenkel, 1992). 8-oxoguanine DZLFL
TERIC B2 7S DNA (BIERER O &% B S Hic
T 3 1o HICKTED KIGE mutator HEAMEH s h /-
(Tchou and Grollman, 1993; Michaels and Miller,
1992). MutT # (3 8-0xodGTP D 17K 43 fif hs AHE
D72 % (Maki and Sekiguchi; 1992), &g T
A :T—>C:G transversion 24U %. MutM i
Fpg EHDRIED 729, 8-0x0dG DEFE (Bessho
et al.,, 1992) EEHE D G : C—T: A transversion
%29 (Michaels et al., 1991). MutY ¥4 adenine
DNA glycosylase RIED 7= O [a|bE A TR A LS
%. MutM/MutY “HEZER @@, dwi#E
(34£[E U T 8-0x0dG D RIEH A & K % Bl
®|_TW3 (Michaels et al., 1992).

MutM Repair

oxo

MutM protein L\A

- processing of 3
phosphomonoe:

- repaic DNA synthesis
- DMA ligasse

G

MutT Pathway

c Repiication

8-0x0dGTP ﬂ) 8-0x0dGMP ¢ PPi

=y

Incorporation opposite dC or dA In DNA

MutY Repair

A
G or
oxo
MutY protein
Adenine
MUtM repair
_—
G
oxo
- AP endonuclease
- repair DNA synthesis
- DNA ligase
— A > MuYrepair

oxo

——>  MutM repai

oxo

Fig. 1. Schematic diagram illustrating how the MutM, MutY, and MutT proteins reduce accumulation of 8-
oxoguanine residues in DNA, 8-Oxoguanine is introduced into DNA by oxidative damage (unboxed pathway)
or by incorporation of 8-0xodGTP during DNA biosynthesis (boxed pathway). MutM (8-oxoguanine DNA
glycosylase) and MutY (adenine DNA glycosylase) act on oxidatively damaged DNA to minimize accumula-
tion of 8-oxoguanine. MutT protein (8-oxodGTPase) depletes the pool of 8-0xoGTP. Dxcision of 8-
oxoguanine from DNA is catalysed by combined action of the DNA-glycosylase and AP lyase activities of
MutM protein. The single nucleotide gap is processed by DNA repair synthesis. If 8-oxoguanine escapes
during repair, dAAMP or dCMP is incorporated opposite the lesion. DNA containing 8-0xodG : dA is repaired
by MutY protein, removing adenine. The MutY protein temporarily remains bound to DNA, protecting 8-
oxoguanine from subsequent attack by MutM protein, thereby preventing loss of one base of information and
a double-strand break. Repair DNA synthesis directs incorporation of dAMP and dCMP opposite 8-0xodG.
The 8-0x0dG : dA pair is repaired through the MutY pathway while the preferentially formed 8-oxodG : dC

pair can be repaired through the MutM pathway.

6. #% B
i & DOIEPEREF (MR THRBERICAER S 1,

DNA OR{tEFEZ VO &I T. ChoDFER
B O OB DI, WHSEBERPEFEL T
W5, KIBE T3 Figure 1 IZ/R& 117z 8-0x0dG &
ERF PRI TV S, FHR7SKEEIE Michaels
et al., (1992), Tchou and Grollman (1993), Mi-
chaels and Miller (1992) =& x 7z, THFLE)
Yifkadic & MutM, MutY, MutT ([ZX5HERT 58
L fEYIDBHIONTED, BD error avoidance
pathways 23|\ CTW A8kiICA X % (Chung et al.,
1991; Yeh et al., 1991; Mo et al., 1992).

FOBAVICH T 2 HELHIRE S N il
WrgesE, &<, AREoRBEE K IMEE SNk
S. Nishimura, S. Shibutani, F. Johnson, M. Moriya,
M. Michaels, J. Miller, J. Tchou @ EE5eH 1S L
7. ABOBHABRICHKE VWLV M.
Takeshita ZiZIcBLEH L LiIF$ 4.
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Summary .

Insulin-dependent diabetes mollitus (IDDM) is an autoimmune disease in which insulin-secreting
pancreatic 3-cells are selectively destroyed. Cytokines such as interleukin-18 (IL-13) are released by
invading immune cells and have been shown to be capable of mediating inhibition of a variety of
functions, inclnding insulin secretion, in rat islet S-cells. Many of the inhibitory effects of IL-13 in rat
islets can be accounted for by its ability to induce nitric oxide synthase in S-calls. Nitric oxide is
synthesised in response to IL-143 at levels sufficent to induce DNA strand breakage. In the immune
response, nitric oxide is frequently released together with other reactive species including superoxide
anion and hydrogen peroxidc and shows complex interactions with these activc oxygen species. Nitric
oxide and superoxide combine to form a further toxic species, peroxynitrite. The nitric oxide donor
SIN-1 (3-morpholinosydnonimine) releases superoxide and hydrogen peroxide concomitantly with nitric
oxide and may thus be a useful model compound to reproduce cytokine free radical generation.
In contrast to results for neurotoxicity, superoxide dismutase dose not protect islet cells against SIN-1-
induced DNA strand breaks, whereas catalase largely reverses the effect. This suggests that formation
of hydroxyl radical via the Fenton reaction may be more important than formation of peroxynitrite in
these cells. A number of cytokines exert protective rather than cytotoxic effects. We have shown that
transforming growth factor 8 (TGFRB) protects islets agains IL-13, apparently by suppressing nitric
oxide synthesis (as measured by nitrite formation) rather than enzyme formation. Studies to date do not
allow definite conclusions conceming the importance of cytokine-induced nitric oxide synthesis in the

destruction of human islets.

Keywords:
Langerhans, nitric oxide

1. Background

Extensive research over the last few years has
shown that a group of regulatory and immuno-
modulatory molecules known as cytokines are in-
volved in a number of physiological processes, in-
cluding control of cell proliferation and differentia-
tion, haematopoiesis, bone formation, wound heal-
ing, inflammatory and immune responses.

A number of disease states, including some forms
of cancer or inflammatory and autoimmune diseases
involve disruption of normal cytokine action or al-
tered cytokine-induced responses. Insulin-dependent
diabetes mellitus (IDDM) is an autoimmune disease
in which the insulin secreting pancreatic 3 cells are
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Interleukin-13, 3-morpholinosydnonimine (SIN-1), superoxide dismutase, islets of

selectively destroyed. During insulitis resident mon-
ocytic cells produce cytokines such as interleukin-13
(IL-18) and tumour necrosis factor-a (TNF) and
may liberate 3 cell autoantigens, thus establishing
specificity of destruction (for review see (Mandrup-
Poulsen et al., 1993)).

Cytokines such as IL-13, identified in activated
macrophage culture supernatants, may mediate the
autoimmune destruction of insulin-containing cells
(Bendtzen et al., 1986; Mandrup-Poulsen et al.,
1986). Intensive research into the biological effects,
signalling and destructive potential of IL-153, in par-
ticular, has ensued (for reviews see Mandrup-
Poulsen et al., 1990; Corbett and McDaniel, 1992;
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Kolb and Kolb-Bachofen, 1992; Eizirik et al., 1993;
Mandrup-Poulsen ez al., 1993; Green et al., 1994;
Sandler et al., 1994). In this article we describe the
responses of insulin-secreting cells to cytokines and
nitric oxide donors.

2. Inhibitory and Cytotoxic Effects of Cytokines
on Islets of Langerhans

Following the identification of IL-13 as the com-
ponent of supernatants from activated macrophages
which caused inhibition of insulin secretion and loss
of viability in rat islets (Bendtzen et al., 1986;
Mandrup-Poulsen et al., 1986), there has been inten-
sive research into the responses of islets to those
cytokines which may be present during insulitis.
There is a bimodal response of islet insulin secretion
to IL-18 treatment in vitro, dependent on the dura-
tion of exposure and dose used; low dose or acute
high dose treatment stimulates, while higher dose or
longer term low dose treatment inhibits glucose-
induced insulin secretion by rat islets (Spinas et al.,
1986; Comens et al., 1987; Spinas et al., 1988;
Delaney et al., 1993; Green et al., 1993).

While the physiological or pathophysiological sig-
nificance of cytokine-stimulated insulin secretion is
unknown, there has been much interest in elucidat-
ing the mechanism of IL-18’s inhibition of insulin
secretion, as a possible indicator of the processes
which lead on to AB-cell dysfunction and death in
IDDM. Other inhibitory effects of IL-18 on islets of
Langerhans which have been described are reduc-
tions in insulin synthesis (Eizirik et al., 1990), in
mitochondrial aconitase activity (Welsh and Sand-
ler, 1992), in glucose oxidation (Eizirik, 1988), in
DNA synthesis and in intracellular levells of ATP,
CAMP (Sandler et al., 1990); Green et al., 1993)
and NAD (Yamada et al., 1993; Bolaffi et al., 1994).
While IL-153 also inhibits insulin secretion in the
transformed hamster S-cell line HIT-T15 (Ham-
monds et al., 1990) and in mouse islets (Welsh and
Sandler, 1992), the results from human islet prepa-
rations have been less consistent. IL-153 was report-
ed to inhibit glucose-induced insulin secretion by
perifused human islets (Kawahara and Kenney,
1991), whereas longer-term treatment in culture re-
sulted in stimulation of secretion (Eizirik et al.,
1993).

Role of nitric oxide

We first reported that interleukin-15’s inhibitory
effects on rat islet insulin secretion were nitric oxide
related and highly dependent on the presence of
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arginine in the culture medium (Southern et al.,
1990). This is consistent with the known involve-
ment of nitric oxide in mediating cytokine effects in
a number of cell types including macrophages,
smooth muscle cells, fibroblasts and hepatocytes
(for reviews see (Moncada et al., 1991; Nathan,
1992)). Nitric oxide is generated from arginine by
an oxidative reaction catalysed by the haem-
containing enzyme nitric oxide synthase (NOS)
(review by (Knowles and Moncada, 1994)). Indi-
rect evidence for induction of NOS in islets of
Langerhans arose from the observations that IL-13
stimulated an arginine-dependent release of nitrite, a
relatively stable oxidation product of nitric oxide
(Southern et al., 1990; Corbett et al., 1991; Welsh et
al., 1991) and intracellular accumulation of cGMP
(Corbett et al., 1992; Southern et al., 1992; Green et
al., 1993), which can result from nitric oxide activa-
tion of guanylate cyclase. Determination of nitrite
or cGMP does have some limitations as an indicator
of nitric oxide production. Nitrite levels are unreli-
able if there is likely to be any difference in the
cellular redox state (Delaney et al., 1993; Green et
al., 1994; Knowles and Moncada, 1994), while ni-
tric oxide-induced elevation of cGMP relies on the
presence of soluble guanylate cyclase which may be
absent or at a very low level in some insulin secreting
cell lines (Cunningham et al., 1994). More specifi-
cally, by using electron paramagnetic resonance spe-
ctroscopy it was shown that IL-153 induces forma-
tion of iron-nitrosyl complexes, indicative of nitric
oxide reaction with iron-containing target proteins
in islets (Corbett e al., 1991). Nitric oxide has also
been implicated in mediating the inhibitory effect of
TNF, used in combination with IL-18, on rat islet
insulin secretion (Southern et al., 1990), and the
cytotoxic effect of IFN plus TNF on mouse islets
(Yamadaet al., 1993). By contrast, IL-6 inhibits rat
islet insulin secretion by a mechanism distinct from
that of IL-153 (Sandler et al., 1990; Southern et al.,
1990).

The celiular site of nitric oxide formation has
been indicated by stimulation of cGMP accumula-
tion by IL-18 specifically in B-cells, but not alpha
cells, using FACS-purified preparations from rat
islets (Corbett et al., 1992). Furthermore, IL-13
treatment raised ¢cGMP, nitrite and iron-nitrosyl
complex formation (Corbett et al., 1992) and stimu-
lated conversion of radiolabelled arginine to citrul-
line, the co-product of the nitric oxide synthase-
catalysed reaction (Cunningham et al., 1993) in the

insulin-secreting cell line RINmSF. Expression of
macrophagetype NOS has been confirmed by North-
ern blot analysis of IL-153-treated HIT-T15 cells
(Eizirik et al., 1992; Eizirik et al., 1993) and West-
ern blot of rat islet and RINmSF cell protein (Green
et al., 1994). Possible non-endocrine sources of
nitric oxide in the islets include macrophages,
vascular endothelial cells and fibroblasts.

Biological effects of nitric oxide donors on insulin-

secreting cells

In order to investigate whether cytokine effects
are reproduced by nitric oxide we have examined the
effect of nitric oxide donors on 3-cell function in rat
islets and insulin-containing rodent cell lines. Nitric
oxide donors which enter cells and release the free
radical intracellularly may be more inhibitory than
donors which release nitric oxide extracellularly
(Cunningham et al., 1994). We have also shown in
HIT-T15 cells and in islets of Langerhans that nitric
oxide released by donors causes DNA damage
within 30 min. and inhibits insulin secretion in that
time; this inhibition is similar in magnitude to that
seen after cytokine treatment (Delaney et al., 1993;
Green et al., 1993); unpublished observations).
HIT-T15 cell responses to nitric oxide releasing
compounds resemble those of primary tissue—islets
of Langerhans—more closely than RINmSF cell
responses. However, both types of cell respond to
donors within 24—48 h with decrease in cell number
and viability (this laboratory, unpublished observa-
tions).

Intracellular targets for nitric oxide

The ability of nitric oxide to inactivate enzymes
suggests a means for mediation of some of IL-15’s
effects on islets. Inhibition of glucose-induced insu-
lin secretion has been proposed to result from iron-
nitrosyl complex formation following nitric oxide
interaction with iron-sulphur containing enzymes
(Corbett et al., 1991) such as aconitase (Welsh et
al., 1991), leading to a fall in glucose oxidation rate
(Sandler et al., 1987), impaired production of ATP
(Sandler et al., 1990) and, ultimately, defective syn-
thesis and release of insulin. An additional in-
hibitory effect on insulin secretion may be brought
about by nitric oxide activation of membrane potas-
sium transport channels (Antoine et al., 1993; Bolo-
tina et al., 1994). The inhibitory effects of IL-15 on
DNA synthesis may be accounted for by nitric ox-
ide-inactivation of iron-containing ribonucleotide
reductase, the rate-limiting enzyme in this process
(Kwon et al., 1992).

Nitric oxide or other free radicals released from
macrophages or generated intracellularly are being
investigated as the mediators of cytokine-induced
toxicity (Kolb and Kolb-Bachofen, 1992; Rabinov-
itch et al., 1992; Mandrup-Poulsen et al., 1993).
The DNA damaging effects of nitric oxide is evident
in insulin-containing cells (Delaney et al., 1993;
Delaney et al., 1993; Fehsel et al., 1993). Cytokine-
induced nitric oxide is sufficient to cause DNA
damage and is a specific causative agent as shown by
the use of arginine analogues which abolish IL-1
B-induced nitric oxide generation (Delaney et al.,
1993). It has been proposed that reduction of NAD
by IL-153 treatment of rat islets is associated with
decreased islet viability, which is restored by nicotin-
amide treatment (Bolaffi et al., 1994) and that nitric
oxide induced lysis is diminished by nicotinamide or
3-aminobenzamide (Kallman et al., 1992). How-
ever, nicotinamide treatment does not normalise
insulin secretion (Sandler et al., 1989; Bolaffi et al.,
1994), although one report suggests partial restora-
tion (Buscema et al., 1992).

DNA damaging action of nitric oxide *superoxide

Nitric oxide synthase has been shown to be capa-
ble of generating superoxide in addition to nitric
oxide (Pou et al., 1992). The nitric oxide donor
SIN-1 releases superoxide anion and hydrogen per-
oxide concomitantly with nitric oxide (Ioannidis
and de Groot, 1993). To determine whether the
DNA damage we observed with SIN-1 (Delaney et
al., 1993) was mediated by nitric oxide or by active
oxygen species the specificity of the effect was stud-
ied using the nitric oxide donor in combination with
superoxide dismutase and catalase. Lipton et al.,
(1993) found that superoxide dismutase afforded
protection against the neurotoxicity of SIN-1. They
argued that this suggested a role in nitric oxide
toxicity for peroxynitrite, which world be formed
from superoxide and nitric oxide, and which would
release hydroxyl radical at neutral pH. In contrast,
in our experiments superoxide dismutase combined
with SIN-1 prolonged the half life of nitric oxide
and increased comet formation. Possible formation
of peroxynitrite was suggested by a decreased ration
of nitrate to nitrite in the presence of superoxide
dismutase. Similar lack of protection by superoxide
dismutase was found by Ioannidis and de Groot
(1993). Oury et al. (1992) also suggested that
superoxide might protect against nitric oxide toxici-
ty.

In our experiments, however, catalase which re-

247




moves hydrogen peroxide, largely abolished SIN-1’s
ability to form comets (unpublished observations).
It would therefore appear that hydroxyl radical for-
mation via hydrogen peroxide and a Fenton-type
reaction may be of more significance than its forma-
tion via decomposition of peroxynitrite. The DNA-
damaging activity of nitric oxide donors is unlikely
to be solely due to formation of hydrogen peroxide,
since neither superoxide dismutase nor catalase af-
fected the ability of the nitric oxide donors s-
nitrosoglutathione or Roussin’s Black salt (Flitney
et al., 1992) to cause DNA damage (unpublished
observations).

The interaction of nitric oxide with active oxygen
species is clearly complex and highly dependent on
cell type. Nitric oxide has been shown to protect
against the cytotoxicity of reactive oxygen species,
superoxide or hydrogen peroxide, in V79 cells (lung
fibroblasts) (Wink et al., 1993). However, in liver
cells, Ioannidis and de Groot (1993) found that
hydrogen peroxide and nitric oxide co-operated in
cell killing, and in vitro nitric oxide and hydrogen
peroxide gave singlet oxygen, a highly cytotoxic
species (NoronhaDutra et al., 1993). Our results
using the nitric oxide donor SIN-1 and measuring
DNA damage in HIT-T15 cells and lymphocytes are
consistent with those of Ioannidis and co-workers
measuring liver cell injury by lactate dehydrogenase
activity, in that the damaging activity of SIN-1 was
reduced by catalase. No protection by superoxide
dismutase from the DNA damaging effect of SIN-1
was provided in our studies (Delaney et al., 1993) or
from the cytotoxic effect of SIN-1 by Ioannidis et al.
(Ioannidis and de Groot, 1993). In our own results
we do not have evidence for or against a synergistic
interaction between nitric oxide and hydrogen per-
oxide at the present time.

Islet B-cells are specifically targeted by methylat-
ing agents e.g. streptozotocin, which is used in vivo
to induce insulin-dependent diabetes. In vitro effects
of streptozotocin on cultured islets are largely irre-
versible, unlike those of methyl methanesulphonate
or methylnitrosourea (Eizirik et al., 1991). We have
examined streptozotocin, methyl- and and ethyl-
nitrosourea for nitric oxide production and com-
pared them with methyl and ethyl methanesulpho-
nate which do not release nitric oxide. All com-
pounds inhibited insulin secretion, regardless of
their possession of an NO group (unpublished obser-
vations). In the case of these diabetogenic com-
pounds there seems to be no contribution made by
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nitric oxide to inhibition of insulin release over and
above the effects of methylation and ethylation. In-
tracellular targets for these compounds are not
known.

Induction of prostaglandin synthesis

IL-13-induction of nitric oxide synthase in rat
islets is accompanied by expression of the haem-
based enzyme cyclooxygenase (COX-2) which cat-
alyses the rate-limiting step in the production of
prostaglandins, thromboxane A2 and prostacyclin
(eicosanoids) from arachidonic acid (Corbett et al.,
1993). Since IL-18 treatment of islets with an
arginine analogue inhibited production of both ni-
trite and PGE2 (basal and arachidonic acid-
stimulated), it is likely that, in islets, nitric oxide
stimulates the activity of COX-2 (Corbett et al.,
1993). While prostaglandins are not principal medi-
ators of the inhibitory effects of IL-1 on rat islet
insulin secretion (Hughes et al., 1989; Sandler et al.,
1989) and glucose oxidation (Hughes et al., 1989),
arachidonic acid metabolites have been implicated in
mediating the cytotoxic effects of cytokines on islet
cell monolayer cultures (Rabinovitch et al., 1990;
Rabinovitch et al., 1992).

3. Protective Mechanisms

A recent proposal concerning the pathogenesis of
IDDM is that the overall effect of cytokines on 3
cells is determined to some extent by the balance
between cytokine-induced inhibitory and cytotoxic
effects and a counteracting set of repair and defence
mechanisms ( for review see (Eizirik et al., 1993)).
Potentially important defence and repair responses
induced by IL-15 treatment of islets are the synthe-
sis of heat shock proteins (Helqvist et al., 1989;
Eizirik et al., 1990), which under conditions of
cellular stress may stabilise denatured proteins or
facilitate their refolding and disposal, haem oxy-
genase (Helquvist et al., 1991) which can act as an
antioxidant, and superoxide dismutase (Borg et al.,
1992), a scavenger of oxygen radicals.

In addition to a parallel induction of cellular
defence and repair mechanisms, protection against
assaulting cytokines may be provided by other
cytokines and hormones. Cytokine induction of
macrophage nitric oxide synthase has been shown to
be inhibited by dexamethasone (Di Rosa et al.,
1990), IL-10 (Cunhaet al., 1992), IL-4 (Liew et al.,
1991) and TGEFB (Ding et al., 1990). Dexametha-
sone has been reported to block the inhibitory effect
of IL-15 on islet insulin secretion by reducing nitric

oxide formation, as reflected by the prevention of
IL-1B-induced cGMP (Kwon et al., 1993). In IL-
18-treated RINmS5F cells, dexamethasone does not
alter the induction of iNOS mRNA, but attenuates
the increase in nitrite production (Cetkovic-Cvrlje et
al., 1993) and nitric oxide synthase activity (Cun-
ningham et al., 1993). IL-10 treatment of islets,
while influencing some aspects of S cell function,
does not affect IL-18’s inhibition of insulin secretion
nor attenuate increased production of nitrite by
RINmSF cells (Sandler and Welsh, 1993). Recent
work in our laboratory has shown that TGFS re-
verses IL-18’s effects on insulin secretion and nitric
oxide formation in rat islets (Mabley et al., 1994)
and RINmSF cells (Cunningham et al., 1994). This
effect in islets appears to be through a reduction of
bioactive nitric oxide production (Mabley, Cunning-
ham, Schulster & Green unpublished observations),
rather than by suppression of enzyme synthesis as
has been described in macrophages (Vodovotz et al.,
1993). In addition, the naturally synthesised IL-1
receptor antagonist IL-1ra counteracts IL-14’s inhi-
bition of islet insulin secretion (Dayer-Metroz et al.,
1989; Eizirik et al., 1991) and delays the onset of
IDDM in an animal model of diabetes (Dayer-
Metroz et al., 1992) suggesting that IL-lra may
have a role in limiting the effects of IL-13 on islet
cells in vivo.

4. The Human Perspective

While there is an extensive literature on rodent
islet responses to cytokines and the signalling sys-
tems mediating these parameters, far less is known
about how human islets respond to cytokines. Al-
though extrapolation of insulin secretory and second
messenger data from rat to human islets has been
possible in the past, the biological responses to cyto-
kine treatment and mediators of cytokine effects in
human islets may be very different. For example,
compared with rat islets, human islets show greater
resistance to streptozotocin, a specific 8 cell toxin
which causes alkylation damage and possibly nitric
oxide-related cellular damage, and are more sensi-
tive to high glucose (Davalli et al., 1991; Eizirik et
al., 1992).

There have been too few studies so far to allow
conclusions to be drawn concerning the importance
of nitric oxide in cytokine impaired function of
human islets. Insulitis may augment nitric oxide
and other free radical levels in the vicinity of the 3
cell, or more lethally within the B-cell, and these

radicals may synergise and contribute to cell death.
Alternatively, islet response to nitric oxide may be
of less importance in humans compared with some
other species if human macrophages do not respond
to cytokines by production of this radical. Interleu-
kin-13, TNFa and IFNy treatment of cultured
human islets increased transcription of nitric oxide
synthase mRNA (Eizirik et al., 1994) and nitrite
formation, while decreasing the insulin secretory
response (Corbett et al., 1993; Eizirik et al., 1994).
However, while Corbett et al. found this cytokine-
induced inhibition of insulin secretion to be partially
dependent on nitric oxide generation (Corbett et al.,
1933), these two events were dissociated in the study
be Eizirik et al. (1994). In collaboration with the
latter group, we are currently investigating the
effects of nitric oxide donors on human islets.
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Summary

We have measured DNA strand breaks induced by ionising radiation in human lymphocytes, using
| finger prick blood samples obtained from normal laboratory subjects. We used the comet assay (single
cell gel electrophoresis) to measure strand breaks. A sample was taken after the subject had fasted
overnight. The sample was embedded in agar and immediately irradiated with a ®Co source. A second
sample was taken one hour after the subject had eaten breakfast and consumed approximately 35 mg/
kg vitamin C. Repeat experiments were performed on six subjects. In each case there was a highly
significant reduction in the dose response of comet length to ionising radiation following breakfast/
vitamin C. There was also a difference in comet length in the unirradiated controls. Consistent
differences between individual subjects were found. On the other hand, when micronucleus formation
or clonal survival in a clonogenic assay were measured in separated T-lymphocytes, no effect of breakfast
and vitamin C was observed. A further paradox is that incubation of separated human lymphocytes with
vitamin C in vitro does not offer protection, but causes increased DNA strand breakage. Studies using
endonuclease III in the comet assay suggest that endonuclease-sensitive sites may be detectable in both
[ stimulated and unstimulated human lymphocytes. The relevance of this endogenous damage to cell

killing and mutation remains to be established.

Keywords: Ionising radiation; Diet; Vitamin C; Comet assay; Human lymphocytes

1. Introduction

It has been particularly exciting that this confer-
ence has been a joint meeting of the Japan Environ-
mental Mutagen and Radiation Research Societies
because the work reported here involves an attempt
to draw a connection between these two fields.

There is extensive evidence for differences in
cancer incidence between different populations, and
indeed, the differences between Britain and Japan
are among the greatest (see e.g. (Cairns, 1978)).
These differences appear to be environmental rather
than genetic, and have been ascribed to “lifestyle”.
Apart from smoking, the major component of life-
style affecting cancer incidence would appear to be
diet. An intriguing hypothesis is beginning to
emerge that it is the protective components of diet,

© HARBZERFY2

in particular antioxidants, which are of most signifi-
cance in affecting cancer incidence (Ames, 1983;
Ames and Gold, 1991; Simic and Bergtold, 1991).
Thus the major differences in diet affecting cancer
incidence between Japan and Britain may relate to
levels of antioxidants in our diet, rather than to
differences in our exposure to genotoxins, or our
fondness for Karaoke or the game of cricket.

The potential importance of antioxidants to cellu-
lar integrity may arise from our continuous expo-
sure to a variety of endogenously generated reactive
oxygen species and other possible DNA damaging
agents. Although some of these reactive species are
formed as byproducts of normal cellular metabo-
lism, they may also be synthesised by specific en-
zymes in response to specific signals, especially
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during the immune response. (It is worth noting
that treatments which affect the induction of these
enzymes, or their capacity to synthesise reactive
species, may indirectly influence the level of DNA
damage in tissue, and thus act as apparent carcino-
gens or anticarcinogens.)

The most important reactive oxygen species in
terms of DNA damage is probably the hydroxyl
radical (OH"), which can be formed from hydrogen
peroxide in the presence of Fe’™ by the Fenton
reaction (Halliwell and Gutteridge, 1989). This
radical has an extremely short half life and will react
with a wide variety of cellulalr components. No
specific system for its removal exists but a variety of
antioxidants will react with it, protecting critical
cellular targets. Hydroxyl radical, formed from
radiolysis of water, is also of major importance in
the generation of DNA damage by radiation. The
formation of hydroxyl radical by radiation tends to
be clustered, because of track structure, whereas
formation from hydrogen peroxide may be some-
what more uniformly distributed. Such a distinction
has been used to explain the differences in biological
effectiveness between different qualities of ionising
radiation and between ionising radiation and hydro-
gen peroxide.

It occurred to us that if variation in the level of
antioxidants in diet can affect susceptibility to en-
dogenous DNA damage, such variation ought also
to affect radiation sensitivity. An extensive litera-
ture on radiosensitisation exists, but less attention
appears to have been given to the possibility that
normal dietary constituents might affect radiation
response. Two studies have suggested that supple-
mentation of drinking water with vitamin C may
reduce bone marrow micronucleus formation in
mice (Odagiri et al., 1992) and rats (El-Nahas et al.,
1993) following ionising radiation. Okunieff (1991)
has shown that very high levels of vitamin C in-
creased normal tissue survival following ionising
radiation in an animal tumour model. The only
human data that we are aware of come from Sram et
al. (1986) who found that a daily prophylactic dose
of vitamin C appeared to reduce chromosome aber-
rations in individuals who may have been exposed to
genotoxins in their working environment.

2. Radiosensitive Individuals in the Population—
the Holy Grail

The efficacy of radiotherapy is limited by the

maximum dose that can be given, without inducing
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Design of experiment
» Subject fasts overnight
» Finger prick blood sample taken

* Sample immediately y-irradiated and DNA
damage measured

* Subject takes normal breakfast plus approximately
35 mg/kg vitamin C

¢ Second finger prick blood sample taken one hour
later

e Second sample irradiated and DNA damage
measured

Fig. 1. Design of experiment. All blood samples
were taken with informed consent from normal
laboratory volunteers.

unacceptable side effects in too high a proportion of
patients. If those patients likely to respond ad-
versely could be identified in advance, a more ag-
gressive therapy, with greater chance of success,
could be offered to the remaining patients (Arlett,
1992; Norman et al., 1988). A long-standing goal of
our research unit has been to identify individuals
with an increased genetic susceptibility to ionising
radiation (Arlett et al., 1988; Cole et al., 1988).
Although such an approach has had some success in
our laboratory and elsewhere (Deschavanne et al.,
1986; Weichselbaum et al., 1980a; Weichselbaum et
al., 1980b; West et al., 1991), techniques are slow
and have poor resolution.

It dietary antioxidants affect ionising radiation
sensitivity, this might suggest an additional mecha-
nism for variation in human cellular response. More-
over, it might be significantly easier to determine the
antioxidant status of a patient than to detect a
genetic predisposition to radiosensitivity. We there-
fore set out to determine whether an alteration in
antioxidant status of a subject would alter the re-
sponse of freshly isolated human cells to radiation.
A more detailed account of the work is to appear in
Mutation Research (Green et al., 1994).

The experiment we set up, measuring DNA
damage in freshly isolated white blood cells from
normal laboratory subjects, is shown in Fig. 1. In
order to achieve a rapid alteration of antioxidant
status, we used vitamin C, which is freely soluble
and rapidly excreted (Frei et al., 1989).

3. The “Comet” Assay
To determine DNA damage in irradiated whole
blood, we made use of the comet assay (single cell

Comet assay procedure

* Embed blood sample in agar sandwich on frosted
microscope slide

e 60Co irradiate slide

 Place slide in lysis mixture, pH 10, 4°C, for at least
1h

« Place slide in alkaline buffer, 0.3 M NaOH, 15°C
for 40 min

¢ Apply 20 volts, 24 min
¢ Rinse, stain with ethidium bromide
¢ Capture images

* Measure nose to tail length of comets

Fig. 2. Protocol for the comet assay (Green et al.,
1994; Singh et al., 1988)

gel electrophoresis) (Singh et al., 1988). This is a
rapid and sensitive procedure for measuring DNA
strand breaks in mammalian cells. The general
procedure used (Green et al., 1992; Green et al.,
1994; Singh et al., 1988) is outlined in Fig. 2. The
blood sample is placed in an agar sandwich on a
frosted microscope slide (Fig. 3(a)), lysed, placed in
alkali and an electric current applied. Under these
conditions, DNA containing strand breaks streams
out from the nucleus in a “comet tail”. Our image
analysis system (Optomax V, Synoptics, Cam-
bridge) captures a series of fields containing comets,
normalizes the background, enhances the image,
and measures the overall (nose to tail) length of the
comet (Fig. 3(b)). Using this procedure, it takes
less than 20 min from taking a finger prick blood
sample to placing the slide in lysis mixture, so that
the blood cells should reflect their in vivo environ-
ment as closely as possible.

(a)

Cover slip

Cells in middle agar layer i
e

[ ]

Frosted microscope slide

(b)

Control Irradiated

g

Fig. 3. The comet assay. (a) We embed the blood
sample in an agar sandwich on a frosted micro-
scope slide. (b) Electrophoresis causes DNA con-
taining strand breaks to stream out of the nucleus
in a “comet tail”. Undamaged DNA remains
trapped in the nucleus. We measure overall (nose
to tail) comet length as an indicator of DNA
damage.
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4. Results

Effect of vitamin C on radiation-induced DNA

strand breakage

From Fig. 4 it can be seen that in each of three
independent experiments on the same subject, ionis-
ing radiation appeared to produce fewer strand
breaks in the sample obtained after vitamin C and
breakfast. It should be noted that there is a differ-
ence in comet formation both in the presence and
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Fig. 4. Effect of breakfast and vitamin C on radiation-induced DNA strand breakage as measured by the comet
assay. Three independent experiments with Subject 7. —O-—, Sample obtained before breakfast and vitamin
C; —@—, blood sample obtained one hour after breakfast and vitamin C.
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absence of irradiation. Fig. 5 summarizes the best fit
ionising radiation dose response slope for each of 6
subjects, obtained from a series of similar experi-
ments. With each subject, the slope was different
before and after breakfast and vitamin C. Moreo-
ver, there were consistent differences between sub-
jects. For example, subjects 2 and 43 consistently
showed greater radiation damage than subject 42.

In further experiments (not shown) we have
found a smaller effect of vitamin C without break-
fast, and also of breakfast without vitamin C. The
maximum effect of breakfast and vitamin C on
comet formation appears to occur after about 4 h.

Thus when the comet assay is used as a measure of
DNA strand breakage, the response of human cells
to ionising radiation appears to be dependent on
what the subject has eaten. Moreover, there may be
consistent difference in comet assay response be-
tween individual subjects.

Lack of effect of breakfast and vitamin C on surviv-

al and micronucleus formation

In further experiments, we looked for an effect of
breakfast and vitamin C on cell survival as deter-
mined in a colony forming assay (Cole et al., 1988),
and on micronucleus formation as determined by
the cytochalasin B method (Cole et al., 1990; Fenech
and Morley, 1986). Since the maximum effect on
comet formation appeared to be found 4 h after
breakfast and vitamin C, this interval was used for
the experiments. In contrast to comet formation,
which was measured in whole blood, survival and
micronucleus formation are measured in T-
lymphocytes within the mononuclear fraction,

’g;. 20(C Before m After |
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Fig. 5. Slope of ionising radiation dose response
for 6 subjects. Best fit slopes were obtained for
the combined data for each donor.
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which constitute only about 20% of all white blood
cells. Moreover, the T-lymphocytes required to be
separated from whole blood in the mononuclear cell
fraction by a Ficoll gradient. This procedure takes
at least an hour, allowing the cells a longer period to
equilibrate with their in vitro environment.

We found no effect of breakfast and vitamin C on
survival or micronucleus formation in our experi-
ments. Whether the difference from the comet assay
result relates to the cell type studied, the isolation
procedure, or the biological endpoint, remains to be
established.

In vitro vitamin C treatment

More recently, we have treated separated mono-
nuclear cells with vitamin C in vitro and measured
comet formation. Instead of protection, we found
that vitamin C induced DNA strand breakage. A
similar result has been obtained by Anderson et al.
(1994). Vitamin C gave positive results in a signifi-
cant proportion of in vitro short term genotoxicity
assays in the 1980 International Collaborative Test
Evaluation Program (Ashby, 1981). Vitamin C can
hydroxylate the C-8 position of guanine (Kasai and
Nishimura, 1984) and can potentiate the formation
of hydroxyl radiacal in the presence of hydrogen
peroxide and iron (Halliwell and Gutteridge, 1989),

80

Ml Control
200 pM H,0,

60 7
1
% %

- Endo IlI + Endo Ill
Enzyme treatment

Fig. 6. Endonuclease III-sensitive sites in separated
human lymphocytes (mononuclear fraction). Fi-
coll-separated mononuclear cells were treated
with 200 #M hydrogen peroxide for 5 min over
ice. Cells were lysed, the lysis buffer removed,
and incubated for 10 min in buffer with or with-
out endonuclease III. Cells were returned to
alkali and electrophoresis performed immediate-
ly (Collins et al., 1993). Remaining steps were
as in Fig. 2 (Green et al., 1994).

Mean comet length (um)

so that this result is in itself not totally surprising. It
is, however, striking in view of the apparent protec-
tive effect of vitamin C in the earlier experiments.

Endogenous DNA damage

Freshly isolated human lymphocytes show evi-
dence of endogenous oxidation damage to their
DNA (Collins et al., 1993) in the form of en-
donuclease IlI-sensitive sites. Fig. 6 shows that
although treatment with hydrogen peroxide treat-
ment induces additional endonuclease III-sensitive
sites in lymphocyte DNA, there are a substantial
number of sites present in untreated cells. We have
found similar evidence for oxidative damage in cy-
cling T-lymphocytes and in primary fibroblast cul-
tures (unpublished results). Collins et al. (1993),
however, did not find evidence of such damage in
HeLa cultures. The occurrence of endogenous ox-
idative damage is of interest since this type of
damage has been shown to induce the adaptive
resistance to radiation (Dominguez et al., 1993;
Olivieri et al., 1984).

5. Conclusions

We embarked on this project as a test of the
hypothesis that dietary antioxidants might affect
human susceptibility to endogenous oxidative
damage. In view of the similarities between the
damage caused by ionising radiation and that caused
by active oxygen species, if no effect on radiation
response were found, we considered that it would
argue against the importance of dietary antioxidants
in protection against oxidative damage. On the
other hand, if an effect were found, it might well
have implications for radiotherapy. As often hap-
pens in these situations, we have obtained both an-
swers. The comet assay indicates that diet and an
antioxidant have a clear effect on the response of
freshly isolated cells to ionising radiation. In con-
trast, we found no effect on cell survival or micro-
nucleus formation.

Our results are consistent with other studies in
suggesting that the response of freshly isolated blood
cells in the comet assay does indeed indicate changes
in the antioxidant status of the donor. Betti et al.
(1994) have shown increased comet formation in
lymphocytes of smokers compared to non-smokers
in a study of 100 subjects and Anderson et al. (1994)
have obtained a borderline effect of smoking in a
smaller series. Hartmann et al. (1994) have shown
comet formation in lymphocytes isolated from indi-
viduals who had undertaken extreme physical activ-

ity. .

The failure to find an effect equivalent to the
comet assay with other genetic endpoints is more
problematical. The protocol for our experiments
has unsatisfactory features, but it is unlikely that an
effect as striking as that observed with comet forma-
tion would have been found by any other procedure.
It is of interest that Betti et al. (1994) did not find
differences between smokers and non-smokers in
SCE frequency to correspond to the differences they
observed in the comet assay.

The relationship between endogenous oxidative
damage and radiation will clearly be complex. On
the one hand antioxidants such as vitamin C may
have the potential to increase oxidative damage
(Anderson et al., 1994; Halliwell and Gutteridge,
1989). On the other hand, oxidative damage itself
may induce an adaptive response to radiation and
have a protective effect (Dominguez et al., 1993;
Olivieri et al., 1984). The overall effect of different
antioxidant regimes on in vivo cellular survival
might thus be extremely complex.

Because of the fractionated nature of radiothera-
py, even a small difference in cellular survival might
have a very substantial effect on the response of
patients and outcome (Norman et al., 1988). It
remains to be established whether the differences
revealed by the comet assay have any predictive
value in this respect. It should certainly be feasible
to design a study to determine whether any correla-
tion between diet, comet response and therapeutic
outcome exists. The comet assay is relatively simple
and quick, yielding results the same day. If it were
to prove of predictive value, it would readily be
feasible to scale it up to use as a routine screen of
prospective radiotherapy patients.
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DNA D 8-k Fa* v /7= v

Formation of 8-hydroxyguanine in DNA by oxygen radicals

=

g
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BE R AR T
807 JtSu i/ AP IX BEAE 7 Fr 1-1

University of Occupational and Environmental Health, Japan
1-1, Iseigaoka, Yahatanishi-ku, Kitakyushu 807, Japan

(5ZfF: 199449 H 14 H; SZH: 199449 H 14 H)

Summary

Oxygen radicals are produced by ionizing radiation and many other environmental carcinogens.
They are also produced in cells endogenously by the oxygen metabolism. In 1984, we first reported the
formation of 8-hydroxyguanine (8-OH-Gua, 8-0xo0-7,8-dihydro-guanine) in DNA by oxygen radicals.
An easy and sensitive analytical method for detecting 8-OH-Gua with an electrochemical detector was
developed allowing its detection in cellular DNA. Recent studies have shown that 1) 8-OH-Gua is
produced in DNA of target organs of rats after administration of a chemical carcinogen that induces
formation of oxygen radicals; 2) E. coli or mammalian cells have an enzyme (s) for repair of 8-OH-Gua
in DNA; 3) 8-OH-Gua in DNA or in nucleotide pool induces mutations. These studies on 8-OH-Gua
will be reviewed in this paper. I will also describe the following recent topics of 8-OH-Gua.

1) Formation of 8-OH-Gua in hamster lung DNA after intratracheal injection of man-made

fibers.

2) Formation of 8-OH-Gua in mouse lung DNA after an intratracheal injection of diesel exhaust

particles.

3) Increased formation of 8-OH-Gua in human livers with chronic hepatitis.

4) Aging and 8-OH-Gua.

Keywords: Oxygen radicals, DNA damage, 8-Hydroxyguanine

1. 8-EFOFLI7=vEnEEN

8-t o+ v/ 7= (8-OH-Gua) SRV H &
NTHLSI0FEDFEHSBEB L 7. 9 8-OH-
Gua DFEHOVEIDICH>VWTHAL WV, £
[Bl0 B2 505, FAOWFFRAE O HFERD SR~
3,9 5. FLI 20 4ERTIC R KAV LY A E
FiE LT\, 1973 0 5 KR DFEE L TH
SIS A v 5 — PR « PR B Lo
b & T#sfs RNA ho &y (B <o
WTHIR L. Z0#%, KE2 o v b7 K{beFR
DOHEEFEEEOHEZICHET 2HREEET,
Z I THIME (=1 7 05 s B) KRV 5 ik,

© HARBIZRFY2

BEREICOVWTESRI &I, LILEC
TERIICRIAATE LA E Do v ET K - 38
Wih 5 O BBRABKRRILKE-7 T = kT
Hote, YR~V Y EL Y (BP) DRMmIA
MEYHD BP-18-V A — L +910-T R+ Y FTH
HERESNTEERTHD, Db d Science
WCRELICBP 77 = VINADREE 3150
DIEARFEA 12 (Weinstein el al., 1976). {b2Fa &
FIE T BRUCE > TAD G olcmibd-T, %
L%, FAIFBEYIE - DNA « fHinfkic KZ 8
AR I LT -7, B¥dicE s -kimX
DIFEAEHN DNAMIMKICET 26D TH -
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Oxygen Chemical lonizing
Metabollsm Carclnoge Radiation

/

OM%M@!mmm

Oxygen Radical
HN e &
e e & Y—on
su.nlnc Repaﬂ' ,_Hydroxygunnlno
DNA = e

Y
Ress

7,8-Dihydro-8-oxoguanine
(8-ox0-Gua)

Fig. 1. /EMME BFK > Y H V) Ic & % 8-OH-
Gua DHRK,

fo. 1918 FEICEIASA £ v ¥ —IcBRA BT, N
Pt t: CURFIFAATR), BRESTHL S LHtFH
TERHHEALPOERFEOHEIEF L. 2
OB NORR, FVicbIFomhLnER
i, 1IQ, MelQ, MelQx % HL\WWHid T & AsHisk7-
(B, 1984). COBFRTRFVIELEh -1
2, VWEROEK->TAH 3 EHEEFRDE L & A
IGEEIE-TVWE., ChoofR s —B%EL,
LI 7OREBERFAFANTR D,
HERRODEF N, MBI Va—2cEFLIZ0
M3 1982 FEEH 7 5 fo. BRRIEPCHEFEYE 13 DNA
WKRIS L THEA T 5.8 WS JHBEIASTICHE X 11 &
NTVBRICTE T, TORLKENR, F 72 S9mix
M L T TA100 it L& RFE M %R mE 7 v
I — Z |3 DNA f1IN{A %2 B 72 9 5 #ebF O bk} &
ot 500ml D=H75 23T 10g DI L
I—-REMEL, A1V T )FvIrr vy
(IPG) DA#K (100 mg/100 ml) %1n%., 37°C T—
RIS S ¥, BH SG#HEEs o< 7 S5
7 4 —THXTH 3 EIPG OFiKIC " >DE—
I BN BIOE—213 U0V 2= FUhSE
BT ) A F 4 — L« IPG fH0{A& & HIBH L 72 25,
BECOVTIIN2 7 ADME IR HoE T
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Hote, LhL, TOFHRLUV Z2<7 b, B
B OMR» SBFE—HT (16=221=1y 1)
RNEVEEDS, TOWHEIL 8- Fo* v IPG
LHEESN, FHS-ToEST /v uhobDiLF
BRI LD BEEREST 5 &M TE 1 (Kasai
et al., 1984a). BiOE— 7 It>WTIREREES Y
FFEY =BT T =V BRRIE LD TH -
e, BECOVTRIEHBEEN S T7T= v D C8
PG Lic £ Z SN/ (Kasai  and  Nishi-
mura, 1984a) (Fig. 1).

IDXHICL T 8-OH-Gua IFEEA RIEIC &
% DNA {53 2@ TE LA 72 < JH
SNTGERT, FIGTEHREPL 7 ) -7 o Vi &
FIMHSH-> TOWbIiF Tl 1o, HhoEZ
BT OFR T — < icBb > 12720 8-
OH-Gua BROM D TH B, VD idtALS
BITHB. DT —<A25XTF&->1k8 KB
ek, PN BRI B &AM, REoh
ROBMTIDXIBREL, HITOH» 514N
G S N i SBREE REF2 DR
POHR—bPEHEEMNIMEATB X
W,

2. & 157

8-OH-Gua (37EHREF % FHE 4 5 bk 4 15 798K
+ SR (Kasai et al., 1984b), 7213 & OIEEKE
Y (BP6, 1989), W& 7213 T (Nair et al., 1987),
TANZ b &g tk#E (Kasai and Nishimura,
1984b), 7 1 — € VHEGHKI T (R S, 1994) 73
E] Tk DEKT 5 2 EDNRBRENOERD O
» o1z, 8-OH-Gua HERE D KIGHME I > W Tkt
RN BTEHERE (H2VIIEES VL) off
Rtk LB E VWS RBERMEV DTV LD T
H55. L L IORIBIRINEZ TV R
BHDTIHIEL, 8-OH-Gua kx4 kiR kv
HLBIEbhot, BIZIEOH S YH L (X
#, 7 #1 (Dizdaroglu, 1985), furocoumarin hydro-
peroxide+UV (360 nm) (Epe et al., 1993)), —if
HRF#E (£ F L v 7= Lk (Floyd et al., 1989),
FETHERLEF Y 5 — ¥ E@RLKE
(Kohdaeral., 1990)), /7 =v 5V hLhF4 v
EKREDRIE (VRT3 EH) (Kasai et al.,

Table 1. FE¥liggsH D 8-OH-Gua DAY
H oY) g & e B % FH (X #K
Jv b JF Clofibrate, Simfibrate Sai, Kurokawa (89, 90)
¥ Ciprofibrate Kasai, Reddy (89)
liRs Perfluoro acid Hasegawa, Kurokawa (91)
i (%) 2-Nitropropane Fiala (89)
F ) Nitroprolkanes Conaway, Flaia (91)
¥ (%) Acetoxime Hussain (90)
HF Diethylhexylphthalate Takagi, Kurokawa (90)
I8 Diethylhexyladipate Takagi, Kurokawa (90)
i Choline-deficiency Hinrichsen, Floyd (90)
Choline-deficiency Nakae, Konishi (90)
() Partial hepatectomy Shigenaga, Ames (90)
¥ Menadione Denda, Konishi (91)
I 2-Nitropropane + Fe-deficiency Adachi (93)
iR Psycological stress Adachi (93)
B Potassium bromate Kasai, Kurokawa (87)
B Nickel Kasprzak (90)
B Fe-nitrilotriacetate Umemura, Kurokawa (90)
= Fe-nitrilotriacetate Toyokuni (94)
fit Tabacco-specific nitrosamine Chung (92)
bR Park, Ames (92)
PR, hes Fraga, Ames (90)
S HF Gamma-ray Kasai, Nishimura (86)
I PCB+Iron Faux (92)
¥ Gamma-ray Mori (93)
I, B Luteoskyrin Matsuda, Ueno (91)
B TPA Frenkel (91)
54 Near-UV Hattori-Nakakuni (94)
=g Benzene Kolachana (93)
it Tabacco-specific nitrosamine Chung (92)
K Park, Ames (92)

INBR Y — i,
vy ET A 4
=VvR i

Diethylstilbestrol
Nitrofrantion
MNNG + H,0,

Roy, Floyd (91)
Nishimoto (91)
Kelly (92)

) 92 ELIBEORX DA XRDEE R HICHER L 7.

Nishimura, 1993; EJI| 5, 1992 75 &)

Table 2.

HeFMRIC 51 5 8-OH-Gua DKL

fhDFmIC > W TIfhD 22 (Kasai  and

#

KA GO

Mouse lymphoma L5178Y Human lung fibriblast WI-38

Mouse lung carcinoma
Mouse keratinocytes
Mouse FM3A
Fanconi’s anemia cells
Chinese hamster V79
HeLa cells

Mouse leukaemia L1210

H,0,

Sun-lump (240-580 nm)
Fecapentaene-12
Visible light

Riboflavin +light
Cigarette smoke
UVB+H,0,
Riboflavin +light

Yamamoto, Kasai (92)
Leanderson (92)
Beehler (92)

Bessho, Kasai (93)
Takeuchi, Morimoto (93)
Fisher-Nielsen (93)
Plummer, Faux (94)
Pflaum (94)

1992), 7-7 Y7 7= ®D/KH (Kohda et al.,
1986) iC L B A H = X AT NE TICHS
NTW3, 5l Bruskov & Petrov (1992) (2

& % 8-OH-Gua il % #i4 L 72,
HIFHHAEMSES LT0ws 5 LWL,

37°C Ic B % 8-OH-Gua DK A3 E 4 5 &

Z DRI 13—
COHEICL B
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Ames D 7 Vv — 7t L1c5 v itk 5 8-
OH-Gua D A Bk & (9 X 10* damage/DNA /cell/
day) (Fraga et al., 1990) Ic—¥d3 5 L V9,

e 3HABREN TREBR T O 713 < OERFEY)
12 & » DNA 1T 8-OH-Gua 23RS 5 T & % »
Boglc R LA, Bricid ot Ric
G¥N B 53— )WHeii}178 Cocarcinogen & L
TERAL TV AR A/RENTHE D (Van
Duuren and Goldschmidt, 1976), {EH#&IEE LT
34 73— o BRI i & o R L iEHEER
IZ & b 8-OH-Gua 75 & D B{L i) DNA 18 s i
ToTWAAREMEMNE Z 5115 (Leanderson and
Tagesson, 1990).

IhF TITENREDORIS 4 5k~ A AT,
FEENTIC & 5 HEA DNA thd 8-OH-Gua D4
BUCBIL TEEEE STV, BYBEANL &
UBEEHIRIPY D 8-OH-Gua D AR ICBE$ 5 A%
WIFR % Table 1, 2 ICHZEF 5, ThoOFERD
5, R0 EL DL ERBYE G 7o € —

Ames A5 FeHatE

8-OH-Gua
Fig. 2. 8-OH-Gua akB&ic & 5 Fhatt o Fill.

BELIEEICL S
8-OH-dGDE K
rvEF > (1mg/ml)
A7 %~ (1 mgml)
T— i (5mgml
HAFTHED (5mg/ml)
ZHE S Y (5 mg/ml)

RAUAMES (Smgmi) || 6%

=) DBIEHBEEN L TEHLTVWAE T EER

LTW3%, Ames REEHOHD (WHW S non-
genotoxic carcinogen) T Z @ 8-OH-Gua RSR[5
DLDOHMEDH 3. AmesihTIE 5 v P OWE
HALEESR (S9mix) FHAAT L TVWED, <7 o
Ty = URRIAF VS — L1 EDOTEWREE R
ROEENTVEBVLDTIN S DREYHE % #
TEXRBLVDOLYRTHAH. Fig. 2 DkIHiT, H
D FHIICH VT, 8-OH-Gua :XERHS Ames &t
Beifntnccofiiditiksocirswhibh
bhidfFL TV 3,

Frenkel 5 (% 8-OH-Gua % O fth @ g {t. ) DNA
BEEEEC L CHE 70— 7 — OIEHBE%:
WELTWS., BE7oE'—5 — 1o LSt
SENCAR < 7 2 &t d C57BL/6) = 7 R i
SW\WT, TPABMICL 3K (emiderma) DNA
1 8-OH-Gua DHEMIEFINE &, FiHTIE 4~
4 27 ogk\d K\ dose D TPA T & b 8-OH-
Gua 75 11 514N L7248, %ETIR20~=( 2o
75 5D TPA THIH T 6{5IcHEML, 4<4 72
075 ATREMEIRSNEH -7 (Wei et al,
1993). & foAbL¥ERFEEMAITH 5 EGCG, tamox-
ifen (6.5nmol) A& S U< ZEEICHER L
TH< & TPA (6.5nmol) i X % 8-OH-Gua D/
R Hs ] & #17z (Wei and Frenkel, 1993). [GlHD
ERIPLHE 70 € — ¥ — Td 5% Sarcophytol
(8 + ~ T DRK4S) (Wei and Frenkel, 1992) %

. . .
40 60 80 100 (%)

T L T ¥ I

Fig. 3. WS GBRLISEC £ 5 dG A 50 8-OH-dG DR AMET 5. dG OHH [1 mg/01 M ) ¥
Bk (pH7.4) 1ml] 2100mg DY / L vEgEILic 37C TIRES L, =<y s VIREETRIGS ,
HPLC-ECD iz & 1) 8-OH-dG % {fll5 (Kasai and Nishimura, 1989).
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. 4

Caffeic acid phenethyl ester (3 V/XF 5 - 72
7o) ZOS) I baB St (Frenkel et
al., 1993). %7z Shih & Lin (1993) 34iEALHIT
HOPIRIER], i7FoE—s—-FlLLTHIONT
WA H L — DS Curcumin 5= 7 Z @EHELF
R 35 W T TPA IC & 5 8-OH-Gua D LR % ]
BB EERBLTVLS,

Ames (1983) (3 Science DA D TIEMEREF
it AEREARF O EEMN A e L, B
By LoD OURERLAE S  (EBIT 5T
LTI OEBELSEIRICIE 2 TH A D LibNT
VW5, Fx dABRENTOBRILIEED € 7 vHR
(N7 vyEERY) s - VRO HEIERIL) DfERIIC
KBFAFVITT Vv 5D 8-0OH-dG DHRK

BB, TORICHELORYME T = 7 — IV
PHE, BYoMmiYEmA L A 8-OH-AG
OHSMHE NS L AR L (Fig 3). £
EMHYE R 7 ooy VB EEE S e (Kasai
et al, 1993), — 7 23NV E VP 5-
aminosalicylic acid [FEERE N T UV/AfRGIC &
% DNA 1D 8-OH-Gua DAREEINZ 3 T & (38E
CHISR TV, VI9F v+ 4 =—XNLRY —
xRV ERTS, WA TRILEL TE
{ & 8-OH-Gua @ M | A% B S+ 7= (Fischer-
Nielsen et al., 1993). AERENTOD 8-OH-Gua D
ARSI RE & MR N OHLD A & 1 B & F % FR s
I L TRARBRILMED R 7 ) — =¥ T &{TV,
AT IS HIAE L ~ L @ 8-OH-Gua O I % #
NB I Eicky, Gk, FBETBHE ZLAEFL
Ritah s &2 Md 5.

PINICEITD 8-OH-Gua D + E v 7 T2
T3,

3. ANEUMEBHDONLAZRY —SEREAICLS
fh#E#E DNA 1D 8-OH-Gua DAR
W, GHOMRESLE L T A 1 AESEYIkHE
(MMMF) Zifiifla 3 &5, 0%
DFFM I EELFETH 5. oo icBILE
HRERIC L 2 REBBIREIN TV S, bhb
NIFFEERKOHhHBREIZ S & HET 5 Mo
MMMF & 1 O AFOBEKE N LR —D
KJENICEAL, 3 HRICHHEKOZSED S

DNA %l L, 8-OH-Gua 2 E&R L E 5, ¥
ICKL, 539277 74— DBAICHCS
WEARL, AfTREMBRSh -1 (L
[15, 1994). Hesterberg & (1991) i3+ 5 3 v 7
T AN—RPASHINLZRY —ICIEEE (h
BeRE) %< A (43%) T 3B AMTIRREAEL
HOWELWSEELTWS, Ihikbhbhos-
OH-Gua DFER E—H L THH EBHEL., kb
X9 BRBUHEOTRICB L TRAR S S IchRaIH
PVEEBDLNS.

4. F 4 —EIBRFOREN L EEMR

7 4 — ¥ VHES OB T (DEP) (3 EERENY) 0 i
WA RESE AT EDBHONT VWS, RED A
# = X & & L Tld@dinitropyrene ¥ benzo[a]-
pyrene 75 & D RIFHBEH T % alhEdE, @DEP
OYIERHIRIE I RIE 25| S8 L T OFERH
A U1 TEMREREER L T 2 RS E X Sh
% (Rosenkranz, 1993). bivbhFETEREEZ
At DM RS 18 L, digiFaE 1 & JL[E T DEP
KT~ v RDKENICHEAR, FfiZE->T
fifi DNA i 8-OH-Gua # il E L7z & T 5, 5
% 3-6 WD & T AT 8-OH-Gua [3H/n4 5 C
EHHBLE (BBES, 199). HicElsiig
(16% 2 — v i) & DEPMLEEME - 12341
i bEAFE 2 8-OH-Gua DR Sz, s
D#EF I DEP IC & % < v X DR i iGEE %
NS4 B EERLTEY, ElEADE
P2 NS €5 & VO MEPLERFEEE
BOWREBMRDAT OIS OFFEMEDH 5 &V
D L DS & —FB LBIRZE L,

5. E MIFESIBMEFR
b MFEREEE, fricBtFEEEELCE
D, Fiid 5 RIEMSEHRAEICHS LTV 5 Ak
BEZ OIS, ik MTRED ps3 FEMEIE LT
TIRGC—TA M5 v 2=V 3 vyBELHLN
(Hollstein et al., 1991), C i3 8-OH-Gua H35|
T HERERLE—HT 5. bhbhide I
FERAEICB T ATEHRE OGS AN B 12,
ENIsA v 5 — EHtET, IEEF, 18X,
fFiEZs, BF#E @ DNA tho 8-OH-Gua % 73#fr, &
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Fig. 4. 1&VEIFARIC & 5 8-OH-Gua DI,

& L 72 (Shimoda et al., 1994). % OFER, 1SHHT
RTREFFICH~NEL 8-OH-Gua D% /R L
tz (Fig. 4). HIb, 1@MAFROKHT, 8-OH-Gua
DAL, FRICBDIEREREFREL TS
AlREMEARIE S Ntz

6. L& BHEEFE

Ames 5135 v + DR D DNA %5047 LT
Mg, B B TE{bicfEV 8-OH-Gua A5sHENY 5
&AL L TW5 (Fraga et al., 1990). bbb
NOEEDOERTIE, IKOATS Atmd 5\ id 30
H¥S5 v b33 8 S v b IcH~NE LW 8-OH-Gua
xR L7, ol ltick 2HEER
Roniih -t F kT3 thigigsic -~ 8-OH-
Gua [BEEMESE W C Ehibh -1 CEEF S, &
#ExTF—%). BEHEROZVIKNTEL 8-OH-
Gua A E - T & BERZEL. La LESHES
D 8-OH-Gua L ~ v & HERF 4R & DB R
SNIEH - Tz,

—%, Eibo®F & LTE b MM
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e . AR, il S - = B TNy Tmy
10
2 —
8—-—4
S g
a .
o 5 _ S
P — ~
~ % 1 i
o - s
'ID - =)
T 4 -
o -1
w -
2+ * - o L 1 l | |
- . - 20 3 4 50 60
s Cellular ageing (PDL)
0 L . Fig. 5. #H i1 o #k X 14 # £ (population doubling
time, PDL) & DNA 1 8-OH-Gua & D ¥
E ® 1814 5T 2 .
(n=11) (n=15) TIG-3 DRKLIEEE & 8-OH-Gua DRARAEEHEA
1.57+0.21 3.24+0.53 W o A1+ & K6 T~ 72 (Homma et al.,

1994). Fig. 5 ® & 9 IZRKEL 30 20 5 50 1Ich I T
8-OH-Gua 334/ L 7z. % 7z 8-OH-Gua D{E{ER%E
FiEME TS LIS HIHRRE 2S5 ofifaT ik
BEREL 55 D b DTGl - 12, > TI D
BT IFEEIEME DK T IC & > T 8-OH-Gua H3 4
mLiEBbh s,

7. BRERER

{b2Am%c & © 8-OH-Gua % DNA FO¥ED
MEICEAT S EMNAFETH > Fcfed (F 1V
4" ) a — )% Fapy D& 3 AAlfE), 8-OH-
Gua DERERF BB L ThA L7 v — 71
LR SNtz 8-OH-Gua 2 &L &k DNA %
Fv7Lr—brELTHWADNA R 25—+
X527 v4F FOHDIAAFER (Shibutani et
al., 1991), KIGE (Wood et al., 1990; Cheng et al.,
1992) ®WHELEWIMHKD (Moriya et al., 1991) i< 8-
OH-Gua 25807723 F (N7 ¥ —) ZEAL
FERERAFNLFER, Fic kD 8-OH-Gua 31
ICGC—TA F 5 v A=Y 3 vA5| &I
E D 5 72, 8-OH-Gua (3 syn BUREE A HLD £
T, LML PRELDPT VI, v

vy EREFTIREL, TF= v bEREGEER
THEDICIDERAELIT. TORRERD 2
# =X &3 8-OH-Gua: A ¥l %43 DNA O
NMR O ] 5E 2> 5 ¥ & fv 72 (Kouchakdjian et
al., 1991). JERKOHEA S 1 ras Bl FDa F v 12
D Gua % 8-OH-Gua ICZ 2 727 4 — DNA %
HESEL, NIH3T3fMic bS5 v 272 bl
A ERERLARD6HNGCTAERT
Hoteh, GCATER QE]) vk bL%
HH L%, (Kamiya et al., 1992)

DNA HDA 54X 7 LA F F7— e 8-
OH-dGTP A U CHERE RN 5. D
Bicid, Fv7Lr—rho7F= v EEREGER
B L T 8-OH-dGTP Al DA N 3 12 AT~
CG ZA# T ¢ (Chengetal., 1992). Bruskov &
Kuklina (3 7> 75 0 %] 51 1= (1988), polyd(AT) »
d(TA) 27 v 7L — b & L THO 2 KIBE RNA
FY) AT —EILLEABREANRNABKRT
UTP O fX#H 1 ic 8-OH-GTP & RNA F1ITHI D A
FNEFHAMEL TV S, KIGEO MurT 2% 528
T3 8-OH-dGTP £ X 7 7 ¥ — ¥ DRIFD 1= ¥
AT—>CGEEM»N%E < RS b (Maki and Sekig-
uchi, 1992).

8. & &

bhbhid=y 204 v <fHBEEICL D EC K
8-OH-Gua [3FFfEi0f%@E & icEibd 5 L2 R
Hi L 72748 (Kasaiet al., 1986), = D%, KIBEH» S
8-OH-Gua T v KX 7 L7 —€iEH%FHn»bic
L TEERER KRS N7z (Chung et al., 1991a).
COMEFH T 8-OH-Gua 7' ) 0¥ 5 —EiEMHEL AP
TV KX L7 —EiEHOmEEER > Tk,
£ 72 T OFEF Z{LD Laval & A3k5%d L 72 Fapy 7
Vavs—¥Ea—METDH B EPRER/RRN
(Tchouer al., 1991), 53 T8, N K7 3 / BEECH
BREDHBICL b1, 7 v b OEREES
(Yamamoto et al ., 1992), t bifHiEk (Chung et
al., 1991b) 73 & DMK H» S b 8-OH-Gua = ~
FX27 L7 —€iftski S i, HeLa ffifd o
Bl & »> © 13 8-OH-Gua ic X4 2 fEH D R 15
% 2 O DEEREHES R & i (Bessho et al.,
1993a). —>(38-0H-Gua 7 ) 3 v 5 —¥Tdh

D, AR T) 3y 5 —EiEREFE SO 8-OH-
GuaXYRFX/ZLT7—¥TH-t. D 8-OH-
Gua 7'V 3 v 5 —¥RABEICE T 5 8-OH-Gua
71)3avS5—¥ThbHMutM 5 vy ERITD,
AP Y FR7 L7 —EEHEGLTVWELI L
bbbt 5y b OREEL»S S, 8-OH-Gua
WX AYifkafEas T 740 =574 —H 5 A
& HPLC-ECD & @ ffFic & 0 & & & i1 8-OH-
Gua 7' a3 v 5 —EiEEMSRESI N TV S (Lee
et al., 1993). % 7- 8-OH-Gua I3HELEY D N- #
FATY) ) ays—Eick-THEEENS
Z &3 dp - 72 (Bessho et al., 1993b). Hxilt, 77
ZVDFTIR—vavickDELBEEFH v
F UHERRIC T VELTY Y DNA 7Y 3y 5 —
¥ (KIBE, BRL S0 b, b M) Itk BREE
&t 5 T & (Saparbaev and Laval, 1994), % 1
iEVERRFRIC L 2 DNAHHETH S 5-t FoF vy

Py vESERFOFYISULN FIvTY
I-NVIMEHT BT EMBHIONTWB T Y KXY
L7—¥HLickh SO, S FodFv o5
YIWRY IS ) avSs—EORBEICHEET
L (Hatahet et al., 1994) HEE N TH D, BIE
BER IIEE O DNA G EZRBHICT 5 2 &b
- 1z,

WL B YN A S 13 8-OH-Gua [E1HBEF D 5¢
SRERE TICRE-> TV, MO H v <
BHHIcX D 8-OH-Gua T v F X7 L 7 —EiEt
BEELEMMESNTVLS, HlZiFs5-127
LA D V< fIBENIC L D G2 WITHIE L - Hila
TRERESTO6EETEHET A EMMEINLTVLS
(Bases et al., 1994),

IARC O Hall 5 (1993) 3¥%EHE (204) &3
BYEE (174) OHIMKPO Fapy 7)) 2 5 —
£ (8-OH-Gua 7') av5—+) BLUOAFNLT
V) avs—EEHNKETA, WEHEE b
BUEEDH DT 2 fEEW C EAVHIBA L 72,
FEEL D FERY ST & O (HIMER DNA © 7V F u{b%
BRALASEE C - 15 R, Zh oot 3 EERER L
FEHINEEZEZI OIS, .o DEEREE
TEMELEEE OB AT 13, FEBEE DS
ABTIEOEAZENH B EERELTVWE, &
D & 5 iC 8-OH-Gua BEMENFH I W ch &
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I ARSI X DHIANTOEDBRIER + L
ZDIRHEER B C LDtk B TH A S, FMA
A OEAL Y] DNA I x4 2 EERED & 5
fGREA TS 24 bAlfEL 2B THAD. T
DEFEEEEFANS Hikid, ThF TOHPLC
ECD iZ & % 8-OH-Gua DER LV b, HFEITH
fINOHREERTOEET, B->TL3h b
hisv, bhbhoBEofITidzy / —Vvek
5 L7z 5 v b OFFigTld, DNA thd 8-OH-
GuanEE 5 &[EHfIC8-O0H-Guat v FX27 L
T—EiENAEE A EERBLTVWS
5, 1994), COFERM STy 7 —VORIRS G
AP OfEL 2 b L 2 %25 &k LHFEZEPH A
DIFRNCIE - TV B AJREMEARIR S e,

9. & -3
HEICEESTOMEABLUSBROBHEICD
WThN 3B,

8-OH-Gua ® #& i #: i (& HPLC-ECD /%,
GCMS #:, relaxation assay (mtDNA (Z Fapy 7'
v 5 —¥AEH X H relax form Z5ER) FHMdE
bnTwa, FLREESTL TS, Sirikic
FORBRRBIARECEL->TWS, FlZES5y MITF
mtDNA % relaxation assay T4 d % & Fapy &
8-OH-Gua DF(1(3 0.8/10° 5T % (Hegler et
al., 1993). L#» L HPLC-ECD 7 Tl3 25/10° t
%} (Richter et al., 1988), %7 GCMS T3~ Y
2 DIFETT00/10° EX, LHEIhTVS
(Hayakawa et al., 1991). S3#frikic & 0, {a] & 1000
ELERPESIDOTH S, TOLIICHEREPR
BoTWAHDOHBRAHTH 505, —2iTid,
8-OH-Gua 37 —75 1777 Mitk->THHK2
AlREYEASH 5. DNAHHIBIRET Y7 = / — v 7
o o &)V A (Claycamp, 1992), AJfREHRTE & DR
2 kv 8-OH-Gua AR T 5 Z EMFISN T
W3, /0 BOME GRED ot LZEO DNA
il A & F O 7235440 DNA R O W IREE
THELE AT - 1056, S o MBMEP
DNA /A % EFRFE (5-25C) 95 2 &ic &
» 8-OH-Gua D3R T 5. FEI Xk, I ba v
KU 7 DNA T3 10° SR Y72 0 1 FRE, F
723 % ® HPLC-ECD IZ & 2 i DFER TR E b
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KA DNA THIfE T3 107 SR M0 0 2 5%
BN TORKDMETH - 72 (Fig. 6). B
Aok bAMKGbOF I vy )ya—-LEE
Comet Assay (endonuclease IIT I X 2#ffaN
DNA Ul # BRIk E IC L D~ B HiE A5
269 ~— ¥, Green 1Hic X AHBM) IckD
PFAIFERTE, 4BREAN0ERMERESNT
W% (Collins, R. A. et al., 1993). fHfPN DX
15 8-OH-Gua D {FAERICRE L TIdEERINER 5 45,
WFRICH KRR U & 9 ic— B o LR EmE
DEESTHBIEA P L 2| ZRILTVWA T
& H5 T @ 8-OH-Gua D 4TI & b EMEICHIE
TE3T L3N THY, TEHRHRIC X 2 HERK
AT 2100 —>2 DRI 12 EELT
W5,

LA» L, 8-OH-Gua 3i5TERRFIC & 5 DNA
BORAD—THSHLEVH T EAERN TRV
BV, REoWE» 5—plERd &, b Mg
X #3 % 5 U hpre EinFORREF 116 flic >
WTEDOWREFHNS &, KX 1EWH OREH 78
Bl (67%), mFRERS3I8H| (33%), TDHH
bS5 v RN=Y 3 v 126 (10%), 8-OH-Gua
D GC—TA, BL U AT>GC Iz hZhiEn
40l X1 HlTH - 72 (Nelson et al., 1994). 8-
OH-Gua 3 C O+4ER, EhHNICHFFLE s,
fic bEER S OBEHFHET 5 &M RilD
DoTEk PIZESE Fo+vy by vidigft
) DNA 25 oth T b RARZRFBERENS @V T
& DT Loeb & DRFFLE M o W% S ufc (Feig
et al,, 1994). b bhBIEWBEOIEH T
DNAFHLWEX 7 LAF K=t L 3
2-k Ko+ v 7F=vh in vitro ® DNA &K%
TIZART—2EITHERERBL &
(Kamiya et al. KFEEF—%). hoPiics
SOS FHEAMGRICH VT Fe?* O HEIRILD 5\
BAFLYy T =Rk ->THREESN L FER
TRERIZIGC-CGTHY, ZOEKNEN-T
W5 DNA HHEDOARIKIZAHTS 5.

8-OH-Gua (¥ “BEFEEF” 1k 5 DNA 5%
WgEhic@ARFR L2 2 e > VW TRBRICR~
to. FhOAR O HIN RSP ERE D 0 & RIFEY)
B, REYEEROUItHTIETH -1 T =

v DEMIC BT % ik ] D FER T 8-OH-Gua & L
HSEKEVSDAESh 172, TOHBED
@ 8-OH-Gua DL A LR L TiT»> T&E . iEME
A OPNTLE-12DTHD. 4, it
WCEZDE, ENBEERA T 2R REIIREL
REDO—HThH 5 EiIcGDo0i. R Bk
HOZbh 5 L5 ICEHAEIIAROESEb-> T
WAROWAEOAEZEINETH S, FEOFRRKI
EWRRAEI T TRV, FHEIKKE->TE FOfE%E
ZEanE, FRICERRFRYE IREDS 5
WIERBMPICEBATOLRIZEVLL 2P KRR T
~VEIc & B b bR DNA oA cRéE o
SR -1 b DB ENKE T H B THA M.
R EE P RBEBRTFEIDLDDL>TORLDOTH
5, CCHEEERKCHMELIcOZBEIC, —4T
TEHRRFRIC & 2 RBRE O LT 5 & Ak
IZ, 9 AT HLICKEDY Bt PREED
DERFOWHE S FHF 1w &S,
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Lung tumor incidence by diesel exhaust particles (DEP) and
the role of active oxygens
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National Institute for Environmental Studies, Research Team for Health Effect of Air Pollutants
P. O. Tsukuba, Ibaraki 305, Japan.

(SZAF: 1994 4E9 F 14 H; ZHE: 19944E9 A 14 H)

Summary

Effect on tumor formation of diesel exhausts (DE) and diesel exhaust particles (DEP) were

introduced. It is well established that DE and DEP produce lung tumors dose-dependently, and the
mutagenicity of DEP is related with the carcinogenicity. These results have been explained by the
formation of DNA-adducts between nucleic acid in cells and carcinogens in DEP.

Recently, author and coworkers examined the involvement of active oxygens on lung tumor
; formation by DEP, because we reported previously that DEP produced very much active oxygens, and
i it has well known that active oxygens also related with carcinogenesis. DEP were administered to mice
!‘ with intratracheal instillation once per week for 10 weeks with each dose of 0 mg, 0.05 mg, 0.1 mg or 0.2
j mg, respectively. The animals were fed four kinds of foods as follows; 1) ordinary food containing 4%
I corn oil, 2) high fat food containing 16% corn oil, 3) ordinary food containing 4% corn oil plus 0.02%
B-carotene, 4) high fat food containing 16% corn oil plus 0.02% [-carotene, and sacrificed after one
year.

Tumor formation was enhanced in the mice fed high fat diets, and lowered in the mice fed diets
containing B-carotene. Especially, the supressive effect of 8-carotene on tumor formations was a marked
‘i on malignant tumors. It is well known that intake of high fat diets produces much lipid peroxides, free
radicals and active oxygens in animal body, and B-carotene reduces their production. These evidences
suggest that the peroxides, free radicals and active oxygens may play a role on tumor formation by DEP.

Keywords: diesel exhaust particles, mouse, lung cancer, active oxygens, [B-carotene
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Fig. 1. Contribution rates on origins of suspended
particulate matters (SPM) within Tokyo metro-
politan area.
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Fig. 2. Annual changes of death rates by cancers
in various tissues per 100,000 persons in Japan.
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Fig. 3. Experiments on carcinogenicity of rats in-

haled diesel exhausts for 2 years in six institutes
in the world.

Table 1. Mutagenicity and carcinogenicity of
various nitroarenes.
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I-NP (—) (93 ug/8)
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1,000

Menkes et al., 1986; Nomura et al., 1985; Wald et
al., 1988; LeGardeur et al., 1990).
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1986; Mauderly et al., 1987; Ishinishi et al., 1986b;
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Summary of experimental studies on carcinogenicity of various nitroarenes.

Table 2.
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Table 3. Relationship among free radical formation, active oxygen formation and carcinogenicity of aromatic

amine compounds.
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Fig. 4. Death rate curves of ICR mice instilled in-
tratracheally diesel exhaust particles (DEP).
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Fig. 5. Death rate curves of five strain mice in-
stilled intratracheally diesel exhaust particles
(DEP).

6. 74 —EIHKIWALF (DEP) DfhEM & F
HEERELRE
6.1 DEPOSKEAREICLE Y ADFETE
& SOD DIFETHRMHIZHE

DEP Dfifiic &I\ 3 &2~ % 41T, Sagai et
al. (1993) 34k % 754 @ DEP % 0.05% O
Tween80 251 ) v EEEEK (pH 7.4) ICB& L
6 KD ICR Rt~ v R IcKENES L, 20
24 BN DL R A F~ 2. Z DOFER, Fig. 4
IR & HIC, LDsld 0.6 mg T, 0.9mg 5T
3 100% D=9 AN LI, BB, TO<Y 2
DR IME N RS EFIC X 2 iiKETH -
fz. TOICRR<Y 23 DEP HHICH L TR d
WYY T, F{NS REOPTRbFV Y
213 C3H/He TH D, 02mg $5.T 100% H5E
L7 (Fig. 5).

—7%, DEP 25 ENKST 5 1 Bildlaiic, O;
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Fig. 6. Possible mechanism on the production of
active oxygens such as superoxide (O, ) and hy-
droxyl radical (-OH) from diesel exhaust parti-
cles (DEP).

2RBMITEIWHEDR—N—FF I FVRLI—F
(AN R E RS T 501, F)zFL vy
) 3 — L EFES & 7 -SOD, PEG-SOD) % 2&#
IR S5 LTBL &, 100% D=9 2D
58D DEP 5T, JHIEHRIE30% LI FIET
L. COfERIIDEP H#HOAKIZOr 50
BEODLSIREL 72 -OH D iEMMBETH S T
EARRELTOLS,

%7, DEP% X ¥ /) — VTHRHUE L THBE
Y5y A B\ 1225 D DEP % 1.0 mg LI F#5 L
723556, DEP2BB L&D~ rsa07 -
DHENBED SNFDS, <=9 ZDHEHNT 1 F b
FbHontipot, o Eicky, FikEDE
Hic 2 MENKMRBEI< 707 7 — I
DEP ERFICHKHT 52 0; itk B bDTIIE L,
DEP HEMEA T 5 07 1T & % alREME SRk &
., IhoDERL Y, DEPH» S 0; 2T
OH AR 2 rffEM # H = X L% Fig. 6 D L 5
ICHERE U 7o (BEIH:, 1994).

6.2 DEP O O;, -OH ZHEMERELLE

DEP 5 £ W HH DL¥ERISIC & » T Oy 25
HELTOWEhEIPEF N7 o0 —LCEBTET

L1z (Sagai et al., 1993). ULFRIE 0.05%
Tween80 % &4 50mM ) » i@ (pH 7.4) i<
XEODEP AL, CIIiT 50uM OF k74
o—ACERML, O ILXBAF 7 u—LCiR
Jt% 550 nm OWSLE DN TH 1. OF B
A vFa~x—vavEiliconT¥mnL, &5
oG EMLL E bk, £, ZoOIEG

4 DEP DRI HIKEL, S SIIORIGHRIC
SOD %A % & 07 ORERBEDHONL L -
}-. 133, DEP %tk4 ARIAETHBE L T, %
@50 05 FEEREFNICETH, n-~FH V]
ST 9% FAEL, NV VESITIR20%, * ¥
) —VESHCIE 58% fEfEL, BRED DEPIChH
149% ZEDOEWNBEH LN, TDT EMD,
0; XA %/ — VilinHICEESTISO N TV S K
)7z —eF YR EEYDORRITRT LD
HEBBILGIcE > THEL S T RIS NS
(Fridovich, 1983).

HBRIITICE>T, TORIGRIC cytocheome
P-450 reductase (fp) & NADPH % 5/13 % & Oy
FEAERBE I EICHMA 32ROV LI (B
2 AKEME)o

NAPPH NA;)PH
P P
o~ Yoo~ Y-ogso=T)=o
e Fox/ > EIXI /v
(HQ) 5T H W Q
(SQ)

% #z, DEP 3z 1 HH D HER(LIET O, %
R L, Thhi H0, icZk L1, DEPHIC
SThTVaik WEOEBSRBOMBICX S
72V bk vRIEICk > C-OHZEET BT L b
ESR A H W /- FEERTHH O DTS o 7o (Sagai et
al., 1993). 753, DEP O (38kAS 126 ppm, i
» 12ppm, 7 Oo—LH 6ppm, YA VIS 2
ppm, ZOMOMBLESE T TV (BERH,
1994).

7. DEP [C&3EBREEER

71 BIEBEEROTE

EEATId= v 2% 1B 30PC5 o 8 BHICH I,
DEP % 1 L2402, Omg, 0.05mg, 0.1mg KU
02mg ¢, @ 1[EF->, 108 (0E) b
tr > TRENRE LT, CO= RICa— Vil
4% A ESUEEENAKRY I — vl 16% BTE
Wi s 54 ke, 1| FROMBEREREZFN
fo. B, fERSMERER <Y R R F2 %
BEficLi-boxHOVI.

Fig. 7 ® ARt &, HlElglhis 2
L, DEP % 0mg, 0.05mg, 0.1 mg %7 0.2mg g
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Fig. 7. Lung tumor incidences in the mice by

diesel exhaust particles (DEP) and suppressive
effects of lung tumor incidences by dietary /-
carotene. The mice were repeatedly instilled
intratracheally DEP for 10 times, once per
week and they were fed the four kinds of diets
for one year, respectisely. '
A. Lung tumor incidences in the mice fed the
diet containing 4% corn oil or 16% corn oil,
respectively, B. Lung tumor incidences in the
mice fed the diet containing 4% corn oil +
0.02% pB-carotene and 16% corn oil +0.02%
B-carotene, respectively, C. 4% corn oil group,
H. 16% corn oil group, * p <0.05.

S5 E = 200 BYEEE (WRE) A4
RKiFZNEFH 13~31% L7130, 0.1 mg HE5HD
FEERA R &<, 02mg DEP 58Tt
BEFLTWE., CoERCIBRESED N
fo. E1o, SlEUREI < v 2 Ofifi D BAEREES
AR 3@ AEEE L 0 b, TORAR
2ZzhZh 25~43% Th -1z, EIENEEINE
PIOBAS 0.1 mg BFOMEERAELRMSKbED -
to. EHIEE () o wTik, HaElkiiaE
Bt SIE BN O RS RE KT 5 &,
0.05 mg DEP #5580 @G &1 T 13 B
12 30 PLrf 1L (3.3%) TH - 1= b0, @i
BETIE 5 1% (16.7%) ick4inL, 0.1 mg DEP 5
BCHEEEATON TS >0 LT, &
ERFREE T3 408 (13.3%) KEAH o h, @iER
I CENEE ORAERPH S M ICECE-T
Wi, F 1o, EHEEE S, 0.05~0.1 mg DEP #:5
BehbEL, 02mg RSHTRIENL TV
FDAEHN 0.1mg BEL D 02mg BETIE LT
W3, #iciR< %A, DEPIC K A HHEICI
Milao~<207 7 — V%M DEP ZMEL X5 &

281



LT, ART LT 5 07 R hd SiRE
9% -OH % '0, (—HIFREHR) 12 & OIEMERFEN
HELSEHEERI L LTVWEEEZ LN S,

—7%, DEP A& bMMoffasEtt o7,
Z20EMIcE -T2 87 7 — URMiOfahi
ATLED ZEDBIOERTEDONTVS, T
D& ST &S, DEPIC3fiEEBALS
B AERH BH, —ELILORBEICIES EHA
LU SR LTLEHDDT, RPARNE
CETOHHRERBICKEFELTERLED 20TIRA
WEEbLNDE, ThEFUHERIE, NV alELr
vELY = boEL YORBAERIIBVWTH
AH o TW5S (Iwagawa et al., 1989).

72 B-hoFUDEE
B-HoF v IIEWBESLT ) -5V NVENE
T A5EH %R > TV % (Rouseau et al., 1992). %
ERCIAiE & RIS, =~ 2D 1LY D, DEP %
0mg, 0.05mg, 0.1 mg &0 0.2 mg 928 1 [a], 10
AR (0 [E) bl -> TRENES L, fiido
s s LoEkigiczhzh 0.02% (w/
w) DB-A e F vERMLCEEZ1ERS X
7z. Fig. 7 ® BIT/RT &I, EHEEOFAER
AW T 5L, B-H1 0 F EMEEOEREE R
RIIMRINEE L VIS HITEF L, $5IC 0.05mg
DEP #¢& 0.1mg DEP ¥ CEiE CThH 7. B-H b
F v &FEML oS @R & O ElEN & 2 HH
L7:%% Omg, 0.05mg, 0.1 mg BK&U 0.2mg
DEP 5 ¥ oOffiofEERAER LI SR
BTETEL, $1 Fig. 7A © B-/ o F VRN
BLoEFEFLTWE. £/, 0.1 mg DEP #5
HoOEEREEPROEVDO L, B-7 o F VIR
MmEEEELCTH - 7.

PlEo X 52, DEPIC X 32RDARISIEN
ATERL, BHoFrick->TEFT A ED
REN, T OMEREERESIIC BV TRICEAE T
ot TDI EIF, DEPIT & BREMAITEHERE
F, 7V =SV ANMDBEEELTVAE I EER
BLTWEEEZOND, BB, B-HoF ViR
Bn5bH, 0.1mg DEP 5~ v 20 EEiEE
HoRWEERERE GEREOZThENL~S
L, thoBoBA LRIy, SEHREORAR
DIFHIBEVEVHIFERMBE SN, Thid, <
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OO < ZDORPITERBEEICEP -T2 &
Lk B EBbNE, FHERLED - 2 ELFEKI
) U SIEDOFRAEIC X B,

8. 74 —EIHERWAF(DEP)(C & % RAEH

ROFKEMES

INET, T4 —EVPRIC L B2HBAD XD
=X 4|3, DEP FHOFBYE, dHibbRv
[al€Vv v (Bla]P) =t o T L vEDMIILFR
FEYVE 3Bl O f K DNA & 54 L T DNA-f+
M EAES C Eh SRLICEC EEAONTE
tz. HE, h o DEP HORIEYIEHiR AR
FHEERL, DOBYERTS ChoRPAYHE
Dbk & 13RS IS A3 A % AE B BRI DNA-fS ) %
T 5 EERTEL OIS TERTVS
(Gallagher et al., 1994; Jackson et al., 1985; Shields
et al., 1993; Bond et al., 1988; Wong et al., 1986).
—4, TOXIBHAIEEZIREShTVS
&, DEPHIcEGE N HESAMOMEL = b
o7 L EOESEIZDEP O 1g 40 ¥ug » ol
10pg BETHFECERBETHL L, —HRE
FRICHOWON TV AR mg BifiTHY, 0D
MOREOHENHDTELILENLS, =D
TV VENEBORENAICEDEERS LTV
PHEE STV, TOLIBHHIT, 74—
EUHERED LD EEBAYEA 2L GEHL
h—Fv7 3557 (CB)PBILF ¥ v (TiO,) %
74 — €SO DEP LRI UEEIC Lz b0
5y MT2EBBRASE, BPARBIEAL
[FCTH->7EWVWHEER (Mauderly et al., 1994;
Dungworth et al., 1994) M¥&K S /o (Table 4,
5), CokHuHEFEEF, ENCBVLWTIRITICS
HERIIC Kawabata et al. (1988) 25i8d T\ iz, T
S IIERAE TR L IiEIRE S v D
SENICESTAERE L. UEokoi, &
PR CB, BBILF ¥ v DL S5 BEMSAYEES
FRVYETOMPAEZRESE L EMREN
7. TOEHBT EME T ZEHBEIENICHS D
TRV, Fxid, fliothcvso7,—Un
CBHoh 42 HAT 5054 0, £-0OH %3
U &g B7EHRERP 7 ) — 5 VA VDRI AIC
RERBEEZRIZLTVEHDEEZTVWS, £

"

Table 4. Lung tumor formation by chronic inhalation experiments of diesel exhaust particles (DEP) and cérbon

black (CB).
R MBI R Bla]P 1% 1-NP 45
DEP 6.5 mg/m’ 17.9% 3900 ng/g 19000 ng/g
CB 6.5 mg/m’® 15.2% 0.6 ng/g 0.5ng/g

1) #EWK: 16hr/H, SH/AE, 24 7 H
2) B ¥ F344 355 b
3) #  #: Mauderly er al. (1992), ITRI (U.S.A).

Table 5. Lung tumor formation by chronic inhalation experiments of diesel exhaust particles (DEP), carbon

black (CB) and titanium oxide (TiO,).

#%ERE BT L& YRR LIVA
DEP 7.5 mg/m? 22% 63.9 mg/fiti 33.9% 0.3 um
CB 11.3 mg/m? 39% 43.9 mg/fii 0.039% 0.65 £m
TiO, 10.4 mg/m? 32% 39.3 mg/fiiti ND 0.82 um

1) WM. 18he/H, SH/E, 24 7 A
2) B Y. Wistar 7 v b

3) Gallagher et al. (1994), U. S. EPA, Carcinogenesis, 15, 1291.
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Fig. 8. Carcinogenicity of diesel exhaust particles
(DEP) and the related factors.

fo, TOZ & BRI EERL B-hoF
VIT & % DEP D ARDEAL O iEHRE IR DR
BARELIEREDEISHITEZLEDLNS.

INFEFTEOLNTEXALDEPHDO= b T LY
LORBAWEDOEBEDRMBAICKITTERICIZ
Bam DRI N TWBE Y, il & S SR
HRMOEZ DL, DEPEICLBRMAR
DEP Z D DA FA T HiEHEEICIA T, &
X CB 054 LlEkkIC, fifd~s o7 7> —Y
FOHEAMIEAS DEP 28R L, ThAELEL &
5 & AHHC & h A TEYEREF & DEP NICHE
3 A MBOESBEOIEHIC X 5 aJREMHE 2
5h3.

¥7:, DEPICXBFEMAICIZ, DEPMHAT
FE Lo s A MR AR LT L £ 5 easdmiao
BREE T2 2 h afetkb b s h b LV, &K

W, B-HoF VI DX D IR ERREL TN
b 21EH & & % T & (Bendich et al., 1989, 1986;
Tomita et al., 1987; Newberene et al., 1981; Leslie et
al., 1982; Shkler et al., 1989) ASE1 5N 5 IC KA T,
TREREREE bR XD Y DS B AJREMSE Z S
na,
IhoDHERENS, 5% DEP hOREYHE
DA TG DNA-fHINYIAERGRER 72 1 T3 <,
Fig. 8 IT/RT & DT, RMBAICBIT HiEHRELZD
BENCMA T2 07 7—YRT Y v XKL E
DHRPFEABRE D RRGT b BE SR EIC LS T
HHI. TOXIBILEE A A =X L DR
£-T, LB TDEPEMBADHED ) 2 7 iFlh
bajfEici s b0 EBEb B,

9. ¥ & &

AT, 741 —¥LVHSK (DE) BLUZoih
DF 4 — ¥ IVHEK Mk T (DEP) H3 % Frk 4
5 & &, DEP OZRFEMW & FKHL AN L Dfblic
HEMRED LN TVAE I EEH{N L. Tk
i, TEMRBEORSAICEESENS B LM
HMonTWBDT, HEE S L, DEPICXB3HEMSA
IZ HIEWBERDBES LTV BN E D hEFENL,
#ERlZ, DEP%2<v X 1JL4DiC 0.05mg, 0.1
mg 20 0.2 mg & 1A 1 [A]4 >, 108RicbH
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R FE O E S 5 ElEliR% 52T, BEO
KHRPEENT 2 hE S D, B B-HoF v a2
5 LTGRO A ] U 2R R AR
BIETFTahEIDICESED T, TOHER
DEP ic & 2@ F4 K13 0.1 mg O DEP &5
TbE<, SEHARBEIC X > TZ OREMRE
HEN, FICEEESORERIT 4~5 510
Utz %1, B-HoFvifakhciml c#c
(3 BRI O R R 3 THE MR &R L 7R
THo-rhs, EMEERAROKNIBEETH -
. IO DS, DEPIC L BHEMBAITIIIE
YOS HEV T EARE S N
oINS DFERE, BAoFrPEs Iy
A, E Z0HBLYED £ b Oflids A FEH: 2 4]
T 5 &V HEFNARKREEBRNICOIFFT S
bOEEZ LN, X561, t FDOiMBAZEF
¥ 5213, @ishh, &Ahe ) —-R%ZSY, A
F v EOHBIHMEEEZRILEURHEBEED
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The Mechanisms of Oxygen Radical-Induced Damage of DNA
and Its Biological Effects
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a-phenyl-t-butylnitrone (PBN), enhancement of X-ray-killing effects was observed. Since X-rays are
known to produce OH radicals by degrading intracellular water and to induced damage in DNA by the
resulting OH radicals, the effects of PBN on the induction of both base alterations and strand breaks in

Ui Summary
When Chinese hamster V79 cells were exposed to X-rays in the presence of the spin trap

‘ X-irradiated cells were examined. PBN was observed to inhibit the OH-radical-induced formation of
“ double-strand breaks and to enhance the OH-radical-induced formation of base alterations including 8-
“ | hydroxydeoxyguanosine. Although several investigations indicated that the formation of double-strand
i breaks of DNA was mainly responsible for the X-ray-induced cell death, the present study proved that
‘ the accumulation of OH-radical-induced base alterations as 8-hydroxydeoxyguanosine was also respon-
sible for cell death.

Keywords: oxygen radicals, a-phenyl-t-butylnitrone, 8-hydroxydeoxyguanosine, DNA double-strand
break, cell death
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TEHRR R & 5 DNA BES E D X 5 TEYIE
HEALTVWELEMNETEILRBAGLBILT
W, #oBEME LT, MREETBRELET
5B%, DNAEBEDAZERINCHERT LI LN
Wz &, oF oAl EhOBERED
BELREIICER SN, Zho bAYFNTEL
H452L, E51{Ric DNABBOAEFERL
7ol LT, BELHKT 5 DNAEBDOS BED
BESEO XS BAMERERT 20 E2RET S
TEDmHD TR &, BELBETONE, A

© HABBZRFY 2

A

HEE4 5 C &k b DNA DIA DR~ DR

- BREHK SR MGEIS 5K - . Fig. 1

%2 H T\ %12\, Fig. 1(a) MO RERK &
10% £ ERE 52 2 IC B ENBRIER ZM
Kkg, MHRE, MR TIEEBLZb0TH
5. MKAOTEHRRFBRUEE S 32 H 505, X
BHEICED10EER (Fr4=—X LR
& — V19 ffanfl]) %5 2 1354, # 10 Gy Of
BALEL L, ThMmiamn, Mg, mas
b3 22uM O OH 5 VA VERRICHM T
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Medium

(a)

X-Rays

(b)

Fig. 1. (a) The concentration of reactive oxygens required for 10% cell survival when they are selectively
introduced to cell nucleus, cytoplasm and outside of cell. (b) When 10% cell survival was induced by X
irradiation, no critical lesions are induced in cytoplasm and outside of cell.

5. E#HEFHREHOHBEICOA T 2V F —ff
5L, filaicErRoErizuvhkicky, £
HFR AR 27— % (von Sonntag, 1987a) 254
2T BE10% EHFERICBOH S VALVEBELT
160~220 uM DL EBRE L TitHEES NS, o F
D, MR TEERR R A R L DNA 8545 %
R IHD, FROE I TEERE SR % Rk LR R
SHEBES | ST AELD 5P IERRL
s b o9, —4, BE(KE (H0,) %
OH 7 Y v & L CHIka % JUEE 3 % &, 2004M
TI0%HEHEREE5Z23 (F+r4=—XNLR
5 — VIO MIIDEE). oIk kB oh
T #fE OH 7 ¥ A1 VIR & fifast ic Ho0, %2R
ms 3 hHEC & DERIICKRD ONEBEEDR
HEE—HI, H0, I & 25 ME I E T
LEECEBZbDTHS E2HAIYEE- TV
3. IOLIICXBREAVAE, AT 10%
HERES52 3 ICENOERBEBEETH, MK
BCiMfaticERSNAEDODTHHSD—L
MIES>TVEWL, TDT ENS, XEIZHEE
BOWTHEHGNWSEGE5X 5 &5, $ERREL
%M DNA 5% 52, flas5| &3 L6
#WE N3 (Fig. 1(b)).
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xic, BE{A#)72 DNAEED ¥ 1 7 L ffast &
OBIRICSDVWTTH BH, Thi>VWTRELD
DNA 85D 5 B 2 A UIM o3 HRasE & 281 BY
FBLTVWBZEMBHSMITEN TV S (Hiraoka
et al., 1990; Kuwabara et al., 1991), R348
BThHsh, 4->0ERICHRST LMoL
T, TOEOPIBEMESFELTVWE I LD
5 (Wallace, 1979), %4 5 HsHfIC K E WEH %
523 L3 tacHETE3. 2hid, HlZi,
TRRERPFIEN T & L ToraRetEnsigfish <
WABRZENLLBHHOMTHE, LaLELES, M
Rt & DREFR E 185 ERZZIHRICE > TV L K
’)‘s- Y o¥ (0 g.@iﬁﬁlﬁ%ﬁ’&ﬁ@ﬁ%?‘%fcbt:
13, #lZ1Z DNA @ 2 ASHUINEER I 3] o o
2529 (b30VRE LA 2 ABUINFEREZME
L), EEEHOAZMEMS 5V idEDEE 5 &
S IHEER - IAbAYIB s, Th eV T
A S DERBBONE L BHNIE L, DR
WL, EHESIIOHS VA LVNEHKT
DNA S YA NVEREY FS 5 EVZEICL DB
HLTWBHBIT, RE Y Ty 7%|H DNA 84
UK ORiEX S VA LVE LSy 7T BHEITLD,
Z DY &M% % T & (Kuwabara et al., 1993),

| 4

F1-7) VEROBEEY8-E Fo+ vy Fxr+y
77/ ¥ v (oh*dG) DRFIEK S ¥ A v ERIL L 72
Be, zoHEREEEST S EERVELE (KB
5, 1993). &SI, 5-FAF v F IV V1) v
(5-TMP) & OH 5 Y A L E DRIGICB VTR S
haEREBEDNHE, 2V T 7HIDIH
%4 % T & (Kuwabara et al., 1989), £/ AtV
PS5y ZRIEOH 5 ¥ H Vi & 2 EAE DD
RIGZEEE L, EAER 2 02 ) v 7 EREHE
4 % (Inanami et al., 1993) T & 75 & B s,
ZEY Ty TRIDT VANVRIGBNEL, RE
v b Ty THIE L TOAKRDEEE & bR
BRI OPCERICH A R B2 55 EE2FKAL
2. TDEIITREY M5y THIHOH 5V H L
FH DNA UM &4 L, SEEEHLEEST 2
HHEEAL TV S EVSAHEOBIICER I LA
MITHsbIEND, OBV EREEMILBYIM
R X \BOLIERICER L, £ OREFH /-,

2. BEESCHIVEREY NSy THIORIG
EEHR (X %) B H,0 24f# L, OH 5 Y%
WRR—=N—FF ¥ F(0,7) BHERTZ A4 =

ZLBUUTND@EY TH 5.
H,O— (X-rays)>H,O" +e~ (1)
H,0*+H,0—~H;0" +OH" (2)
e +tH,0—eyq 3)
H;0" t+e,, —H +H,0 “4)
O,+eq =0, (5)
0,+H—0, +H* (6)

BEHRD = 2 V¥ — 5 3ERLICE > THT S
nhao7T, EEMICKOERILSSVEOE
B, BHHEDO T 2 VF— 3 OH 5 ¥ h ik
h, ThoB(LIERHICEVEENSZONE. £
 DIRTAIDPHEHREE 2SR S ¢ 2HsC C
I2d % (von Sonntag, 1987b). OH 5 ¥ A1V id A
fafn 2 EEEA IS Lo, fafiRFED 5K
FEGIZKCEHER LTV A Z EDFSATL
578, HlZI1E DNA &XIGd HERER D 2 FEfE
BANDOMIRIE, 74+ v ) £—Z25Fh 50K
F# (H) 5| L ERIEMEB T % (Fig. 2).
HRDOEBHS, EHEEORINITERLE M
N, FAF o) E— 2 EDKIGIZ DNA LM~

HN

J\Il OJ\] -H'

HO Base Base

[0 HO (o]
OH’ Hz0
OH H

Fig. 2. OH radical-induced precursor radicals of
DNA damage. This figure shows examples of
thymidine. OH radicals add to the double bond
of thymine base to form the precursor of base
alterations and abstract hydrogen at the C4’ of
deoxyribose to form the precursor of strand
breaks of DNA.

LEATOL bOEHEINS. L LEss,
Fig. 2 [T/RLc KD BIRIG, 2% higHEPETD
FIVMNMER, E5IINS6DTIHLBED X
I ISEMEPNCTIE > TOL I > W T IR EFA
M SN TV, Teoule (1987) F#adinthT,
OHZ VANMBTY) vBXUE) IV VIERER
IGUTBE, BRABEBMINBELE I EERELT
W3, OH 3 v H 2 EkESICANRIET %
EWVWSEX LEKREBY OL¥HERXH» S OH
I VANKIGY A b & EERARY) & OB A R

LTW3,

Fig. 2 D& S SKE T ¥ H VOFERAIHT 2
B4, BLAHENZONREY My BV I
Thb AEV Iy V7O Fig. 3 1
KT, TOHE, OH 5 YA VHREICES L
IKFEZEG| SRS HIARLTWS., B LERES

CVANBRE YTy TR (TOBE, 2-4 Fu-

2-=toy 7oy MNP) EERTH 5 v 7/
ERIGL, =botFy K7 ) —35YhLiclnii
T5REYT 7 PO, DI VAN
7+w§u;bﬁ£én S P RS =S S
VHNTHAHDT, @HDET A vILIE (ESR)
A7 b A==tk ERK  EHRIRIEH
AJREICTE B, 1272L, ESR A7 b Lig=t ot
FYRSIANDENTHY, Fig. 2 DL 5K
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N Spin Trapping
OH’ H,0
. N
N—C—H LA N—C.
7 |
H H

Carbon-Centered Radical

CH,

o=Nn—cZcH,
\

CH,

Spin Trap (MNP)

. /5

Spin Adduct

Fig. 3. The formation of spin adduct by spin-
trapping reaction. OH radical first induces a
carbon-centered radical by abstracting a hydro-
gen and the resulting radical is transformed
to nirtoxide free radical by spin trapping reac-
tion with spin-trap 2-methyl-2-nitrosopropane
(MNP).

B o VAEBBEBELTVARTIREL, Lk
7oT, Fig. 20 & 515 Y HVERIET 3854,
ZhOAFYRSITHLDRRY b SN
KIS AMEE T AT IS8 B, 128, TOAREY
bF oy By SEORER, RICEIFICEEREO 2
Ev7 4y r BRI TS, HPLCETZhE
NONEEHMAIERICEEDT, LIS YA NVD
BRIV TIEHSERSEON S, £/, 5A
&> TRDEYIFHEICS ¥ A VOEDREE b
AJREIC?E 5. Fig. 4 |12 DNA O© 5-TMP Ofi| %R
3. 5-TMP & X £ ¥ + 5 » 7H| MNP D/KE#K
ENOHZATHMLAE XBERHELL D%
HPLC TRRAE VT Y7 MicHBfEL, D&~ %
ESR 27 b0 X — ¥ —THANIERTH S, £
T ESR 2 _7 b, HFRIZZDZA~RT Fvip
OHEEINI- SV ANEETHSB. OHS YV Hh
DERE6HEHEDOS P HVES-TMP ICER LT
Lhibhrd, EFOESRZA~RZ b= hox
FYRIIANDENIHEENNE 3 DORD DR
SNTWA, A7 kla, b e®D& D ITEHESDS
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Thymidine 5'-monophosphate

5
. )
H,0,P-0CH

iJ\VﬂAWPf\¢~ ﬁ;ﬂ

OH
C5'radical

5 T
HOP-OCH, |

. ... o
b q | :L: l
4)‘ Z‘ .

10mt

OH

C1 radical

c HNT 3 CH
)z\, sl-OH
07 N7 H

1.0ml l

| SN T dR

C5 radical

(=8

5 T
H,0,P-0-CH
ng k)
o I3

10ml OH

e C4'radical
(o]
CH
e HNS)“EfOH’
Jz, ol
07 N"H
10ml
o i - dR
C6 radical
1 o]
HN3*S <CH,
)z\‘ sk OH
o N H

1.0mI
e e ) dR

C5 radical

Fig. 4. ESR spectra obtained from HPLC fractions
of X-irradiated (5.4 kGy), N,O-saturated aque-
ous solution of 5-TMP (5 mM) and MNP (10
mM). Left; ESR spectra. Right; Radical struc-
tures identified by analyzing the corresponding
ESR spectra. a, b and d are precursor radicals
of strand breaks and c, e and f are precursor
radicals of base alterations.

SOIHMNEEL TR Db H S, O
WIEDS 7 ¥ A VEEIE OHEE IR D, FEl I3 5R
X (Kuwabara et al., 1989) I2W 4 505, §EHRE L
T, 3BT+ ) K- VAN E 2R
OF I EESVALVBEES . c & fiFH
WICZRTFLATAV=—DRRIcHEbDEED

Absorbance at 260nm

Retention time (min)

¢ @,‘/L
wit A W&I.HWWM*\{M T

A ]

—
L7150

[e]

&

g

12B3

30 40

NH,
H N

CS radical

Ho-&n, ©
o
. v
J 2,

C4' radical

Fig. 5. (a) ESR spectrum of X-irradiated (2.7kGy), N;O-saturated 1m/ of aqueous solution containing
oligo(dC)yo (1 mg) and MNP (1.3 mg). (b) HPLC elution profile after the oligo(dC)jo was digested with
venom phosphodiesterase to release mononucleotide spin adducts. (c) Left; ESR spectrum obtained from
fraction a. Right; Radical structures identified from the ESR spectrum. (d) Left; ESR spectrum obtained
from fraction b. Right; Radical structures identified from the ESR spectrum.

3 hoDHbTFAF V)K= 5 I AR
DNA S4UIM EBAR L TWA Z L RHEETE 3
B, ZhAEBEENICEHT 5729, DNA £7V
LLTY MY YBLDIRFI VDAY TR LA
F F, oligo(dC)y & oligo(dT)i, ZHHEKL, T
SIOVWTREY Iy EvIkE#EFTAEE
biz, £hoOYMOBREZRIE L 7.
FEERIYICIE, 10mer DA ) TX 7 LAF FES
KT 5EEbic, $TE0SKE P THERA
JITRILAFRFEREY Ty 7HIMNP 28
LkiBE % N,O BIf L, X RS L 7. v 7

DHTH>VT, ESREREITHI DR RF VT
255 —¥TRAEVYT I+ 2E/ X VEFF
LNVITHEL, HPLCIZ L D 8L 7z, =D
%, ESRICEDZEYTH 27 hDARY bVEH
ELt. —H, BOO¥H3E19% ORY T 7 YN
7IFE L (50% DRFEEEST) BRIKkEE
(PAGE) Itk b, 7572 v MLEhict ) TR
JLAFFONY—vEEEL, OHZ VA LVE
kit 375 7 2 v MEORRE A ERINCHIE L
7z (Kuwabara et al., 1993). Fig. 5 I oligo(dC)wo
2o WTfFo12REY 5y EV T DORIERT.
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. e

Piperidine (-)

[OH]
[Oligomer]

01 2 4 8 16 32 ¢4

Oligo(dC)1o

Piperidine (+)

01 2 48 16 32 64

Fig. 6. PAGE of X-irradiated *’P-5’ end-labeled oligo(dC),o. The numbers at left hand side and the bottom indicate
the corresponding monomer to 9 mer and the molar ratio of OH radicals to oligonucleotides, respectively.
Left; PAGE pattern immediately after X irradiation. Right; PAGE pattern after X irradiated and subsequent-

ly treated with piperidine.

—HLRBAVITRILAFFREY TS 2+ O
ESR 27 bV THB. TDARY b VIZHTFE
DEWRTFIHED 7o — FEZ~RT PV EL S
TW3, DY, 798 NVIEEDRETEIRAAEE
ThH5b, ROKIFFRAYVITZRFT—EBHHEL,
T/ X7 LAF FICHEL % DHPLC 7o
74 —NVThH5bB EOPDODE—IDHIB 757
vavadlbITESR 27 b UVEIEI N1
ZTNENDARI bV A a bt blI/RT., Y by
X7 LAF FORELREIC (Hiraoka et al.,
1990), 2RZ7 hvaldy by VERDOCS 5V AH
W, ARZ ML ETAFVYR—-—Z2DCY S5
IANCRIES NI, XERICEOHEL/OH 5 v
H V55 oligo(dC) o 1T KG L, MR~ N IE
LFAF V)R =2 5D5|XRERIGICLD 7
NEhosVhVvEREKRLILEEbNS. Fig 4
D 5-TMP OfHh S HNE, 518D v%
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WISFERINDEEEZZ 5N B0, FEERICIE 2 [
DIIANLPE Sy TENEHo1, £ Y TR

JLVAFFEE/XI7LAFFEDRITOH 5
IANDRIGHEICE B H D0, HBVIERE
Y b7y TRIORISHICE VWA S 5D EL HH
SV, 1o, FRBE S LA ERORE
HORLT 2MEICH B ESbh TS,

WIZ, TNSDT Y HIVHERRICHE LMD
UM ORIERIAIC IS > TWB T & ZZFIHG 243
b5, T, HFEHREWY)PCHINT OPRHS 2
EY bS5y THIOEHEICED ED L ST B
D EFNT RIS, Fig. 5D C4' 5 P huhty o
X7 VAT FEUMNT (757 2 v M) IS0
CHDTHBES, RAEV Ty THICLB D
FIAND L Zy TRUMOHEEAE NS #3513
TTHE. OXIBEZDTFTEREIT- 125
B2 Fig. 6 THB. hid, REY 5y 7H|

MNP JEFAE FTD OH 5 ¥ 4 WG O oligo
(dC)w D PAGE *§ — v ThH%. £/ 3—159
mer ICEB7 574V MHBEEINATVLS, &5
12, OH 3 Y ANVBIIKIELT7 5 7 4 v ML
L cwa, LEoZ Ems, OH 5 VAN
Heict) TR LAF FEVIIEFEL TS
LSO TH S, L, £7 57 AV N
BIFELVEEE RS I EMS, OH IV ANVE
) ITXI7LAFFOI0HDOFAF VY K=
griIHL, FLOBERTRIGLTWVWA I LD
hB, BTITAVPRBESICHDORE y b
SO -TWAE, ThiZ757 2 FD3-K
s 2 AL TVWA T EABEKRL TV S, X#R
BEHEA ) TR LAFFEISIER) Y /ML
FELI-ECTH, FLOHDREY b OHEHSEEIML
fo. ExY Y VAEIEREEH A HE UMK
L, TOKE3-) YERERIEE LI OTOT
(Maxam and Gilbert, 1980), —Xf® X &y b D5
b EOEMI-) vERIEERTH7 774 b
ThHbEfERENI, FoRKy MR 57
57 * v b® 3-K¥gd Henner et al. (1982) I &
DIBINHE Q) YRV aL— ) EF
Zohb. RE Vb Ty 7H MNP Z7E F ClEB
DEBREITV, 757 2 v MLOEEA OH 5 ¥
HVBICH L 7oy b LIk R Fig. 7 Th 5.
oA, 714 < —HKORERZERLTWAS.
o735 72 v MicoVWTHIRIFE CHERENES
hTW3. MNPIHFAEFTIEIOH 7 VA LVED
BimcE bR WIFA v —HKTHRbb 757 * v
MEASEERIICHEINT 5. MNP ZiRIN$ % &,
7574 v MrolEsE SN 5, MNP ZhH
BH0H 7 VI NERIGT HDT, 77747 %
{LOMENIBMILZO0H S YV ALVDRAANY JIT
L BafEtErd 5. £2T, ERicAHY TR L
AF FEXRIGELIZOH 7 ¥ H VBZFHETRD,
zhicitd a5 4 <—tHlkxE 7y bLICET
A, ®d0 7574 MrollHEHBRS 0.
MNP A OH 5 VANVNDAARY VDI TT 77
A v MLEBi#T 5151, fHEICLEON
ERZ2 v ro-—VOoBERIC—HTHRTTH
3. Lizhi-T, TofE%IE, MNP %5 Fig. 5 T/R
LiCA5ohANELSy 7L EIRED UM

500

O no MNP
400 | © calculated
O MNP

300

200

100

Released Dimer (cps)

100 200 300 400
[OH] uM

Fig. 7. Plots of released dimer vs OH-radical con-
centration as measured from PAGE patterns
shown in Fig. 6. O, X irradiation of aqueous
solution containing oligo(dC)yo alone. [, X ir-
radiation of aqueous solution containing oligo-
(dC)yo and MNP. O, Plot of released dimer vs
OH radical concentration which actually reacted
with oligonucleotide.

-3

EB#ELI-bDEEZ LN, TDXIIIC, FA
FO)VE=—ZRS5VHN (CA-5VHN) DLFy
FIE—HTIRESR 2 <7 b v & LTHESQ,

fhTcIRENE T 57 A v MEOMEN KR L 72
EcEEanl, C0LHiT, CASVHD
DNA UM OFiEXATH 5 L HEEHE i,

HESIALD LTy TOBAEITHAD
»? Fig. 5 icv by VEECS 5 VA VHRE
NTVEH, Bkd BFERMK T 7= v EROHT
BohTWVWBDT, £n%ii~%, DNA ® OH
5 U h VIRIBERY D — I oh®dG 25 & %
(Kasai and Nishimura, 1984; Dizdaroglu, 1985).

CHIEOH 5 VANMHTT = VITRIGL, AT
350TH5. TOYHEDERIIESULFRTE
(ECD) It K D flLICHER T A2 &M TES. C
nIc-oVWTd, Y ITX7LAF FOBEERD
EEAEIT-7 (KBS, 1994). §Hbb4 v 7
LLTDNARSDTHEFAFVIT /v (2-
dG) 2V, THIKREY + 5y 7Hl (T8
4, PBN) %#iLfE& &, X $iIEH% ESR 2 <7 b
WORIE & oh®dG Rk % F 7. Fig. 8 (3 PBN
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(A) PBN (3mM) (B) PBN (83mM) + 2'-dG (SmiV)

@4_5_4;“: T e T

CH,

ce-phenyl-t-butylnitrone (PBN)

OT‘—‘@" MWL»M i sl J Al /Wa\

2'-dG
. . 1mT
Fig. 8. Guanine N7-centered radical induced by the reaction of 2’-dG with OH radical and the subsequent S S— : P
spin-trapping reaction by PBN. The chemical structure of PBN is also shown at the top of figure. L | L ] R L
H adduct
80 Fig. 10. (A) ESR spectrum of X-irradiated, N,O-saturated aqueous solution of PBN (8 mM) alone. (B) ESR
75 oh®dG DREXATH B S, oY T ¥4 spectrum of X-irradiated, N;O-saturated aqueous solution of PBN (8 mM) and 2'-dG (8 mM). Bars at the
O 2'-dG +PBN 2 8 i i - top of figure indicate the hyperfine structure of ESR signal corresponding to PBN-OH adduct and bars at the
b DIEEIE oh*dG AR DM % b 54 C &
O 2'-dG " s \ : bottom of figure indicate the hyperfine structure of ESR signal corresponding to PBN-H adduct.
60 B5RB3FTH5. UTZzofERERT. £,
oh*dG Ak~ D PBN DD i Suk~x 3. Fig. In the Presence of PBN
% 9 13 OH 7 ¥ A Vi %Kil i< oh®dG A ik i % #f¥
T 4 fiic 7oy b L bDTH B, PBN HHAET B O-C ““-‘-g;‘,
g L, PBNICXKBOHS YHLDRANY JIEH -)iy_u_. mx L. )TX — J:iyom l-vc_iii
I 12 & D 2/-dG D oh*dG ~DZ WA i il R O=<a
N5, Lichi-T, 75 712DE%EFIEL,
7oy bLEbDTHS, HREFFRIKL, e sondG R
0 Y . o ; PBN {74 F O HIEFAET & 0 &\ oh®dG Ak
0 10 20 30 40 50 WEAEGZL, 757 OEEHS, @E2EO4E In tae Ahseuce of PEN

BINERTH S Ehbhr s, TOHRIL, Fig 9

[OH] mM E==e - 3 1 o = 61 5 - o -
Fig. 9. Plots of OH-radical-induced oh*dG vs OH- CRLELSHAEY 5y EYIRIESBDS . -
radical concentration. O, X irradiation of aque- ZEVYT Y7 VEBRRIGRE s TWEWT 4% J\‘{; J :'\>- J\ J\)I >_°H¢ ==
ous solution containing 2’-dG (8 mM) alone. RELTWE, £27T, ESR 27 F AT~ e T : ‘ 0“ -
[, X irradiation of aqueous solution containing y :
2'-dG (8 mM) and PBN (8 mM). T’ Fig 00 TRLILL S BRNXY b AHIFE 2-4G $-0HAG
7. Fig. 10(A) i3 PBN /Ki&il & N0 4 2 fiafil Fig. 11. Th hanis f OH radical-induced formation of oh®dG from 2’-dG in the presence and absence of
DAL FHEE FPHREINBZZRE Y Sy EVIRIE %, XBRHLAHOESR AR7 FAVTH 5. g'pB'N ¢ mechanme © e ’
ZRLICbDTH 5. Fig. 10(B) (& PBN (Z 2°-dG %1%, N,O # zf4
OH 5 YA NBEY, /7= IEHO C8Icht  FI% XIS L0 ESR 27 b LTH 3, e 13 (3), () RicLDERSNE. TOHA, A PBNHT Y7 OIS FVBRICEY,
MRIGL, N7 35 UAME5ERT 2. ROT, N7 WRANRY P VERBLTHS &, mﬁ(H)ﬁét\ KB NO BAFIE N TV B DT €aq D KAy PBN-OH7 77 hDFNWF/NELE>TWV5S
SYANEPBNICKDAEY + 5y 78N, =  RKHET (e ) WPBNIC L5 » 781 R E I3OH 5 U h VicEHan B, PBN-HT ¥ (Fig. 10(B)). 2/-dG b i Z DRI LT
boA+y F7)—5Uh VicE#ahs, 20 Y747k (PBN-H) &, OH 5 ¥ 4 45 PBN Ic 7 P OESR 2 <7 b REHOINELC,  OHIYALRRANY TSN, 05 PEN-OH
W, COREYTYI MCHKTBESR X R 5y FINEREYTF 2 b (PBN-OH) D 2 PBNOH7 ¥ 7 b DZNiEAEC B e 757 MgEbL, fibhicFig 8 loRLi&
7 PHBEI NS LIRS, SLNTSYAL  FEEOZX~NZ P ABROATVWS, HH 2 Wi (Fig. 10(A)). THhucxtl, 2-dG b - 7235 51CPBN £ 2-dGflo2E YT ¥ 7 itk D
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ESR 2 X7 P VASEE SN 5139 TH 5. Fig
10(B) ® X< b I)VTIi3HED I PBN-OH 7 ¥ 7
OV RBEE SN A, PBN2dAGDRAE YT
T MTEBARZ bR SELSATVEN,
—7, PBN-H 7 %7 bz b[EkBE A A O 3L
DEFTTHY, YRNSLK B ->THESNSEHD
tEbNhz, LaLEss, FEHERHZDOR
R PVEIREL B ->THES O, Dbkl &
PofEET 2L, OH S VhH ML DFERINLE
2'-dG ® N7 5 ¥ 1 V3 PBN & RIS 288, Z5E
BRAEY T 2T 5 L3S, LA
PBN-H7 %7 b2EKT 5 &5 BRIGZER T T
DTRIBLALEDLN S, T OKEHIC oh®dG b
K Eh, COEEPBNGHETFTH - THHE
ENh 3 LS oh¥dG FEH s b EED
N % (Fig. 11).

PBN JEF7E FTD oh®dG A fkic oW T3, %
DUVEH PBN EIE FD - D—ThH -1 &h
5 (Fig. 9), RO & 2 FAMBAIRETH 5 & H i
Ebh3 OHIVANCLIDFERINILNT S
SANRBEIEFHEZHS IHOOH 5 Y H L EK
J&L, oh®dG & H,0 #5.% % (Fig. 11). 2D &S
KEZNE, 2D OH 7 ¥ A1 uh 1 D oh*dG
5%, TOHERELS PBN FEFO 50—
KRB EAHATEENTES, FAFVT
7/ v vTHbMUick S ESR DFERMBEBONT
BY, TOLHINRERRI T vERCHELT LD
ThsEEbN S,

D&, REY Ty THNI, —HTIRT
A+ )V E—ZR5VANEFS Y ETSL, THIC
KA ) TRy vAF FBEUIMERAMGIL, fith
HTRIT7=viEHT VA NVERIGEL, oh'dG A4
RERET 2HEEXET S, COkHBAE Vb
7 v 7RIOWHE IR L ~ LT RS hhig,
Zhidici~tc & 5 IERIEE L lRESEE ©
BRI W THIED 2EHRE bS5 LT B D
bHEINE WV, kKET PBN % B IS L
Bl 2k~ 5,
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Fig. 12. (a) The dose-response curves of X-irradi-
ated Chinese hamster V79 cells. The upper curve
was obtained by X irradiation alone. The lower
curve was obtained by X irradiation and subse-
quently incubating cells with cordycepin for 3 h.
(b) Repair kinetics of X-ray-induced DNA
double-strand breaks. @, X irradiation alone.
O, X irradiation and treating with cordycepin.

3. REVIFS v THEETTX®RRBHEIN
EEGZLEMMAZD DNA §§tNH,, EEZH
BoUIcEEE

ZEV Iy FRIOFERICA BRI, DNA 2

ASHUINT O FEFE & MISESER B L TV B T

LAERT. Fig. 121327 LA ¥ FiiEwEDO—>

THBHaNVyeEVYEHWT, XEBHF v+ 4

=Z— XN KRS — VI MKDEFR, DNA 1A

BB LU 2 AN OBELIA 27 1 v 7 2Kt

TEHZDEAEFENIbDTH S (Hiraoka et al.,

1990). MKIEAEH I 7 0 = Tk TRw . 3
LY E VLB OBA, filat X% v
e viikinl, 3B vFax—, EAE
Jo=—%fE5HE7. DNA 1 A§HEB L2 A
U ORE R, ENENDNADT LAY BLU
ik 7 ¢ vy —iEHiEIC L iThhc. DNA S
PIEEDOH A4 %7 4 v 7 21E, XERBHR
DNA EEO 72— ERR] (BERRED) Mz A
vFa~N— b Ltk Mfa%ia#EL, DNA %43
FrLt. anyeb VB OBE, XHBEHET
LEBICAML, EBERMA v F 2 x—b LK.
RicHohaLHic, avvebE vtk 3
X G B o R g s /o (Fig
12a). —/%, DNA 1 A§HE & U 2 AU EE
DHAXT 4 v 7 AT ETH, 2 KB

(a)

1359 90% HEHE S h, 10% FEEREEO F £
FL, 1AM IE 1 oA v+ 2 ~x— Fhid
13 100% BiEAT A EMRVWH S i (Fig.
12b,¢c). TOTEND, HEEBSLICHT 5 2 Al
UMroEBEW AR LN, &SI, avYEE Y
WLER% O DNA UKo EEERIC LY, TOH
BEHS L —BH S EM 572, Fig 12 13a Y
2SI AEUINOBE IO EEES L
T, 2 AHUMBEICKESIMERIREE5Z 5 C
LERLTVWS, AERLEOBBRPOEZ S L,
IV Y+ ¥ v 3 DNA 2 AU 0 &1 % Ml
L, Zhic kb XEoMBEBIENR % (L4 L 72
LERENG, COXH NG 5L, DNAD2
AGHUIB OHEBOE & B L 0B T &8
bbb,

X-Ray (PBN)

Surviving Fraction

O Control
® [omMrDN

(b)
Double-Strand breaks of DNA
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% of ECD-Detected Base Alterations
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Fig. 13. (a) The dose-response curves of X-irradiated Chinese hamster V79 cells. The upper curve was obtained
by X irradiation alone. The lower curve was obtained by X irradiation in the presence of PBN (10 mM). (b)
Induction frequency of DNA double-strand breaks of 60 Gy-X-irradiated cells as measured by a method
combining pulse-field gel electrophoresis and Bio Image Analyzer (BAS 2000). Left; X irradiation alone.
Right; X irradiation in the presence of PBN. (c) Base alterations separated and detected by HPLC-ECD
from DNA nucleosides obtained by extracting DNA from 15 Gy-X-irradiated cells in absence (Left) or
presence (Right) of PBN and subsequently digesting with several enzymatic processes.
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IR OMIBIE~DF 5 2 IFAT 5%
BAiT- 1. COEEBREGTET S ICEEL, kDR
EY Sy Y TOMELEIL-7. L, Y
v+ 5 v 7HIC & 5 DNA S45UIK o MEIfER & 18
HEMOREFRSHEL VT RIEIN B E
S5iE, REV Iy FHIERVSZ EITKIERE
otk S IABOt & OBIREHOMICT A LENT
X2, ¢, F+rA4=—ZX LRy — V9 HkaI
ZEY Ty 7HITH S PBN ZRML, X%
MR, M0 ERY 30 = —JERETRIE L
fz. 0~15Gy D2 X HRBRICBEVWTPBNIZ L 5
B REERBBIE s hic (Fig. 13(a)). Iht
DNA & OBIRZF <2 720, X HRBHERE
bl &> DNA ZHit L, SRS 2 A
VI D ERIISRIEZT - 1o, WEREHRIRE Y
b5y FHIE 2-dG DORFFE%E £ v MICEBRULFR
HBETRIEN 2ZEHY (FlL LT oh'dG) OH
ZRERNRE Lz, £9, DNABHUMNIcHd 5
A HTA%E (Fig. 13(b)), PBN FEFTX
RS L 72 & 2 04 HEREIC DNA SHUIMFERHE
BEEFSETVLEO8bN S, IOEH, DNA
BNV RT 4 — )V BRI E A A4 A =VT
FSAHFE—ITL DT LEct, 2 ASHUNTEER
DRIFEICE >TWD, TOFRERIE, AV TX7 L
FFFDREV Sy EV S ERTHRNIZE D
12, PBN 75 DNA S4UIMTORIEX 5 Y h V% b 5y
FLkHEBREIN, REV Ty EV IO
HAMR L N VICBOLTHRMENTVWS T &M
HIBA L 7-. DNA 2 ASHUINAs X SRfHRaZot & BY
BLTVWAZ EIFTTIcdi~755, PBNITK 3 2
AU AT OMENL, X HRiC &k 2 HlEaBSEOHE
BE 0B LAMHIOF KRB BFNIEES
W, Lichi-T, FER»SHMT 5L PBNIC
& B HERAEF 12 DNA S§UIM LI OB L,
FISDDOEEND - - LRSS, DR
EY b3Sy E Y7 DRI PBN 5 oh®dG ARk %
BT A EERLE, TOTEMOHELT,
ML~V chEED EBFHEEINL 22
T, ohfdG MW ECD Ic X W RIHENBbDTH S
T EAEEZ, PBNHFABIUEGFET TXHER
Hi%, #HkaH> > DNA %t L, DNasel, & Z &
JIZRFI—+, TIUHYKRT 7 ¥ —EHUEIC
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ORI LAY FULRLETHEL, T %
HPLC T/ L7:. i< LTECD 2L,
BT X AERENYETEAERAELK. 0D
8, ECD TRHE N/ GEZMHYE, PBN I
0P REEE NS D, T HBEOSD,
Hlxhdb0D3 S v—7oENIIBL TV
(RHFEF— ). oh’dG i3, ZOAEBEMSEES N
k=TT AD, % OfhKEEDERSY 2, 3
HirgEh Ttz Fig 13(c) dH¥MERYI42T
ARLT/571cLizbDThH 5. EREHENR
SNt bDIcDWVTIE, PBN ORISR S ¥
Wrl <, MIRIBOEL M BIEL TV 3 D EHEE
ah3a. —F4, ERicEtosShEVWHD, )
HlE b IZHKESE L ORIfRITE W S D &
Wixh 3. oh'dG LIANDERIC OV TIRETE
RIETHADT, PBNICLBHMEED * 7 =
ZARIAEICIE > TV, WFRIL T, T
D & 5 BARYOMaN TOEEs A E b
54 ¥ s h, EWEAHY OhTHifaEsE LB
BT ARAOELENHL M EE >, 5%, HE
DT EED VW EEZEZTWS, ik, SMH0%
HHid TTECD ICL v RHE B bR
THBHDT, MhoEEENYEDORFRII>WVWTRE
LMo,

T T T, PBN A X #i DR AERN B A (2t 3
Bl hoiEmEERE L AT
H,0, DHIfaBFEREE o L T Bh#ER %=
RT REXRF—7). KicdxfcL5ic, H0,
EXEEIZLCEBD, DNA &V X0 HIHE
TOBILEELE L THifastz 72 53, PBN
BEBHETH Y, BELEIEESVALVDE Ty
THIE LT s bDTH S, LihH-T,
PBNMIEE S VANE LS » 75T EICED
N EBILRIb 2 s &, fERELTHO, D
RBFEERAMEI L - b D ERRENE. O
i, — NI PBNZZDAE Y T v E Y
TYER %8 L CiEERmERELIET 5 L 52 5
N TW3 (Oliber er al., 1990; Phillis and Clough-
Helfman, 1990). AFFRICHEAIE, Zhi3HikaE
R4y T D REEFRA R & R T 2 BB D AT
PR3 &S5,

B

4. ¥ & O

A X MBS 2 5EE 2 Y Ty TH|
OB RIIIGZEFH LT, DNA 8 & Mt &
ORARICD kA SRR O N X RIS
1, REMSHERCEELK T B8],
N DNA IZ D AN RHCB(LPEE2FRST 55
FETHHIEDS, EHEEEFEH DNA HE M
Jast & DEFENSBRENE T 2RBOHETH
rEEZ LN

AEY FTy BV THRRIENEEZOLD,
ZVRIENBERICLVFERINILSVALE b
55 7L, BETIDICHRENI:ZHFETH
5. COHEAFHLTOH 5 Y VERT 3
DNA 7 ¥ A VOREEITV, HEEZHPHEUIN
DRIES YANEEETAHIENTEI, &5
12, COMIEAELT, REV Sy THIBFA
FYYKR=RFVHNENTy T LB, SUIK
KEARIGEEIESE, SUMENET 3 &,
T RS DA NVERIG LB, oY
ANVRILZEEES &, BEERYIONEEH T 5
CEMHShICENL., TDRE Y LTy TR
& % DNA B OEMBER R RIS L2
EEbEICEZE SN, $75b 5, DNA 2 K]
Wi OFERAMEI L, oh'dG 2 &T - h DEEE
MR DR AL L. & 51, HlicL e
YTy TR XBROBILREGH I Eh
5, FREBOLICBAR T 2IERENY DAL S
WDICT B ENTEL.

OH 5 Y /1)L & DNA D RIHITD W TIZ, in
vitro D IGHRLFHI 18 € 7 VIR <, EBED
Bt CEBO RIS Z 52 hBEP IOV T
SRS AFRA DS A > 72, 2 E Y b5y THIEH
WA RIZ, TOERTRZOMOF v v 7%
B EEZ s bHNEV., 1, 5% TG
BRESH BRI DI Z 5 ¥ A VRIS L NV T
DEEMIER X TOAHENZ VA, EEEH
b, ThoENT 5 EMENE5 Vh VORI
DVWTRIMEIC > TWIEWL, RE Y b5y 7
BRI 55 9 h viEDIERE 75 Lo,

—H TS U HVHEET BHEBP ORI
EH5ZBIENTE, b-oTIERMERLE V. T
DT LN, ARDESEHEEIS LIEKER

BEHRIH-TLEbDEEDNE. 4%E b, b
DOIEMREFEREIC X 2 Ml EF RS OMRICIE
HLTOWELWEEZTWVA,

2E X

Dizdaroglu, M. (1985) Formation of an 8-hydroxyguanine
moiety in deoxyribonucleic acid on 7-irradiation in aque-
ous solution, Biochemistry, 24, 4476-4481.

Henner, W.D., S. M. Grunberg and W.A. Haseltine
(1982) Sites and structure of 7 radiation-induced DNA
strand breaks, J. Biol. Chem., 257, 11750-11754.

Hiraoka, W., M. Kuwabara, F. Sato, A. Matsuda and T.
Ueda (1990) Free radical reactions induced by OH-
radical attack on cytosine-related compounds: a study by
a method combining ESR, spin trapping and HPLC,
Nucleic Acids Res., 18, 1217-1223.

Hiraoka, W., M. Kuwabara and F. Sato (1990) Effects of
3’-deoxyadenosine (Cordycepin) on the repair of X-ray-
induced DNA single- and double-strand breaks in Chi-
nese hamster V79 cells, J. Radiat. Res., 31, 156-161.

Inanami, O., F. Sato and M. Kuwabara (1993) The spin
trap 2-methyl-2-nitrosopropane enhances hydroxyl-
radical-induced degradation in histone H1 and inhibits
hydroxyl-radical-induced intermolecular cross-links in
histone H2B, Life Sci. Adv., 12, 133-144.

Kasai, H. and S. Nishimura (1984) Hydroxylation of
deoxyguanosine at the C-8 position by ascorbic acid and
other reducing agents, Nucleic Acids Res., 12, 2137-
2145.

Kuwabara, M., W. Hiraoka and F. Sato (1989) Evidence
for the formation of strand-break precursors in hydroxy-
attacked thymidine 5’-monophosphate by the spin trap-
ping method, Biochemistry, 28, 9625-9632.

Kuwabara, M., T. Tanabe, W. Hiraoka, Y. Tamura, F.
Sato, A. Matsuda and T. Ueda (1991) 2-Chloro-
deoxyadenosine inhibits the repair of DNA double-
strand breaks and does not inhibit the repair of DNA
single-strand breaks in X-irradiated Chinese hamster
V79 cells, Chem.-Biol. Interact., 79, 349-358.

Kuwabara, M., H. Ohshima, F. Sato, A. Ono and A.
Matsuda (1993) Spin-trapping detection of precursors
of hydroxyl-radical-induced DNA damage: Identifica-
tion of precursor radicals of DNA strand breaks in oligo
(dC) 1 and oligo(dT) o, Biochemistry, 32, 10599-10606.

Maxam, A. M. and W. Gilbert (1980) Sequencing end-
labeled DNA with base-specific chemical cleavages,
Methods Enzymol., 65, 499-560.

KNEFHE, N & =R, RENES, BE &,
S, ZRIFE# L (1994) OH 5 YA LItk 5 8-k
FoFvFrdv 77 v HEllE, mItnesE
%, 5, 90-94.

Oliver, C.N., P. E. Starke-Reed, E. R. Stadtman, G.J.
Liu, J. M. Carney and R. A. Floyd (1990) Oxidative
damage to brain proteins, loss of glutamine synthetase
activity, and production of free radicals during ische-

299




mia/reperfusion-induced injury to gerbil brain, Proc.
Natl. Acad. Sci. U.S.A., 87, 5144-5147.

Phillis, J. W. and C. Clough-Helfman (1990) Protection
from cerebral ischemia injury in gerbils with the spin
trap agent N-tert-butyl-a-phenylnitrone (PBN), Neuro-
sci. Lett., 116, 315-319.

Teoule, R. (1987) Radiation-induced DNA damage and its

300

repair, Int. J. Radiat. Biol., 51, 573-589.

von Sonntag, C. (1987) The Chemical Basis of Radiation
Biology, Taylor & Francis, London, (a), pp. 94-115;
(b), pp. 295-352.

Wallace, S. S. (1988) AP endonuclease and DNA glycosy-
lase that recognize oxidative DNA damage, Environ.
Molec. Mutagen., 12, 431-477.

| 48

Environ. Mut. Res. Commun., 16: 301-308 (1995) @

TREHRFEADS A & IR

Radiation carcinogenesis and free radicals
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Department of Cancer Research, Research Institute of Radiation Biology and Medicine,
Kasumi 1-2-3, Minami-ku, Hiroshima 734, Japan

(SZfF: 199449 H 14 H; ZBE: 199449 H 14 H)

Summary

In this study, we present 3 types of experiment, in which 1) tumorigenicity study of orally
administered hydrogen peroxide (H,O;) in mice, 2) Comparative liver tumorigenicity of Co gamma
rays and *’Cf fission neutron, and 3) radiation carcinogenesis in hypocatalasemic mice (Csb/Gen).

1) Orally administered H,0, with 0, 0.1 and 0.4% of H,0, induced dose dependent increase of
duodenal tumors in C57BL/6J mice. The incidence of those H,O, induced duodenal tumors are
inversely correlated to the catalase levels such as high incidence of tumors in hypocatalasemic mice and
low incidence in hypercatalasemic mice, 2) Both sexes of B6C3F, mice of 6 weeks old were irradiated
with either ®Co gamma rays or 2Cf fission neutron at once by the doses of 0-200 cGy. Each points
consisted of about 30 mice and they were observed for 13.5 months after irradiation. The relative
biological effectiveness (RBE) for liver tumorigenicity of *2Cf versus “Co was 15.2 in male mice and 2.5
in female mice. 3) Hypocatalasemic mice, Csb/Gen, were exposed to ®Co and *2Cf similarly as
described in 2). Incidence of liver tumors in males reached plateau at 12.5 or 50 cGy by the incidence of
75% and declined at 200 cGy. This findings were similarly observed at both ®Co gamma rays and 2**Cf
neutron. In the radiation response to liver tumorigenesis, Csb/Gen is superior than C3H/HeN mice.

Keywords: hydrogen peroxide, catalase, fission neutron, liver tumor
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1. IC®HIC

R & B & Ay BRI LIk O EE L H
RThH5, wpls KEHARPFHERO DD S HiEK
WFEL, HICEEYEOT D SKEBESEL
el EMEMIEORFETHhSL EINTVD, A
Btk 2L 2DESIT46XICERITH D, B
W DFAEDS 3.0X 10° FERTIC GRS B, B AR
VOB 4xX 100 ERTTH Y, AEHOFRER T
NITH~NZ EHTERIEDVWRIEOHRETH
5. COANEEESDIHAKL, FERBELTL
TRERLEBRBVL, —HTHRIZOBEIHHL
BAMEMAENE->TVA (EH, 1988). fKSHRD
RGPS S TH b, HBREEA: LI

© HARMSEREYA

SHEELIcDTH B8, EPYOERFICE »>TKE
HICARAROBERICH 5. EHRIZE P 2ED 1
P2, VAR L, ZoREHRE
PELEERSRE S L, THLUTTIIEA
DBFIRPEEE SO T EPHONTV S,

2. BRRLKROREHT EOARSICLETY
A TOREHE—
1) HEEH
H;0; (¥ HyO ICHENEWER E, HiELiicy
1B ERBITH0 & O IR T BT EMHIGN
Ty, HEAATRZONRBERD N 5 7 —FIC
K OBHHFIC HO & O, IcfREE B, Z£CT, C
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Fig. 1. Histogram of duodenal tumors in C57BL/6J mice after oral administration of hydrogen peroxide (H,0,).
Carcinomas were observed only in mice who received H,O,.

OEF OB EFIH L TEH, REOHKTH
RPTEHAIN TV S, KEPTHREE TRV
me e L TIFESRICHV ShTwions, Abf
HOFIG E 120 10 RER» S, —EHBH OB =
HHTWE, Bb, S LA, hFIFT, B,
Lod LI EDERPKRE I L CHELRE
ARILTVS, TORESHREHITDET,
FAEEEIC 1 313 ppm, KIGEEIC I 160 ppm, f54%E
7 ARICIE 77 ppm TREMEEZRT E SN
TWw3, ENETR<Ho=, DA F-—XP
FLEG, ARG E, KE, EEEZECDERE
7T OFEETOHLLHVWSLNATWVLS, HO; 1F
X, B, AEHSoRIEK, TAhVHORHETT
FEEICOHRST B0, BYEFTR>ARDLEL T
W3, P EoREREFRICK L 3T OFFEMEICS
WTLIFDEEATT > 72 (Ito et al., 1981; {7 et
al., 1981; Ito et al., 1982; Ito et al., 1984).

2) MEIEFE
Y. HAZ L7 KOALIIAE 19-22g @
MR CSTBL/6Y = 7 2% 300 PL% 6 BHi 5>
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b, INSICHEARE LTGRF-1 (HAF v+ —
2« Y ox—4t) OREEHEEBHBRS &, K
BIKIZLITICl~ 3 TS L. B H0,
Kid 0%, 0.1%, 0.4% D3IFELT, ThoHa7&
K (DW) iciafig L, B3t sn s LT
Bt

REIAT R A2 2 HHL D 26 H Hizn 421
IR DR G 2TV, WL E/R L 28138
HERBIN L., frc, B, + 5B comis
hCEIEE TV, HLEZEBERT VA Y 7 4
27 7 ¥ —EREETL, FEOBEEARSICL
1z,

3) ERER
AEOZAL: A 1 BlOEGTEREREET- 1
s, H0, B 5BkGH%R, 13 7 ARG DKESE
RL, 0% BHicH~, S & HO, 58 To P
AEOE FHZED S 1t

Y OELR: 26 1 ADTOEBK TH OV
HHERIE 56% THY, WMBETIE 54% TH-
fo. BER D%  BRKESMMRORIEER L 72, X,

fiti, 1%, BEOBRIMEELSHLTOT I oA F-v
2 DWHBIBEZFR L. TOEBRTHW I H0,
KBRS TH D FRFEDOL 3 EE L
THRE & B+ BB L TRELA:. BT
BREICOBREL, BiE TS ELLRAN
ot BETIR01% H0, 58T 1HloER
HIRELZES S, thoBLEE LTE S v &
B, BIEAZRL . BERORER 1T~13%
TH0, ZOEHSEMREFE &5 v PiEic
HETIDTh-1. BB EADONIIEE
HRZ 3 LS el T ok TH - 1. Hib,
BESINIRERIMPRRE 7 » — & — RBLFHDOR
KRELTEY, 2hlITFORLFIMITImKE I3
BoNIEr o to, FBELHEER, B, KiE,
BREEHDSED Hh, LN S NRESED 1 BRE
TEHRIR T obo bbb oht. 0B
B BRAE, BREEOREBIRIZZIFHRSE L7 HO, ®
BEICKFELTEBY, HIBFEKIE H0, D 0%
T 9%, 0.1% H,0, T 40%, 0.4% @ H,0, T 62%
L7, X, B3 0.4% H,0, T 5% KB L 7-
(Fig. 1).

4) FHREEE

BRRILKFE (H0,) ORI S Ic & b Rtk %
RLUEBRVIORX TH 5. + 3585 FERIcIRE L
THE LB, IR B3 HO, OEBER
WKEORBLcEEZONS. Hib, HO0, IIFERN
TREUDI-DHBNLZETH 55, + 5Bic
ABEERT VA ) D 728 H0, ~D5M#EH
DR Y, HERELG | ZECTEEL SN
1BE, COEBREMAIKLTT v FEHVTHO
HRE 7 v — 71 & 0 H,0, DREOHYS D EER S
fTonhs:. ZTOERE, <vRiCEDONIEERIT

W2 s 15t 1 (el SAME). 2 OFRIEAR

KR T bR~ tzn<, C57TBL = = 34K+
15 A & O/ NSRRI HARFIE D RS % R
FTILEBHIONTEY, IO ERICH->THH
T H0, DO GIC L DIRENRAE Lz &£ %
St 5 v b TRIDL S B+ BB KT
BRETLZERIEDOATEST, -1,
H,0, DB S CTRIFESFKEHE L b - & E
bhz, ThiTiKL, Hirota 513, F344 5 5 + %

MOWTMNUORORETEF I =vz—v 4
YEITV, R H0;, TORHEHIRR #5417 -
TAER, w v 2 TR ON AR, iR
DOFBIEED TS (Hirota and Yokoyama,
1981). #-T, ULOERBEEA*EET 2 &
H.0, BEFED 7o E— 5 —DE X AR LTV3,
58, H0, DREFEHE TIIEMIC HO, 2987
LR bGHEEENTVEY, chdizndh
SIFRMEDGEI S NS - 12,

3. AU7—REPHTRICLZ 7 XFEED
FA

B6C3F, ¥ v ZI38% &1 5 FHESE 12 & SLiR i
Yy, BRI, ALBESHIS & O 4 O A TER Y I
M BRBEUER 7 ) —= v 7 IcBOCRIEE L 3
B TH 5. 758, B6CIF, = R IZAFEELIA
BHEOBEEREERERA ONT, ZohER
DSRAF D 7 T8 2 DFM O HHE P RIEME DR I
Hushtwa,

&T, B6C3F, 29 2D~ 2D C3H Z Tl
SRR TH B ENLCHSON, Fhidt:
CHEICHANBEICE S RBIT 5. ¥ C3H ICTE
BOZRBTAMIC O VTIESIIT VA, #
DOREIFERIEHOBIZAFHBIE L TV 3 C
Lo, (LEREYE AR, BEHRT L%
BRI EBMONTVE, bH5—K0
CS5TBLR~Y Y 213, Z0RFOEFEICE VWY
YNBOEEBH SN T VALY, FFEEICH LT
B L ARG %E/R 9. AW TIE C3H, CSTBL,
B6C3F,, C3B6F, & U¥ C3H DERMKTH 2{K4 ¥
7—€¥<T 2D Csb/Gen ZH VT, ThdicH
v =%, PCf thik TR A S L <, FFIEE % 5
ERE LT 1) 2Cf h¥: 742 RBE (8 5, 1986;
Takahashi et al., 1988), 2) Z#i7Ic & 2 FFIEE 7
HHRDZ (Two et al., 1991; Takahashi et al., 1992),
3) #Z (Ito et al., 1992), 4) Csb/Gen % H\\ T D
TUHARA R IE5 1 5 F 55 4 @ Radical Scaven-
ger B & DB IC > LW TRET E1T- 1 (LHE S,
1994).

Y. witko B6C3F, Mt C3B6F, C57TBL/
6N, C3H/HeN (HeN) 2 U¥ Csb/Gen ® 6~8 4
D2y 2R%EH Wiz, Csb/Gen 3L THERAETSH

303




Development of “'Cf Neutron-
Oginduced Liver Tumors in Mice

| ocp _
Cs/Gen ® C3H
<) - 9 -
S
[0)) - )
=
g 50 -
(8]
£ 9 1
¥ C3B6F1 -
O C57BL i
300 200
Irradiation dose (cQy)
Fig. 2.
252
Development of ~Cf Neutron-
induced Liver Tumors in Mice
3 :
g 2 —
=
= & i
§ Cs/Gen
1 3
¥ C3B6F1 |
0 100 200
Irradiation dose (cGy)
Fig. 3.

BH, MUZHAF +—A R« )x—3t G
LOBEA L. fifkliz4 ) = v 5 LElD MF [
ikl 252, EbKIZ7KEKZ HBRERE & 7.
Y OEPRILERF OB KERTEEHHE - 72,
—HoEYN I EBEITY, X, FRAMRFOV
DS RaLRFo—uRLy b ELTHEFRS
L, A1EIDEATHLO D LML 12,

PICf thitk R 0 RS T AR IR REE (3 MBS

304

Development of “’Cf Neutron-
15induced Liver Tumors in Mic

T

®C3H |

10

Size (mm)

U B6C3F1 -

® C3B6F1 |
© Cs57BL
100 200
Irradiation dose (cGy)

Fig. 4.

Figs. 2-4. Development of *2Cf neutron induced
liver tumors in 5 different strains of mice. Radia-
tion doses were between 0-200 cGy. Through-
out the given doses, the highest incidence were
noted in C3H/HeN and Csb/Gen, moderate in
B6C3F, and C3B6F, and lowest in C57BL/6J
mice.

RESNTVWEHDT, 2T 1RLEREE LT
0-200 cGy % 0.6~0.8 cGy/DEET= v R
S L7, o FRES 2T 6 BSTREL,
Iho =GR 13 4 ARBIE L 7. EEREF X
LD 0cGy & 3,6, 12.5, 50, 200 cGy D 6 #iE %
7243, B6C3F, Diff, CS5TBL %~ ™ X1 & D
FEBHEN it~ v 2 T3 3, 6cGy 13fTb 1 h - 12,
REREZNT LU T oML 121 5.,

1) FFEBERBICSITIREERVEREBIKEY
HEDREE AR A NEF <M~ B & Csb/Gen, C3
H/HeN, B6C3F,, C3B6F,, C57TBL T& - 7-. 7
NS IRARRETHLZDIEFICHE > THRBIL,
C57BL TIIFRE ML THHRERILARLE
Mot THICKL CJH TREAKELSHET
BHEHH, BMBLEL B/ - THRERLSHEE
RL7TH, 200Gy TIIBEICBIFIIRAEICEL T WL
BMENTH T0% LIFNTHY, #30% O)ic
FFEE B LS - 12, Hi, TOWERKE~
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Figs. 5 and 6. Comparative incidences of liver tumors in male (Fig. 5) and in female (Fig. 6) B6C3F, mice
exposed to **Cf neutron (—) and ¥Co gamma ray radiation (). The RBE of **Cf based on ®Co is 15.2 in
males and 2.5 in females using the single hit model (Ref. 12).

v 2D F, T, ZORERZZIPREICIEL,
A v FVOFEANC—F| L 1 RBIE AR LI (Figs.
2-4). —J}, Gsb/Gen T3 C3H &6 U < HARR
H:DORFIEE & SR TH 398 12.5 U 50 cGy THE
iz RL, 200Gy TRFICETN LA, <
ODHRE A< ZZDMEH ¥ 5 — €Dtz dIT
WIBEHC N BRZMAEE > TVBE T E, O
25 VA NVORERFZRZ OIS, IFER#EE
CREEAEC LIEREEZON S,

2) HE

C3H %13 U%, BCF,, C57BL WFho<v 2
DFRITB VT b ARFAE RS 3l & W 2R
L, HTIHERICIEE > TWE. T OBERIIHG
FRIBETEEREYE T bW 5 1, 2Cf KU ®Co Dljfif
BHRZRE Lz~ 2 TH 0~200cGy DRITOD
BRI L TREEERI ERAERL, HitEo
FA Y P TOHHEDME D ESORERERL 1.
W-T, THODFEERNS, HEIHIICH~NERRE
A & T EHR T LT b K VRS Z R L
TW53, RICERBEEICH W TIZ 200 cGy D 2Cf
W54t B6C3F, = v 2 DFES AR 13 4 H
OBEM% 552% THHDICHL, Thsk
Btk 259% LK FAERLA. SPHESEE
b 121 55033 E[ERICHED L, Hick#~<
2T RAMZFOVvOREETo 1, BY
55% Ll bc ollERED Shsh-1. HETH B
CEIEHICT RN 2T 0 YORIBOA TR E
B=ZY, BABEOHT T2 b RT 0 Y UHAD
ZLORTFHAINERS LCRETHY, LR

BAEAZDOEEICES L TVWAEELILNS, K
DR TRER <Y RAITHEDOZAEHHIT 5.
—HTRTFRA M RTovEERT5. OEARHI
SAROZEA A EIRIC e T . AlREME S L TEAL
DOWFER T & L TH FIRS & O BRI A3 E 5
EGFI&ELEZOND. - TENEHNED
H[EfERETE & bBlkD 2 HikEBEZ oM.

) TORFEBEEEL LT ®Co Hvv—if
IZx49 % 22Cf REFHRORBEHERBEIC D (Y
T
B2Cf hith FHED ¥Co # v~ — I 2 iFHE
ERBIRAIEE S LT RBE 2HET 51201,
VIFOERET-1. Hb, ST o B6C3F,
<9 2% HW, —B30PLE LTRCf TR O, 3,
6, 12.5, 50 & 7¥, 200cGy %<~ 21245 1]
BEtL7. —%, M=o 2T O, 12.5 50 KV
200 cGy % [altfic St L7z, ®Co # v <= —#213 0,
12.5, 50 f2 U 200 cGy %fitt~< v =iz 1 [al&H 8
L7z, =9 234R 6 BSTREEZY, 134
AREE L7z, =R, S ORBHRITIER

S RBRE TR T 3.8%, MET 3.2% TH - 1.

P2Cf MG C (S MERE I i AT RRRLICAHBE L T
FBUR, PR E bicHnL, RERERE
HET 62.1%, MT 27.6% EHETX D EWHER
R L1 ®Co 4 v = — i3 2°Cf BHicH~Z D
RERIEMICIEE -7 BB, REFEBRIH
T 36.0%, T 15.4% %2/R L1, = T CTVHEIEE
FBIH A B2Cf & 9Co 12> W\WTHEK L 145 R,
RBE 13T 15.2, T 2.5 %7 7 (Figs. 5, 6).
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Table 1. Incidence of Liver Tumor and Cataract in Hypocatalasemic Mice

Liver tumor

; N Survival Cataract
Sex Strain )
(mice) (month) (%) (N/mouse) (mm) (%)
J C3H/HeN 43 14 39.5 0.72 3.02 0
Cy/Gen 55 14 34.5 0.78 5.84 0
51 24 66.7F* 1.61%* 16.11%* 17.6%*
% C3H/HeN 35 14 11.4 0.11 0.51 0
C/Gen 62 14 8.1 0.13 0.52 0
48 24 14.6 0.15 1.31 0

** p<0.01 vs. 14 month of age

Origin of "Hypocatalasemic mice®

Immunologically catalase protein is present in
large amount in Blood of Hypocatalasemic mice.

Cq H

@3 H/@Z Mutant

] Xray = Male Female
£ £ Blood 24% 1.1%
= £ Liver 28% 21%
s H Kidney 6% 8.7%
= H Lung 17% 12%
-y g (% of normal)
. 38 =Mating and
= = Backcrossing
Screening 6 mice
From
12,306 mice Robert N. Feinstein

Fig. 7. Origin of hypocatalasemic mice, Csb/Gen. It was isolated from X-ray exposed C3H/He as a mutant. In
our Institute at Hiroshima University, over 30 generations of sister brother mating have been done and used in

the present study.

4) Csb 727 RICHITBHMEHERE

AF= vy 20 HRFEAEE % Table 1 IZ/R L
tz. T ®= % &3 Feinstein 5 C3H/He i< X £
B LZbOnoR27 ) —=vrLTENER
TCsDabc,dD4o>DH ¥ 5—EKRIE<Y R
Mg 5N 7o (Feinstein et al., 1966; Feinstein et al.,
1967). Z®DWHN, Csb Z4HHRETAFL, ILEKX
FREH THRILL 72D TH 5 (Csb/Gen). M
HEE biclthy ¥ 5 —EHEIFEFED 1.12.4% i<
BEFL, HTb21-28% icik% - TV 3 (Fig. 7).
BRI 2 FERTH v, 90 WL T ORFEEF
BIRIIHET 66.7%, METI3 14.6% TH - 1=, IFiE
BELIA O BB < (i oD B35S 4 e 1< K 4 14.6%

306

& 14.6%, W< 17.6% OEHNREESED Shtz. <
DFRD=7 Y AT BCf #MBHd 5 &, Fidon<
HETIE 125¢Gy THRBERIESICEL TZOH
B3 722% ThHh, oM ©Co /v < —§
THEET 125¢Gy T61.1% 1T L. DT
L RBAFRT Y ZHFFRES B U T HEER < L&
SZHBEW T EE/RLTWAS (Nilay et al,, 1991),
T3 0~200cGy DIEHREICH L, REIKE
HICHESRARI EH L2, R, Cbwv 2z
DEHIC 20cGy O X 1% 1[I AT T &I
X0 13 7 AICHET 20%, i 15% DHIBIHHKD
FEDSEY 57z (Watanabe et al., 1991). T 1 ST
REIES < HIBRMIAGAE D R B & 5 — ¥ Al

Catalase activity in male normal liver
and hepatoma of C2/Gen mice
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Fig. 8. Catalase activity in male normal liver (LJ)
and hepatoma (M) of Csb/Gen mice. The
results indicated that catalase activity was
always high in normal liver between 15 to 24
month of age.

B L TW AL IO HTIEWA, FFEBICEAL
T S Tl LI E A R I e~ L T
32 EX0IEH Y 7 — CIREDS R ORZM %
EHTWA I ENREaNS (LHS, BAatE
).

Superoxide anion (O;), Hydrogen peroxide
(H,0,) ¥ & Ci@{LIEHE (LOOH) 73 & DOTEMERE
Fid, MRORIEYE LTI T, BEEUH
BAHS & N 7IB AP REYE S SALFYHE O
ARRBOBIETHEHRINE EEZONTVS
GkH, 1984; JaE, 1988). Frio@MR{LAEE 3, t
b RN, FRIEK, M TS &AL, F v
b EOEREBYICE VT b, ME 8%, 1m
s TmaictE s MESHAINTWS. Csb
29 2D EHFIE, IS 248 TH 3 ER
 TERLIEE o HRAS 1L, JhlETE
#J 2.7 nmole/mg protein & —EDBFEILITER%
RL, HEELLBDONLEDL -1, T DOHEEE
KTHBI NI FA Y « "AAF V¥ —EiENE
BE L& 25, MBIESIEHRROOE,-

¥

iz, FFESOERILIEFERIC OV TIERFE

SOD activity in male normal liver and
hepatoma of C2/Gen mice
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Fig. 9. SOD activity in male normal liver ([J) and
hepatoma (M) of Csb/Gen mice. The results
indicated that SOD activity was always high in
normal liver between 15 to 24 month of age.

SOD activity (N.U./mg protein)

FEE AW & TRIE L 7o & & AIEFER It~
¥ 4 (5L FBRBILIEE O ERSED S hi, T
Ot RIBHBFEIC OO A TH Y, BERTIR
FFESMmlah colsli & &% <, HEZR®BT—
Rzepagmfastici@n ohtz, Zhucix L, EER
Tl T o ZERZE R O 2L I U FRIBETE % 3
H A OB VW T RS NWERRTH
n, TOELOEEHICBOTHEEORE,
AT IS 0 154 0 Rt & 73 5 ATREME S
b5,

—%H, h¥5—EiEtK&U SOD E®EVEN
bIEE L & D 2 ERDEYD S/ (Figs.
8, 9).

4. F & O
BEtERFEEOhT, EHREORE IR OEE
BbOD—2IEFoNTWVWS, T OMEEEER
RN & K & DfIcd - T, BEHROBEHT X b
K SHEEES W ERAEERET S LV D
= b2 ) IR R HERERF I S U@ =
ARt eEZONS. HL, HMERTFERL-T
et LB R AR L, T O@RBAENH
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Activation of hostdefense mechanism induced by radiation exposure
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Yokohama City University, College of Nursing
3-9, Fukuura, Kanazawa-ku, Yokohama 236, Japan

(ZAF 1995 1 H 25 H; SZH 199541 H 25 H)

Summary

The biological effect of ionizing radiation can be investigated either at molecular leve _..ig
subcellular specimens or at the whole body level observing tissues or whole animals. In order to
approach to the mechanism of radiation hazard and radioresistance in organisms, the author ac-
cumulated evidences of the coordinating reaction of chemical protection at molecular level and
immunological stimulation in mice induced by various exotic factors including radiation. The body-
reaction against radiation is dose dependent. One remarkable reaction against sublethal dose of
radiation exposure in animal is an increase of metallothionein (MT) synthesis in the liver after 10 to 20
hours of irradiation, while reaction against 7 or 50 cGy exposure is more immunological stimulation of
which effects reveal after 2 to several weeks. Roles of antioxidative substances including MT, GSH, Vit.
C, Vit.E, SOD, GP and NADPH, and those of free radicals such as NO, O; OH" are discussed with
presenting authors speculations and tentative review.

i

Keywords: Survival, Metallothionein, Antioxidative mechanism, Spleenal PFC, Macrophages
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BOKIGERT, EE S EidoREORIBIx
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Fig. 1. Dose-response curves of untreated mice and
mice given various pretreatments prior to irradia-
tion. O, group 1: Controls without pretreatment.
®, group 2: 3mg Cd/kg (CdCl, in saline) in-
jected sc. A\, group 3: 10 mg Mn/kg (MnCl, in
saline) injected sc. A, group 4: Dermal excision
(2% 2 cm? at dorsal skin).

T %, & THIHLROBUNFRIRS ORijIC MT &
HHORIMEZ L THL &, <9 R BHEHMEDT
TEE73 D, B VA OREHRICK L THEERLE
L<I L, LDy i3 20-30% Sfigflicdh s,
(Fig. 1)?, C DB, Table 1 1773 & 5 IR
o 12 HE O MT BE (3 FEEF O RS S v
L 20 f5ICE LYY, [l ARSI A ik A8
LTWARIEN, FIvizywkyREICES
SOA HIISE THEZR S - (Fig. 2)Y Th & DRI
<o 2TIRTcell BEDE#EARLTWVWAT &
73, EFRIMEK (SRBC) 134 5 f#ffa > PEC @
HELHEM (Fig.3 E¥007— 5 88K), [Mmbkkk
REUE (HA), B8 X UAEIMKIEG (HR) 73 EHRER
INOEEE L THESN 39, ThSHiLE %

Table 1. Numbers of endogenous splenal colonies at
11th day of 6 Gy-postirradiation and hepatic MT
concentration immediately before irradiation.

Pretreatment Number of splenal Hepatic MT

24th prior to colony formation concentration

irradiation Mean=*S.D. (n mole/g)
Saline injected 0.5+0.7 1.6£0.65
CdCl, (3 mg Cd/kg) 11.6£3.1 6719
Zn acetate (20mgZn/kg) 8.0F4.2 83+10
Zn acetate (3mgZn/kg) 2.8+24 15+9.2
MnCl, (20 mg Mn/kg) 54125 19+4.6
IL-1 2.0+29 12+2.0
0OK432 3.84+1.3 5.5+2.4
Toki 5.6+1.6 3.8+0.76
Skin excision* 7.7+3.7 17+1.2

* Pretreatment was given 48 h prior to irradiation

L= 9 2T, BURERIEE 1-7 BIRAL £ TR
SHRIC & 2 SRR OB & D2 < 2 LT
EWVAS, BURBREE O 10 BRI I3[ IMER S
FRIMERDOEAHEN L 13 U (Figs. 4, 5), kL~
VT OSBRI SEF LS EEF 2 L1 3,
FECORILE S, FRSRMAD R EA L HHIES
N39Gy LI OB TR~y 2DEFER%E i
B ERBTERVA, 5-8 Gy DHUNERIC & 5
MEBHEEEORTCE2F LI BLSE 2R H
5, O WHEIRER (5Gy ) AL
#D 10 HHAIKRICH 2 0 = - KERET 5 &,
BILEZ LIS WIGAICEN, oo =Kok
Ao, FHBMOMESEESh TV T

)
SOA % PMN HEPATIC M T
1Pcom % RELAT. CONC.
10 1 r -
20 A ---Control g9
—Mn
8 O—O0K 432
80
0—Toki 15 b
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6 60
—a 10 b
4 40 b —o
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Fig. 2. Changes in leukocyte SOA and %PMN and hepatic MT concentration after various MT inducing pretreat-

ments in mice.
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counts 4 days after SRBC injection to mice with
various MT inducive pretreatments or preirradia-
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Table 2. Hemolytic reaction (HR) titers in sera of
mice with pre-irradiation treatments at 7 days
after SRBC i.p.

Pre-irradiation treatment HR titer  t-test
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7.6£0.7 p<0.01

Shame-irradiated, 2 weeks prior
50 cGy, 2 weeks prior
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(Mean*S.D.)
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Fig. 4. Changes in leukocyte counts in survived mice with MT inducive pretreatments during 30-day postirradia-
tion period. left panel 6.0 Gy, right panel 6.4 Gy, each single dose.
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Fig. 5. Changes in erythrocyte counts in survived mice with MT inducive pretrteatments during 30-day postirradia-
tion period, left panel 6.0 Gy, right panel 6.4 Gy each single dose.
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In vivo ESR measurement of free radical reactions in living mice
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Summary

Recently, free radicals such as active oxygen species and nitric oxide are believed to be one of the
key substances in physiological and pathological phenomena. Formation and extinction of free radicals
may be regulated through bio-redox system, in which various enzymes and compounds should be
involved in very complicated manner. Thus, direct and non-invasive measurement of in vivo free radical
reactions with living animals must be essential to understand the role of free radicals in pathophysiolog-
ical phenomena.

Electron spin resonance spectroscopy (ESR) is very selective and sensitive technique to detect free
radicals, but a conventional ESR spectrometer has large defect in application to living animals, since
high frequent microwave is absorbed with water, resulting in generation of high fever in living body. In
order to estimate in vivo free radical reactions in living whole animals, we develop in vivo ESR-CT
technique using nitroxide radicals as spin-probes.

In the present paper, I will introduce in vivo ESR technique and our recent results concerning
non-invasive evaluation of free radical reactions in living mice.

Keywords: in vivo ESR, free radical, active oxygen, nitric oxide
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Table 1.

Abbreviation and chemical structure of spin-probes for in vivo ESR Measurement.

Aminomethyl-
PROXYL

OXANO

nSLS

nSL-PC

nSL-TG

SL-Cholestane

nSLS-Cholesterol

2. PROXYL derivatives
Carboxy-PROXYL
Carbamoyl-PROXYL 3-carbamoyl-2,2,5,5-tetramethylpyrrolidine-1-oxyl

3-carboxy-2,2,5,5-tetramethylpyrrolidine-1-oxyl

3-aminomethyl-2,2,5,5-tetramethylpyrrolidine-1-oxyl

Sulfonamide-PROXYL

Barbiturate-PROXYL

3. Oxazolidine derivatives

2-ethyl-2,4,4-trimethyloxazolidine-3-oxyl

n-(N-oxyl-4’4’-dimethyloxazolidine)-stearic acid

1-palmitoyl-2-(n-SLS)-phosphatidylcholine

1,2-dipalmitoyl-3-(n-SLS)-glycerol

Acronym . Chemical name R Stl"?.ltstll‘l:r "
1. TEMPO derivatives

TEMPO 2,2,6,6-tetramethylpiperidine-1-oxyl -H

Hydroxy-TEMPO 4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl -OH

Amino-TEMPO 4-amino-2,2,6,6-tetramethylpiperidine-1-oxyl -NH,

Carboxy-TEMPO 4-carboxy-2,2,6,6-tetramethylpiperidine-1-oxyl —COOH

Oxo-TEMPO 4-0x0-2,2,6,6-tetramethylpiperidine-1-oxyl =0 R

CAT-1 4-trimethylammonium-2,2,6,6-tetramethylpiperidine- -N*(CH3)I~ Q

1-oxyliodide

Phosphonooxy- 4-phosphonooxy-2,2,6,6-tetramethylpiperidine-1-oxyl -OPO;H, Z ;
TEMPO

Glutarammide- -NHCO(CH,);COOH

| TEMPO
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TEMPO SO;Na

TEMPO-T 4-N’-[N-3-(1,5-disodiumsulfonaphtyl)]-2,2,6,6- s
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Fig. 1. In vivo ESR spectra of carbamoyl-PROXYL
at abdomen of mouse after i.v. administration
and its signal decay-curve (Utsumi et al., 1990).
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Table 2. Reduction rate of nitroxyl spin-probes at
mice abdomen after intravenous injection
(min~'; mean*S.D.) (Sano et al., 1994).

Breast Head

Hydroxy-TEMPO 0.97£0.33(5) 0.55%+0.13(5)
Amino-TEMPO 1.5310.54(8) 0.921+0.14(5)
CAT-1 0.210.08(6) 0.07%0.05(5)

TEMPO-T 0.27+0.10(6) 0.1210.04(6)
Carboxy-TEMPO 0.4610.10(5) 0.250.02(5)
Hexamethonium- 0.0610.04(4) 0.02+0.01(2)
TEMPO

Carbamoyl-PROXYL  0.10£0.05(6) 0.050.01(5)
Carboxy-PROXYL  0.0420.01(5) 0.040.02(5)
Barbiturate-PROXYL  0.0670.03(4) 0.04-0.02(2)
Sulfonamide- 0.20+0.08(5) 0.12+0.02(2)
PROXYL
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V7 FWVIBINE 1B, Fig. 11TRd & 51T, ESR
v 7 F VB ORI E R W T e Y T B L
P ZERPNCRET 5, - T, #IRAS
Eht=roFv Fs5 VA LEREREE 4EAN
T—IRRIETHAET 5 LElsn 3,

OV TFIVIHEEERA Y Y 7o — T O/
DRIEIALIC L D KE L IS S (Table 2) (k%
5, 1994), —%ic, MEERICEWTa -7 D)
DB 3K XV, o, [EUESREELTHR
#9 % &, TEMPO %D 45 PROXYLZDZh
L0 HF 10 fERRERE W, 7z, JIEMAHITIE
AL & FFIBERAL TR A EE RSV, ST
FEBWMELEY b H 5, BAaUVIRILRTERD
2V )T 5V AOHRFICHFRTEODEER
fohs, G0ETAH, MFTLb=baFYFIVA
WVORBALETCEN I TREHTE TV,

OV IrFIVORE, b, 282 )T 5V
ZDOEAFOHICT BT, FPH=toFv
FSYhLE<Y ZBEIRICES L, MRz
T2EERIML, MEHTO=roFy F5YhL
DIE % J <12 (Fig. 2) (Utsumi et al., 1990), %
MEDMEHFTRIVFNDS VA NVTHZDORE
HERAERANDOREHH0—T, MEETEIA
(KN FEEE TR in vivo TOFRERE—F L 1,
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Fig. 2. ESR signal decay-curve of carbamoyl-
PROXYL in the collected blood after i.v. injec-
tion (Utsumi et al., 1990).

ZO&HiT, BMFEOMEFTORE Y7 )T S
VANE L EBW T & SN B S BT
ZrOFYFSTHANEHRELTVWEDOTIRA
<, IMEBEPHIE E DRUSE W UIRALE 13 flilE
FANBEETIRIGBRAE Y7 )T 5 v 2B
LTV 2 a[fetEdvRmg s iz,

1, MFEE72) w7 4bA ) 9 2 TRLT
5 & ESR ¥ 7+ v idEERL, B CERIML ZIm
oy 7V SEBELT 5 L PIDICERI L I
WMOBBILy 7+ VD T~10EFEED & 7+ vk
EA5 2 % (Gomi et al., 1993), 7 =Y &7 1t
H)YLF=boFy K5 UMLO—ETFBITE
THHEFoF Y UTIVELO=bOF Y FI
VHNVOBBEILT A EBHSNTVS, R/t
T, TITOREY2 )75y RRIMKFPT=H
oF v FSYVAMMNETLENE FeF Ly Iy
K5 ENEERTH 5 LHMran 5,

CDBEMNIT, BESE-S LRSS ESR v 7
FUDBRHENEZELSBEI Y 75 v 2 HHK
B59 3, £/, HEEL 2IFPhogstic b R
Witah 2 2 Eh S LB~ O H bBIRT %
(25, 1994), Lh L, BE5&EHRTR—E
TEIAESFRRICEIE N E &0 D, )
Blicsd sz )75 2 3=tbaFvF35
IHANPHE Fody Ly I v~A0Z(t, Blt—
BFECIC L A HHMEHASFERNTH 5 & R
SN 3, W-T, TORWEEEIIEEND [#E

Table 3. Influence of aging and feeding on ESR
signal decay of nitroxide radical at head of BDF1
mice (min~'; mean*S.D.) (Gomi et al., 1993).

Age Number Spin clearance rate
jran) oF e Feeding (min~")
° mean+SD
6 10 ad libitum 0.038+0.006°
30 4 ab libitum 0.026+0.004 81
39 4 restricted 0.035+0.004"

$1 Means are significantly different from each other at
the p <0.05 level as analyzed by Student’s ¢-test.

125 /1] HIB “Reducing Capability” %7~ L TH
D, HEEHGORAYIERILS (Antioxidant Capac-
ity) & bEHBICBRL TV 3,

4. HREETHOEBEMEK

=boF Y F7o—-TORE, SFHES N B
BEITTRIEHMNICED L S HEEAE>DTH
A FaIFEAOEMIRETO <Y 22 H
TZODESR ¥ 7+ VOREA T~

< AD6 Hin, 30 Hih, BXUREH%E 60%
ICHIBR L7239 A~ Ric 2y 7o —-7& L
T carbamoyl-PROXYL % [ EN# S L, BEHT
DESR ¥ 7'+ VOREZFAND &, ZLETH
S I IREE EE DK T EE» 5415 (Table 3)
(Gomietal., 1993), LA L, BBKZENT &ICERH
ZHIRR L 7B T ISR ILE S 2 MEEE %2R
Lo W-T, wv 20BERITITIIELICLD
KT9d5IEBLURHOEBNENIBFRTZE
DRBIN G,

BT, r-edRiick - THRAETLHIBIE
TU, BURBRBEESEAGRBILY 27 A b RA
TLB I &P, ErohiBLE, FlAdes v
CRE%2<vy 259 % LEKRORAETLT
PEEICKES BB EDBRENTV S,

—7, L2 b LRI LB/ DY
7 F IVIREIZALT B, Table 4 ICFEA ORI
o< 2 &R L 7KEETHAES, IEET D ESR
VI FIVOREREERT, BRERRE, REHL
RIEL Ty 7 F VOEKER 3R, EEHK
IREETI3EAHS, MEERE BT ESR ¥ 7'+ L ORE
DX N B (Miura et al., 1992), in vitro DFEER
RN SIZ= b oF Y N T Y HVIIERRIEREHIE
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Table 4. Influence of oxygen concentration in inspired gas on ESR signal decay of nitroxide radical in living mice

(min"'; mean+S.D.) (Miura et al., 1992).

Table 5. Influence of SH modifying reagents on ESR signal decay of nitroxide radical at lung of mice (min~'; mean

+8.D.) (Takeshita et al., 1993).

Hydroxy-TEMPO

Carbamoyl-PROXYL

abdomen abdomen head
12% 0O, 0.95i0.03}* 0.69+0.01 0.121+0.01) 4 O.IOi0.0l}***
20% O, 0.85+0.01 0.71+0.01 0.10£0.02 — 0.07£0.01
80% 0O, 0.8410.02 0.71£0.01 0.15£0.02 0.07£0.01

Clearance constants are presented as mean=*S.E. over 5 or 6 experiments.

* p<0.1, ¥* p<0.05, ¥** p<0.001.

Decay Rate (/min)

control (20%0,)
control (80%0,)
trolox

uric acid
glutathione

ascorbic acid

Fig. 3. Influence of antioxidants on ESR signal
decay of nitroxide radical at abdomen of mice
under hyperoxia (min~'; mean*S.D.) (Miura et
al., 1994).

WEE—BTREILIhGVIEBHONTED
(Miura et al., 1993), T OEKTIHMEBBIRET
HEEEHDHL BB EREYTH B,
BREW C S IR T EBRIRETL Y 7
VIHKEEDE LK T S, =rtoFvF5Y
ANZE FeFysohvisEoiEREREOIER
ICk>THZDESR ¥ 7'+ W AHKT 3, Fig. 3
IC/RT & DI, TTTOHKEEDHEAK IE Trolox
RCINEF A v, KBS E DT LA ORTLEIC
LoMA OB EMD, IR L RITK D
Y7 FNVDHEK LM & N B (Miura et al,
1994), b L, @BFIRETEE DO WoIhd Dfigids
NTEWBEEIELELTVWE ETEE, o
BeFDEED 5 VNI =baFv FS5 U
WERIGL, FDESR ¥ 7' F VERBRESHE, 0
ERELTHREEEZ TS DTH A,
—F, =9 AKBETAMIS 0 HEERRLT
REMBEEREZR T EZDOWATD Y 7'+ IVilk
HE IHEICHAT 5 (Utsumi et al., 1993), Fig.
43, v9ROELAKBRICAE Y 70— TR
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control LJ.
(unirested) o] 4]

Ischémia:Reperfusion |—|

SO0D R L,
Rias e S "
Allopurinol ) = —
(Atlopurinol) :lﬁ,%%%

0 1 2 3
KR /KL
Fig. 4. Influence of ischemia-reperfusion injury and

antioxidants on ESR signal decay of nitroxide
radical at thigh of mice (Utsumi et al., 1993).

5L, MEOY 7 F VEEE O ER -1 b D
TH b, [ bMLE LS W= v BB~ AR
CEMBERZEC LB cERICHEEZE LTI
BMLTW3, TTICSODRFH v F vty
¥ — ¥ DHEHKITH 5 Allopurinol ZRMIT % &
Z OWKFIE S N, BIFEERIC X 5 HKEE
DERICR—N—FF ¥ FOFEENBEELTVWA
ZEWREN S,

PIECR UL R b L 2IREETD v 75 v
THEEE DA VI N b IEHREFE DR S
LTHy, ii(LAlOEENTORATIREIL%
Pl 5 DICAFEDIFEICHHATH S5 T EER
LTW3,

5. MICHIT2MEE XFT A
fiEEERICENTEY, KOMBILMR b
VAEZIRTOVEETH 5, #E-T, M3
FREFE N BHEEES T 2 bDEELS
L2 ORFMBIEENTVWSE, LHL, £0%L
12 in vitro TOFEREHKICLTEBY, FEERIC in

Sulfhydryl-blockers Distance® (A) k® (min~") %
None 0.111%0.013 (7) 100
Membrane-permeable

NEM 0.037-20.001 (3) 33
Floating in membrane

MCA 10.8 0.040+0.002 (3) 36

MBA 8.3 0.076+0.015 (4) 68

MPA 7.1 0.120+0.011 (4) 108
Membrane-impermeable

CMBS 0.105£0.023 (4) 95

* The distance is that from the reactive maleimide moiety to the carbon atom of the carboxyl group (27).
® Each value represents the mean®=SD. The numbers in parentheses are numbers of animals.

Fig. 5. ESR-CT imaging at mouse chest after in-

tratracheal injection of carbamoyl-PROXYL
(Takeshita et al., 1991).
a) and b) indicate the section images observed
from tail to head and from front to back,
respectively.  ¢) is anatomical picture of
mouse chest used for the ESR-CT.

vivo T LcbD ST 00, Fald, =+
oF Y N3 YA NVDKEKE< Y ZADNICHEA
L, =bo*vY FSYALDRE YORED St
X8I B 5 Y h VR 2 - 7o (Takeshita et
al , 19, 71 R 5, 1992), #i</R"d @Y, ESR-CT
TOEBZMTREE Lic=boF Y FSTh N
BT —Hicam LTy, MlamicEL T
W3 EHRE N (Fig. 5).  DiIN~S
Ltz=baF Y FS5IHNLVDESR v 7+ Vid—
RRIETHREEL, M7 o< b7 57 4 — DR
Mo=boFv FSYUAANE FoF o7 IV
WWEILI NS T EICHKRT B &R nt, &

te, MEOEERHRLVEDNTVWE IS VY F
AvRT7TRINE VBRETRBATE LD - 12,
Co= b o ¥y FET) Pl & € Y
*— MBS, ML BT 5 &R
TE5EDS, FHEMBOKRBEESES LTV
AR AN C RIS e, T DR TIRIEAM: SH
B LAY EHERN/ER T 508, JvyF4 v
LoKBEWIRBLYE (ZBIS L 72\ (Table 5)
(Takeshita et al., 1993), #->T, TITHRVLHL
TR INEFTHES TV Afliick T 2/
(EBEERA IR & I ASTRS 2 nREM:ASR O,

6. —BR{LZEFRD in vivo AIE
B, 7V-5YVhVo—fEThsBILER
Dz OLREIAEEER & CERICHEEEED T
W5, TO—ILZEFHO ESR JIEICBIL, &k,
HEFRIERE T in vivo JIE 3 5 AlREME MBI N2,
BlZ L, <o AN TES L c—BLEH % kil
Kic b 7 v 784, L=t o v VksEkoD
in vivo JIEICERI Lo C &GS/ (Lai et
al., 1994), 2 bKEHSIEEL ) £V — 5 HA
BIEARER VT Y AN O—FRILEREAE %
ETBE, SEMMO= oy VEEKEED 3
A®D ESR v 7 F Vsl E e BT S, 1994),
HAEGTHIFESR BB HEREEZT T S5 L5
mm S TIEREIC ESR 2 <7 b VERIEST 5 T
LB TES, COHETRRILERONHZERS
L EERTHEBICESHFET A LRI,
SEEBLOFEEMASGDE S LEICXD, —
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AL B R OFEA NS 2 B E U 72 0 IE R & —&
{LEH & ORIGIRA I E 2 BERIEST S T &b A
ARETH B3 b a3,

7. HEAS O HILOER{E (ESR-CT)

HRGHRIA ESR &1 R £ ¥ D & % #Z RIIC
HET2b0THo, bLEBRIIFENEASH
T TOBESN & ITEICRT 21
W15 T % %, ESR-CT O na[fiEdE: 3 1979 4F Hoch &
Day IZ & » #]% TH#H % & 1 72 (Hoch and Day,
1979), HHEIZ X42 CT THWONTW A FiEE
2L EHET, MEFRER > XX Fuh oK
JEE W L =IRoTEiHg & S TR 5,

I TOHE E L T Berliner 5 (1987) 1T &
355y FORTABERTO=roF T FIVH L
D5 FEE (Berliner et al., 1987), RS (1992)
D7y FRBERES= o F v 59 HVOEEE
T CT #ifg, Sotgui 5 (1990) I & 2 EFFRD 3
WOCEiE, HBWIiIEFKRA DY ZPEL (B D,
1991) *ffgif (Takeshita et al., 1991) TD =+ o
F Y K5 YhNVONHEIE (Fig. 5) 5 ENDH 5,
COEBILOFEARBS EERILETE VD
R#ez D boDEBILETTIIIEL, SKRDE
BANEEN B,

ZOfthic, VK — AR E VEBEY A EA
T 5L, EYEEEEROERNEEOHEED S D3
VORHBRICOVWT S —ILEIT Y TV 5 1 L5
(R AS AT HETdH », i ESR-CT ic & 514N
SHOEBRHE SN S (KI5, 1994),

8. H{KEHAIA ESR OSHRNOESE

PLE®D X S5z, HEEKGHAIF ESR 3B, 34,
M1 EHEAEEIR S I & » TIERICEER
REFERELEL b0 EMfFEN S, BIfE, AR
PENAROIE, &5 VRIERFEUYEOEAT
HARNIT 5 ¥ A OVhfAASHER L, T hsRRE
RICBHRT 3 Ehmahoodb 5%, LL, &
ANTDZ Y ANVRIGIRER ICEHEICEATS
D, PIRLHIOEERAER—2% & > THRARE
HNEBRTOFRER EMHR T 258D in vivo TIZE
BoNTWE, —4, L REOIITICBL T,
TEHRER Y —RLERLE 7 U VpBE T 21t

324

FRIGEFHICHIT T 3 2 EBRAIREE > TE
teo ARETRLUIcE S, H&FHRIF ESR 320D
BRI bR 2T 5 bo LfifFsh
5o BIZIE, M » FAERREEPEE & O
KHEIT, BL VL >R THED 2 55H
ABTW3, TOZ LR, ThopEEIcHdTsHE
YIOFHEIC bFAc DRV TV BRIERDBFIHTE
5T EERMBLTEY, 5%, HAGHHIA ESR O
ICHSE T T RFS N B,

EEH

Alecci, M., S. Colacicchi, P. L. Indovina, F. Momo, P.
Pavone and A. Sotgiu (1990) Three-dimensional in vivo
ESR imaging in rats. Magn. Reson. Imaging, 8, 59-63.

Berliner, L.J. and H. Fujii (1985) Magnetic resonance
imaging of biological speciments by electron paramag-
netic resonance of nitroxide spin labels. Science, 227,
517-519.

Feldman, A., E. Wildman, G. Bartolinini and L. H. Piette
(1975) 1In vivo electron spin resonance in rats. Phys.
Med. Biol., 20, 602-612.

Gomi, F., H. Utsumi, A. Hamada and M. Matsuo (1993)
Aging Retards spin clearance from mouse brain and
food restriction prevents its age-dependent retardation.
Life Science, 52, 2027-2033.

Hoch, M. J. R, and A. R. Day (1979) Imaging of para-
magnetic centres in diamond. Solid State Commun., 30,
211-213.

Ishida, S., S. Matsumoto, H. Yokoyama, N. Mori, H.
Kumashiro, N. Tsuchihashi, T. Ogata, M. Yamada, M.
Ono, T. Kitajima, H. Kamada and E. Yoshida (1992)
An ESR-CT imaging of the head of a living rat receiving
an administration of a nitroxide radical. Magn. Reson.
Imaging, 10, 109-114.

Lai, C-S. and A. M. Komarov (1994) Spin trapping of
nitric oxide produced in vivo in septic-Shock mice, FEBS
Lett., 345, 120-124.

BkEZ, @ifsin), MEEK, KBLE T, N,
HH  H (1991) ESR-CT & OalfE. MEXILIE & K
%, 2, 63-68.

Miura, Y., H. Utsumi, A. Hamada (1992) Effect of
inspired oxygen concentration on in vivo redox reaction
of nitroxide radicals in whole mice. Biochem. Biophys.
Res. Commn., 182, 1108-1114.

Miura, Y., H. Utsumi and A. Hamada (1993) Antioxidant
activity of nitroxide radicals in lipid peroxidation of rat
liver microsomes. Arch. Biochem. Biophys., 300, 148
156.

Miura, Y., A. Hamada and H.Utsumi (1992) In vivo ESR
studies of antioxidant activity on free radical reaction in
living mice under oxidative stress. Free Rad. Res., in
press.

ROfRER], fEASKERE, WXL, #EH W (1994) invivo

i

Ay

ESR Tk 5 1) K v — L {ANEEOfRNT, HAKFE
F 42 (Rn) #HEEE

PR SE, Wil it #IH B, Colin F. Chignell (1994)
fiz oz v EEbemE RO A ERNREFR 7 Y —
7 YA VBIEORT. HAEFRE 1142 GHR)
ol EE 2.

FrIsime, A7 i, NSt (1994) H:fkGHRI ESR &
7o NO O SZEBIIE. HASEF RN AR

Takeshita, K., H. Utsumi and A. Hamada (1992) ESR
measurement of radical clearance in lung of whole
mouse. Biochem. Biophys. Res., 177, 874-880.

Ty NESEL, N SEHE, I (1992) AERGHRIA ESR
kb= y 2iNIcBFA=baF Yy FFIALD
TRERRNT, WEULIE SR, 3, 65-68.

Takeshita, K., H. Utsumi and A. Hamada (1993) Whole
mouse measurement of paramagnetism-loss of nitroxide

free radical in lung with L-band ESR spectrometer.
Biochem. Molec. Internat., 29, 17-24.

Utsumi, H., E. Muto, S. Masuda A. Hamada (1990) In
vivo ESR measurement of free radicals in whole mice.
Biochem. Biophys. Commun., 172, 1342-1348.

P, E B, ETEPHESA (1990) TR E VLG
A~ b VEEE, Pharm. Tech. Japan, 6, 1329-1335

Utsumi, H., S. Masuda, E. Muto and A. Hamada (1991)
In vivo ESR studies on pharmacokinatics of nitroxide
radicals in whole mice. Oxidative Damage & Repair:
Clinical, Biological and Medical Aspects. (K.J.A.
Davies ed.), Pergamon Press, New York, pp. 165-170.

Utsumi, H., K. Takeshita, Y. Miura, S. Masuda and A.
Hamada (1993) In vivo EPR measurement of Radical
reaction in whole mice, Free Radical Res. Commun., 19,
$8219-s5225.

325




snu

Environ. Mut. Res. Commun., 16: 327-331 (1995) ®

Y7 F e L TOERREORE
Role of Active Oxygens in Signal Transduction
1 LI I
Kiyoshi Nose
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142 GIIXEDE 1-5-8

Department of Microbiology, Showa University School of Pharmaceutical Sciences,
Hatanodai 1-5-8, Shinagawa-ku, Tokyo, Japan

(341 1994 4E9 H 14 H; SZHE 19944E9 H 14 H)

Summary
Active oxygens are produced from cells stimulated by growth factors and cytokines. Biological

significance of these active oxygens in growth regulation and gene expression was examined using tumor

. growth factor (TGF) 81 and mouse osteoblastic cells as a model system. First, change in intracellular

! redox state was measured by a fluorescent dye, 2’,7’-dichlorofluorescein, and laser-scanning confocal
microscopy. The intracellular oxidized state was transiently increased about 70 min following TGFS1-
stimulation, and this increase was inhibited by the addition of catalase into the culture media. These
results indicate that hydrogen peroxide was produced into culture fluid from cells treated with TGFg1.
Next, expression of egr-1 gene that is induced both by TGFA1 and hydrogen peroxide was examined.
The induction of egr-1 by TGFA1 was inhibited by addition of catalase into culture media, whereas that
by tumor promoting phorbol ester was not affected. From transient expression experiments using
chloramphenicol acetyltransferase gene linked to serially deleted egr-1 gene 5’-upstream region, the
CArG elements in the 5’ flanking region of egr-1 promoter was identified as an essential sequence in the
transcriptional stimulation. These findings suggest that hydrogen peroxide acts as a mediator for the
TGFp1-induced transcription of egr-1 gene. We have also tried to isolate a common target gene for
TGFS1 and hydrogen peroxide by differential screening of cDNA library, and have isolated a novel gene
(HIC-5) that encodes a polypeptide with 7 Zn-finger structure. Induction of HIC-5 by TGFA1 was
inhibited by catalase, and these findings add further support to the notion that hydrogen peroxide acts
as a second messenger for TGFA1.

Keywords: hydrogen peroxide, TGFS1, egr-1, gene expression

Pz 3, BERRRHEEFIEC BRI R v
7oE— 5 —PHEERFOMEZTY &, HED

% 5
HREZBR T 2R EOMIEIE, SFIEHR b

L 2R F IV E v« R TRIBE ©i5E,
YR # % fE4E % (Matsubara and Ziff, 1986; Rob-
ertson et al., 1990). [EMERF 3AEKES T & UG
L CHilla - ¥ EHET LRSI TE
D, FEAEREBHEPRIEZ OfthORKE 55, L
HL—AHTE, KL ~VOEEREHE S HMEEE,
SIS S D DB EE|Z R LTV 5 & DI
e, SRV >hBEIhTEL,

© HARBARFY2

EHBESHRE» SEAS NS EARVE L
(Shibunuma et al., 1987, 1991). T DOiEHEEE%E 2
ARV v —THET 5 LM EEE S
i, FroEb oML EEE TS B L,
BN THEE S N AR BB TFOFEB &L
U'DNA AED ERABRON B Eh o, EHR
FRIMKR O v 7+ v E LTIERT 5 AlfEt: %
EZZ1.
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Fric, A RUCHIES % REEEGER - TGFR
® DNA &sNEIERIE, Btich & 5 —€2n
Z B LW E N, F OB LK MR
FMEA RISV T TGFB & EIMETS G1 %Ik
¥ 75 DNA &Rkl %2 # C L 72 (Shibunuma
etal,1991). o OFERD S, TEHERRE I
WY OIERZEHNT2eA v KAy Yy Y r—L
LTOKEL > £ X, T D% TGFS OfEH
ALz LTk L 7.

HHEE L UBE

HRAELKEDRE

< v ZEHHIN MC3T3 (Kurihara et al., 1986)
|2 DMEM + 10%FCS TH:#& L, B 7 H
k& L cF b licE# L 2. 5ng/ml @ TGFB
(v 7B T2 L, BRI L K2 2
& 57 v ot o 3L #K  dichlorofluorescein diacetate
(DCFH, Eastman Kodak) % 5 7EU DA £ € 72,
LR L E A L — ¥ — BAfEE (Bio Rad,
MRC500) TH#lllE L 7= (Bass et al., 1983; Szejda
et al., 1984).

RNA Q4

b Sy 7=y e BT =/ —NikiTkD
RNA ZHiHiL, du<Y) v2E88T7Ho—24
VBRI LI®%, A v T3y 740817
oy bl 7405 —13 PP EHR L TS
o—7&NnA 7)) A4 X LI (Nose et al., 1991).
A — NS5V 057 4 —%fT- 12,

CAT 7 w4

RYRY ) LFTATF) =5 egr-1 cDNA D
5 KW A2 7o —-7&LTRA27 ) —=v 7L,
egr-1 18 {z 1 ¥z B 4| 1 #f{3% (Tsai-Morris et al.,
1985) #4587, i CATHEIzTIcoH&E
V=5 —& Uik, fla~ @ik H vy o 6EET
BIEF%EA L7 (Gorman et al., 1985).

& 2

1. TGFRALEICLZHBAL FI XDE(L
4 ELIATIC, MC3T3 Ml % Gl T
TGFB MLEET % &, Bt @mRILKRMEE S
N5 EAHE L7 (Shibunuma et al., 1991). %
DERICEp-EFoFY 7= VT 0L VI
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Fig. 1. Change in intracellular redox state in MC3

T3 cells. Cells were either treated with saline
(O) or 5 ng/ml TGFS1 (@) for indicated times.
DCFH-DA was incorporated, and fluorescence
intensity was measured by confocal microscopy.
Closed triangles indicate the results obtained
with ras-transformed MC3T3 cells that con-
tained no receptor TGFA1.
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. 2. Effect of radical scavengers on the increase in

cellular oxidized state. MC3T3 cells were treated
with TGFS1 for 70 min in the absence or pres-
ence of scavengers, and intracellular oxidized
state was measured as shown in Fig. 1. A,
untreated. B, 5 ng/m/ TGFB1. C, TGFA1 +cata-
lase. D, catalase. E, TGFB1 +inactivated cata-
lase. F, TGFB1+0.5 mM N-acetylcystein. G,
TGFjB1+5 mM N-acetylcystein.

a
1234567

Fig. 3. Effect of scavengers on the induction of erg-1. a; MC3T3 cells were either untreated (1), or treated with 5
ng/m/ TGFA1 in the absence (2), or presence of 0.5 mM N-acetylcystein (3), 0.1 mM pyrrolidine dithiocarba-
mate (4), 5 mM K-ferricyanate (5), 5 mM ascorbic acid (6), or catalase 170 u/m/ (7). b; Cells were untreated
(1), or treated with 5 ng/m/ TGFA1 in the absence (2), or presence of N-acetylcystein at 0.1, 0.5, 1, 2.5, or 5 mM,
respectively. Total RNA was extracted, and egr-1 mRNA levels were analyzed by Northern blot hybridization.

AW, SSIKEEOGVWAEELT,
DCFH & $:4E S BAMEE I & 2 flamN{LiRE D
ZALERIE L7z,

Fig. 1 IT/R&N 5 &, @Mz
TGFR A4 3 &, 10N %2 E—2 45—
HoftNB{LIREED ERBED S, ok
F 2 TGFB DA EFH LB VilicIR o h
T, SEEENLERKIGEEL SN S, HlaNER
{LIRRED 53, REHidic S FEOTEMERESE 2 & ~
vy —EMASEMEIESN, FRcA s 7 —EIi
Lo EEE s A N (Fig. 2). 2O &, @
EA K Z DR LIREED FAIcHFELTw 5
TEERLTVAS.

2. TGFBIZ& B egr- 1 BIEFFEICHTE R

ARV T »—DER

LK FE D TGFR @RI IG U THERL A 5
RSO, [or0LEENEEELR>OTHN
¥, TGFB I & %88 b BRILKEEZHE
LTPhIEE LT 5 &pliffans. TGFS B
Lo kEcHEICHEE S W BT ek
LA, FIIRBUE LT egr-1 3 MC3T3 #fife
KBLTWIFNOYHEICE > Th@m FHEa N3
ZEDbhroie.

Fig. 3 Ic/ — ¥ v O OfERAZ/Rd 45, TGFS
12 & % egr-1 B DFEIL, pyrrolidine thiocar-
bamate (PDTC), 7 = ) ¥ 7 v{th Y, 7RXaw
v vEg, Ay S —E¥TEREICGs i ik,
N-acetylcystein (NAC) & 5mM LI EOEETIE

Relative CAT Activity TGFg H.0,
pegra17 || F——H}F— 100 100
pEgr3ea 43 33
pEQr3se s e et 25 18
pEgri111 o s Fi £
pEgr-94 ] 5 3
pEgr-72 — 4 3

Fig. 4. Effect of TGFB1 and hydrogen peroxide on
egr-1/CAT. Serial deletions of mouse egr-1 en-
hancer region were linked to CAT reporter, and
the plasmids were transfected into MC3T3 cells.
Cells were treated with 2 ng/m/ TGFS1 or 0.1
mM hydrogen peroxide for 8 hr, and CAT activ-
ity was measured.

MEIER 2R L7
3. TGFB, BEELKFEICIHFEL egr-1 BIEFEE
Ef{EsER

BRE{LKFE % L1z TGFB @ egr-1 s 1-HE
KBS T A Y RTLA Y FEBITT B0, =
2 egr-1 #EIzT 5’ EiHDY / 4 DNA %24578EL,
CAT iz Ficka L. T o5 Bifisicid 2
DAP-1 T L XV hESHHDCAIG T L X VA
GEhb. IO EBREICRAS & DNA W
FAH> CAT 75 2 3 FA{E&IL, MC3T3 #iifd
WA L7z, HIf% TGEB % 72 13 /K& ThL
HLT, CATIEHZERIE L 72F5HH Fig. 4 TH
3, ZOFERMS, WFNORTICL S egr-118
EFEEBEE LIz &b 3HD CAIG =
LAY BB BELEINDE I ENHONLTH S
(Ohba et al., 1994).
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Fig. 5. Schematic representation of HIC-5 protein.

4. TGFB, BEM{LKFEOHELEFENBREFO
BER

TGEB, @f{tAkFK TV d& MCIT3 fHfdIC
BWT, WEISIER AR>S, C OREEIEIER
ICEENS T BTN 2 A 2T
7z. TGFB T 4 Bf[ELE 4 L 72 {2 ©® mRNA 5>
5cDNA 54 75 ) —2{F® L, @IILKkHE4
R ER AR 5 & O R ALER A > 5 O mRNA %
ML LzcDNA%2 7o —7& LT, ZL5|X
NA TN FA X EFTo1. W OhDBEMHs o —
vHEsnhs, FD—-> (HICS) I3, WFho
HWFick-THbFESNEIFLOBIETTHSC
& A3¥[EA L 72 (Shibanuma et al., 1994).

HIC-5 cDNA OFEEF | 6 FHE NS T 3
/ BEEES3, Fig. 5 R L5 7Tl
Zn-7 1 ¥ H — RO EAE 2 RE L 1.
T @ cDNA OB TORE N7 5 — % (F#
L, MC3T3 i, t b ASEALARMEZ M EA
L&A, Yy 2ABORBICkD a0=—FK
HIH S, HIC-5 iz f133E5E D B O HilfH i< BY
B al enprmgasni.

% %=

P Eo#RD» S, TGFRHHIZL Y, MR
BRLIREEDS R L, ThidB@ftkRicks s
MRE i, BHiducmAich 5 5 —€H, o0
BILIREED ERAMEIL, # 5 5 — €3RI
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A e h s L EZ SNB. FOEASR
EAREAE DS, @R LKFEAERE A H I EET
EHILEEZD L, MlANTELES, K
SEHUREEICH B Dh b LA,

TGFB THB I NS BIZF DM T, egr-1i#
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LIRBLHISNLTWS (Cerutt et al., 1985). L
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NFkB (Schreck et al., 1991) %> AP-1 (Abate et al.,
1990) b L K7 2% 535 EBHEENT
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FZOBREL TV BT ENEZ SN B,

2. [

Abate, C., L. Patel, F.J. Rauscher, III and T. Curran
(1990) Redox regulation of fos and jun DNA binding
activity in vitro, Science, 249, 1157-1161.

Bass, D. A., J. W. Parce, L. R. Dechatelet, P. Szejda, M. S.
Seed and M. Thomas (1983) Flow cytometric studies of
oxidative product formation by neutrophils: a graded
response to membrane stimulation, J. Immunol., 130,
1910-1917.

Bauskin, A.R., I. Alkalay and Y. Ben-Neriah (1991)
Redox regulation of a protein tyrosine kinase in the
endoplasmic reticulum, Cell, 66, 685—696.

Cerutti, P. S. (1985) Prooxidant state and tumor promo-
tion, Science, 227, 375-381.

Gorman, C. M., L. F. Moffat and B. H. Howard (1982)
Recombinant genomes which express chloramphenicol
acetyltransferase in mammalian cells, Mol. Cell. Biol., 2,
1044-1051.

Guy, G.R,, J. Cairns, S. B. Ng and Y. H. Tan (1993)
Inactivation of a redox-sensitive protein phosphatase
during the early events of tumor necrosis factor/inter-
leukin-1 signal transduction, J. Biol. Chem., 268, 2141—
2148.

Kurihara, H., S. Ishizuka, M. Kiyoki, Y. Hakata, K. Ikeda
and M. Kumegawa (1986) Effects of 1,25-dihydroxy-
vitamin D3 on osteoblastic MC3T3-E1 cells, Endocrinol-
ogy, 118, 940-947.

Matsubara, T. and M. Ziff (1986) Increased superoxide
anion release from human endothelial cells in response
to cytokines, J. Immunol., 137, 3295-3298.

Nose, K., M. Shibanuma, K. Kikuchi, H. Kageyama, S.
Sakiyama and T. Kuroki (1991) Transcriptional activa-
tion of early-response genes by hydrogen peroxide in a
mouse osteoblastic cell line, Eur. J. Biochem., 201, 99~
106.

Ohba, M., M. Shibanuma, T. Kuroki and K. Nose (1994)
Production of hydrogen peroxide by transforming
growth factor 31 and its involvement in induction of egr-
1 in mouse osteoblastic cells, J. Cell Biol., 126, in press.

Robertson, F. M., A.J. Beavis, T. M. Oberyszyn, S. M.
O’Connell, A. Dokidos, D. L. Laskin, J. D. Laskin and
J.J. Reiner, Jr. (1990) Production of hydrogen peroxide
by murine keratinocytes following treatment with the
tumor promoter 12-O-tetradecanoylphorbol-13-acetate,
Cancer Res., 50, 6062-6067.

Schreck, R., P. Rieber and P. A. Baeuerle (1991) Reactive
oxygen intermediates as apparently widely used messen-
gers in the activation of NF-xB transcription factor and
HIV-1, EMBO J., 10, 2247-2258.

Shibanuma, M., T. Kuroki and K. Nose (1987) Effects of
the protein kinase C inhibitor H-7 and calmodulin antag-
onist W-7 on superoxide production in growing and
resting human histiocytic leukemia cells, Biochim. Bio-
phys. Res. Commun., 144, 1317-1332.

Shibanuma, M., T. Kuroki and K. Nose (1991) Release of
H,0, and phosphorylation of 30 kilodalton proteins as
early responses of cell cycle-dependent inhibition of
DNA synthesis by transforming growth factor A1, Cell
Growth & Differ., 2, 583-591.

Shibanuma, M., J. Mashimo, T. Kuroki and K. Nose
(1994) Characterization of the TGFA1-inducible HIC-5
gene that encodes a putative novel Zn finger protein and
its possible involvement in cellular senescence, J. Biol.
Chem., 269, 26767-26774.

Szejda, P., J. W. Parcel, M. S. Seeds and D. A. Bass (1984)
Flow cytometric quantitation of oxidative product for-
mation by polymorphonuclear leukocytes during phago-
cytosis, J. Immunol., 133, 3303-3307.

Tsai-Morris, C.-H., X. Cao and V. P. Sukhatme (1985)
5’-flanking and genomic structure of egr-1, a murine
mitogen inducible zinc finger encoding gene, Nucleic
Acid Res., 16, 8835-8846.

331




Environ. Mut. Res. Commun., 16: 333-344 (1995)

H: PRI M3 9 ERR BB O ER I B - 2 B

Study on effects of low dose radiation on physiological function
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Summary

The effects of radiation on lipid peroxide levels in the organs, membrane fluidity and SOD activity
were examined in rats and rabbits. Rats were wholebody irradiated with low dose X-rays, and rabbits
were inhaled vaporized radon spring water, which primarily emitted a-rays. The following results were
obtained.

Unlike high dose X-rays, low dose X-rays and radon inhalation both reduced lipid peroxide levels
and made the state of the SH-group on membrane-bound proteins closer to that of juvenile animals,
although the sensitivity to radioactivity varied depending on the age of the animals and among different
organs and tissues. The SOD activity was elevated, suggesting that low dose X-rays and radon both
activate the host defensive function. These changes were particularly marked in the organs related to
immune functions of the animals which received low dose X-rays, while they were particularly marked
in the brain after radon inhalation. It was also found that these changes continued for longer periods
after low dose X-ray irradiation.

These results suggest that adequate activation of the functions of the living body by low levels of
radioactivity can contribute to suppressing aging and to preventing or reducing brain diseases and other
diseases which are thought to involve peroxidation and have been regarded as diseases for which radon
spring water is an effective treatment.

Keywords: low dose X-irradiation, radon inhalation, decrease in lipid peroxide level, induction of SOD,
increase in fluidity of membrane protein

# ] AR B U AR DB AT 12351 SOD i As B4 in 4
ViRt RBEH D —> Tdh 5 surperoxide dis- A OjfEMEMH 5 EEZ Sht. fthl, SOD 4505

mutase (SOD) DG, EffEO X R X
D HAKNIZH: L 72 surperoxide anion radical (O;)
OEEIKEL TRV 5 Lid&<HShT
% (Bartoz et al., 1979). L»L 5 v bfd SOD
G @ EREHE FTHENT % & o (Kim-
ball et al., 1976) %> SOD HfEHDH % » ¥ v F
A v OIEVED LR EER D X #RIES 78 &
ALIEEEAMINEE2 L5 A P L RITKDHE
M4 % & D4 (Shiraishi et al., 1983) 72 & h o,

© HABRKA G722

FEHETRIC & - THRE S N BN EEM LA Z P
THILREE CHEINTBY, Lrb o8l
RHin vivo ITBW T H L B aliEDdH B &
%NS A bl SN 5 (Paynter, 1980). &
FREREE OB R D BN, FE B & Ok
AELSE S EDOHEHH Y (Evanser al., 1989),
{EER B R IC & 5 SOD iEPE B LIsE &S
ENOIERIZ OV THRET S 5 T & FBRZE V. i
H, “BROOE LbEbnd 5 F v (EiakR
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A3 A UM SUACHR) IR OBIEIE IS 1375
MR HIN L SIS EMEEPCKERE EMH
3. ThICBIL T, 4% TIcHBER CIREES)
VB ORENTE EICEH L TOMEMSE S ERE
HESEE SN TWAS (Komoto et al., 1988) 75,
BICIEDSTEYERR A & OBlSH» O OFFFE, EH E
00 SOD jfth 75 & DEIEA W T O IR KRR
ATHY, MEMHFFEITVS, F, i
B L TEALICRd 2 (B EBURR O ER IS L
TRHTEEOEREEIONS. AHAT
13, EKARRO XHERHPS F Y RRAI K B4
o b, EH o FBLUYHFOERETIC
B3 % SOD iEM: 75 & o AEFBREIC RIF 4 ERIC
DVTRE 21T - 18R, UINMORTHEREZB 5
Z EMT &7 (Yamaokaet al., 1991, 1993, 1994, in

press).
EBRME S L UAFE

1. A AR

11 KB XEBHDOS v b

7KL, 65 i B L 91 B D H A SLC
% HEME Wistar 5 » b (SPF BIKR) 12, HZ%!
KXC-18 @ Ic & b, AED X FRIESHRE% 1 [[]
SHYERE L, 0 X ERAEE O B
H3, AERHIEEED 180kV, FHEHAH 20
mA, %A 0.20 Gy/min. TH 5. KHEEHCI,
B LW LIS BB & 4 < 6] U 2R E % M L
fo. WG B W IETERIEORTER IR ICHE L <
Hiyolgas 2L, —&, kv Tirasic
Glowinski & @ /5 (Glowinski et al., 1966) I1ZHif
WEBRISMT LK 2K st L. §oh
g A RERIC L O EEFRLAEY F 14 XL
Tt A e L 7%, Bd D o & 0 [IE
Mk 2 8 U 72, 73 BIEEEEH o0k R
13, Zaleska © O Jjik: (Zaleska et al., 1989) IZHE -
7.

1.2 S FVRADOOHF

et 2kg DFEFRIC, 25mg/kg RV boNLE
% — v Na 2 HEpIRIC S LIRBEZEHEL 7. 20
%, SER~NEY S5 70y —EFHAT S E
EHICHEIR 03~04% DRV b /NLE S —
)V Na %53 15~20 i O E S THEA L FRIRHERE
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WREE L7, [ARRICE 2 UIB L TEERAL,
ANTIFRRAEE I L D 20~30 ml DENEX%E 10
mmH,0 @ [T T 43 30 [1] o | A T J Tk %
To72. 0%, £1) 757 X0ERIES XV
LDEOER ARG L, £ 72 FH#IRE%E 80~
100 mmHg 1T L7z, o & F 3, AR
Do LEPICHIEL, BIBAL TS L b @ %
AT LT 201 fE R IUA K % (Rl &
[F U< 36~37C IicHEFF L, Filhld 24~26C (2l
HiLtz, s FvKBY +—7RBEHKRE 751
#—MU-32 2 THEERICL, Th%E90457
fl, v ¥olfiicEik WASEL HHEIhi
7K v OWARK, v+ FIZESICRIMERL, 1~
1.51 OHEPRANUKCIMEN & RERoEA L 721, Ik
BLUOMERMH L, L1EIEERO X il
Eakh & i L 7z,

2. AHAE

SOD &1 spin trapping 7EIC L, HAE -
# ESR (JES-FE1XG) %i& % H W THIE L 72
(Hiramatsu et al., 1992). T OPFE, K45 fF&# D
SOD MME 2L 2@ 2iL . 7/
SOD /&t 2 JBEER Y TR 3 12 ilkl %
4YHLL, bicinchoninic acid (BCA: PIERCE %) 7k
12 & b HASERDEE ST UVIDEC-220B % H] W
THEAER L, iy, @EE{LIEE RS thiobar-
bituric acid (TBA) iEic & 0, H B EAOEL
&5t 650-108 % F W CTHlll%E L 72 (Ookawa et al.,
1979). % 7z SOD iEMERIE & [H]kk, alkRHE L
EHEREIT- 72, S OICHERBIME spin label
Fic kb, EiCESR & ZRWlE L 72 (Butter-
field ez al., 1976). SODmRNA. |3 AGPC /EIC LD
fif2a /> SEREN L 72 (Chomezynski et al., 1987) total
RNA % Oligotex-dT 30 % H] \» T Poly (A)* RNA
% THiHI L 72 (Kuribayashi et al., 1988) %, 7 o —
7 & L T Mn-SODcDNA & Cu/Zn-SODcDNA %
i\ 72 nothern blotting 74ic & 0 ER L7, 45
W7 3/ BRI T /B (ToW, v
FAVDBRFYRF VILBIEIPTLVOT
DTNBA# & O IGICE S fEFEIT L ) 1Tk
D, YUIEHIRZ7 + RE Y N—€ D ARV
#7E (Richmond, 1973) 12k, I L AFo—
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Fig. 1. Dose-dependent changes in SOD activity in
organs of rats at 4 h after X-irradiation. Each
value indicates the mean*SEM. *p<0.05 vs.
sham-irradiated control by Student ¢ test.

FaLZXF7a—t+v 45—+ (Takayama et
al., 1977) 12k O, Na*, K*-ATPase 514 (3 Leong
5D} (Leongetal., 1991) iIc &k b, %4, HIE
L7, Elitb k7 § I3 HPLCEIT & D
ERLL 7.
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Fig. 2. Dose-dependent changes in TBARS level in
organs of rats at 4 h after X-irradiation. The
figures are expressed as described in Fig. 1.
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1.1 SODEH L BR(LIEE B DREHGR Ik

o, i, BYHE HoRR, MRS £ oEBics g B
SOD &tk & BRR LIS E o X IS X 2§ &t
KIS S VW TIR, FHEBROERE E 2 gt
4 Rl DIRREIC > W TRET L 2.

SOD G iZ, Mg T3 10.0 Gy D BEHC L v JF
HAGBEICHE~N 60% W/ L7z, L LIE# R IC
BOLTE, WIETIE 025Gy T70%, MiETIE
0.1 Gy T 50%, H#TI3 0.25~0.5Gy T 90%,
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Fig. 3. Time-dependent changes in SOD activity in
organs of rats after X-irradiation at dose of
0.25 Gy. The figures are expressed as described
in Fig. 1.

ICOWTRAERELZE D - I (Fig. 1). A,
WEELISE R, BT 10.0 Gy OREHIC LD
60% FHEickmL . L LEREBICBWT
12, T3 1.0 Gy T 40%, RT3 0.1Gy & 0.5
Gy T 50%, Mg T 3 0.1 Gy T 40%, % L CHf
T2 0.1Gy T20%, &%, BEICRED L. i
g T3 ELE L3 h - 12 (Fig. 2).

1.2 SOD &t & BRI LIS E B O RFHROER

%1t

Gl IC B R ORBFE LIC DV TIE, 11 OF
R v SOD /Gt LB LI E B HIC K &
< Z{L L7z 025 Gy oMsHREICEH LIRETL
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Fig. 4. Time-dependent changes in TBARS level in
organs of rats after X-irradiation at Dose of
0.25 Gy. The figures are expressed as described
in Fig. 1.
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il (40~110%), BNTI(E 4 B (10~50%), HFHE
T3 3BM (10~30%), MR & 58T i3 1EnR
(10~40%, 60~100%), %%, HEHML .
(Fig. 3). iy, @ELIFER I, KMTiddiads
b WG 12 B (40~60%) £ T, HEETIE 3B
il (40~50%), %%, HEWCKD L. £ 7ohFh,
Malig 6 & ORI T3, &%, HSER 3~8 R (20
~50%, 50~60%, 30%) DRI\ THEICHD
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Fig. 5. Time-dependent changes in concentrations of mRNA for two species of SOD in the spleen of mature rats
after X-irradiation at a dose of 0.25 Gy. The mRNA for Mn-SOD showed the 4.1 kb, 3.0 kb, 2.1 kb, 1.08 kb
and 0.85 kb bands. The mRNA for Cu/Zn-SOD showed a 0.72 kb band.
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1.3 SOD DOFEEERL
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mRNA ORI A T~ 12,

EHAT 3 Cu/Zn-SOD, Mn-SOD DWW hiz>
WT HGPETS S O mRNA B2 bidiE» o h
ot L LEER T 1.0 Gy ofFHc & -
T Cu/Zn-SOD, Mn-SOD OWLFhic>W\WT biE
PESEAIML, i 3iEWIEd 5T mRNA &
bEL 7.

fih sy, 1.1 OFERICE O THRIES « kg o
SOD /it 4% 0.25 Gy DS THERMML TV 3
TEMHShicENLT EICEEL, 025Gy

MO (22 i) 5 v bMED SOD iEtEo
PR ARG L7z, 2 OF5H, Mn-SOD jE: (13
BAHC & > TEILL 5 - 7245, Cu/Zn-SOD (%
4 RFfICHEREICEML 2. 56> T 11 ofERic
BOTH S o s n /g o SOD iE v o k4N i1
Cu/Zn-SOD /EHE DN % X4 2 b D & &% 5
.

B4t ic & 5 mRNA & 0 21t 12 Mn-SOD i< >
WTIE, ZA L8 - 755, Cu/Zn-SOD Tl 4
I I BAE 754N (densitometry 12 & % & 70%
DN, EIBFEEARRMED >t (Fig. 5).
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Fig. 6. Dose- and aging-dependent changes in SOD
activity (A) and TBARS level (B) in the brain
cortex of rats at 4 h after X-irradiation. [ll shows
the data from sham-irradiated 7-weeks-old con-
trol, and each value indicates the mean +S.E.M. .
The number of rats per experimental point is 10
~15. *p < 0.05 and **p < 0.01 vs. sham-irradiated
65- or 91-weeks-old control by ¢ test.
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Fig. 7. Dose- and aging-dependent changes in mem-
brane fluidity in the brain cortex of rats at 4 h
after X-irradiation. The figures are expressed
as described in Fig. 6.
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L7 (Fig. 6).
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Fig. 9. Dose-dependent changes in phospholipid and
cholesterol concentrations in the brain cortex of
rats at 4 h after X-irradiation. The figures are
expressed as described in Fig. 8.
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as described in Fig. 8.
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acid (5DS) @ order parameter 35 k& UNB/K UL
@ 16-doxyl stearic acid (16DS) ¢ motion parame-
ter (T (3R ICPE S AREBELZED Shlih -
fois, BSOS Lo F 4 — 1 (SH ) ok
B FLR3EAHO J#HM AR 4-maleimid-
TEMPO spin label (MSL) @ weakly bound/strong
bound (W/S) LHLi3hnihic 0 15~20% 3512k
DL, L LERBEXBRBEOEMICLD
MSL @ W/S H.7s 65 i T i3 0.25~0.5 Gy T 30
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water inhalation. Each value indicates the mean
+SEM, [ ], immediately after inhalation; W,
2 h after inhalation. *p<0.05 and **p < 0.01 vs.
sham-inhalated control by ¢ test.

~35%, 91 KA TI3 0.5Gy T 10%, &4, HE
I L 22, 753 5DS O order parameter %5 K Of
16DS @ motion parameter T3 =752 bIE7S
- 72 (Fig. 7).

23 BENT I/ ERE

KB E DOHfaE & 2Rk 2 7 3 7 BRI
ZOWTHRGET L7, BURBRERSZHE OV T & 23]
SNTWA7T 3/ EeFERh, M—SH HAH-> v
274 vH5 0.25~1.0Gy T 20~30% HEICHN
L, Y2574 vORRRBMETH L v 2 F v
7, BENICHASWDERLE., LbL, F
‘HETHB72=VT5=vBLUOFory, X
Sictho 7 3 7 BIREOBEIc X - THRT 5 7
)Y ICIRAERBEDR SIS - 72 (Fig. 8).
7, BEALE E bIicHifalEo FEMRK S T
HL5)VEEBLUILZAFOo—LIIOWTHE
BIRAELSHE SN - 12 (Fig. 9).
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2.4 ATPase ;&4
ki OFREE & 75 5 Nat, K+-ATPase i1k (2,
1.0 Gy VI oI B\ Tid 20% fAE ISk
L7zh3, 0.25~0.5Gy O{E#HEETIE 15% £
IZHANN L 72 (Fig. 10).

3. S RUBANIYFICRIZTTIER

3.1 SOD &L BRELIEEE

7 N VIRABER & 2 BRI B BB & O
%7 F Y RADREEZT B filid SOD /& & i
FRLIEE A d e,

T, 14-18 kBq/l W AEFICH W T SOD 7tk
ODHEEBEMMB RSN, £ O EWR ALK
(25%) >2 Wilflth Td - 7. BRELIEEE L, 7-
10kBq/l WABFTIZWAER (40%) 1> 5 2 B
% (65%) & THEICHD LK I 155, 14-18
kBq/l W AR D/ DFEEE (ZM A (45%) >2
etk & 75 5 72,

fitio SOD it (3 2 Wil ik £ THELE(LE R
ST o 12, WEEALIEE & 2 Bl 7-10
kBq/l W AR, 14-18kBq/l WAREE & 35~60%
AEICRED L7z (Fig. 11).

3.2 [EREnsE

7-10 kBq/l W ABED 2 Bl O ic B LT 16
DS @ motion parameter 2/ L4 5 T &R X, 5
DS @ order parameter 5 £ U' 16DS @ motion pa-
rameter (3, LWFHNICBLTHHEEICEIZLLE
Motz L L MSL ® W/S Hid, #alcizn
AERIT 10%, HiTEBRA 2 Bl i< 50~90%
HEICHINL /2 (Fig. 12).

33 H@E73Iv

WAE#ZDOHTFa—LT I VT, /LT K
L+ ) v (NA) OffifaN 7°— v &S 13 kBq/l L)
FOWABTS0% BRSO LI 4 v K=
7 I VHTIR 13kBq/I DL EORABT, £o b =
Y(5-HT) BX U5k FoF v A v F— iR
(5-HIAA) OHRINEEE A% %, 80% 15k
L 7= (Fig. 13).
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Fig. 12. Changes in membrane fluidity in the brain and lungs of rabbits after radon water inhalation. The figures
are expressed as described in Fig. 11. The number of rabbits per experiment is indicated in italics.
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Fig. 13. Changes in concentrations of 5-HT and 5-
HIAA in the brain of rabbits immediately after
radon water inhalation. Each value indicates
the mean=SEM. The number of rabbits per
experimental point is five at 0 kBq//, four at 7
kBq/I, six at 13kBq/l and five at 18 kBq/I.
*p < 0.05 vs. sham-inhalated control by ¢ test.

HEE (BESSEE O SH ROIREZ L) BL U
N T EIHERE (ATPase i5ME) 28 4, FlblIC
HDF BT EMHSMITIE 51, £125 FVIRA
2 & BB IR E R OB M & BRI O BN
1, RN TRBABERIC, HTEmA 2 BR%

WWRKEL B ->TEBY, KT I VON, S-HT
15 EDHIRNRELRD T 5 Lo SHEKROTER
{LEZ BB LS S 2 aREtE bR T X 1.
INSOBRIZ, T F VIRIBHEOBIRNEH HHER
EEROBMICE-Tboah 3 EDWME
(Komoto et al., 1988; 5[, 1993) & BHMiM:A/R
MEh, BERED., &SGR XBELRT &
MICHES L 22854, SOD i&t: o BN @ s LG
HEORBDHHRMEMCE e 5 2 & b
ohEii-t.

BB (3, MEREE D&Ml & MfaiEo & kic
FBRT A EMTFRHENTL S, FIZAE, #H
EHTE, BEOAffSS oMM GBRRLIEHE
BORD) BEMFRE Q- TREMESEE 5 &
£Z 5N TW5 (Evans et al., 1989). ¥ - #kElT
TR, AR>S ORIBI L - T, Ca** B IR
L THIfREREDSTEME L 4 % & 5 B A RS
WHEE B EMEDNTV S,

T D & 9 RS O Z LAl fE D 2 tic ks
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U2V hbDELT, w4 b Y2 vtk THEH
SN B ) v ANERDEALBIE S B B (Bl %13,
Ishiiet al., in press). CDBAICE, =4 bV v
LEEA LKA LY € 77 — DBIER D 7210
LIRS EZSV3b0EEZONTVLS
(LR, 1981). C oEFALRIGIC R S h 2 &
Le 7y —0%<Id, RELLIBHEES LT
BREAETHY, Y RIGICBTF S L2785 —
OBBFEOIUEEL, AR THRE L kick T 3
M EntE (AS A& Eo SH K 0 IREZAL)
WimE 5 EVIEERFER I, VI LEELEN
BEBBBEEVITEEREBLTVS, 36
AR X BRI IC K 0 RN T 3/ R0
THE—SH B A2 > v 274 v O RERIEMDLIC
SH K4 > Nat, K™ ATPase OiEMEAENNT 5
L OFERE, FiRORBGREMEAEING 2 & DFER
3, HELTSHEENLTbZo aNEERD
JREMEAS R E NS, CHICBAL T, v RTFA v
% AT ATIC WHELBIYIIC B 54 5 & IR IR UM s
i B & O (Streffer, 1968) £ 5 » b D4
H=D SH K3 7.5 Gy BSHE% T L AL, SS
o (v25 vE) BEBICHDT 3 &0
(Neuwirt et al., 1965) (3 BlLEZE W,

iz 7 ) — 35 O A NVDOBEEZITPTVWEA
fIFIEEEZ S EICb > TV 5, ELOBIETH S
MmOBKRICE O iEHBEL T BICHEET S L
SOD 75 E DBl v 2 5 £ %< < IR T, Hil
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i s 2IEEOBEL AR 4. ROEA 0@
R CBRBRILIEERED 7 ) — 5 ¥ h VIKIEHEY)
BEREI N, BEREM L L OMIaRES K N4 %

CEICE D MBFEEROIET, = xvF DK
TREDEMABIEMSHEL LSO TV 3,

= EHY OSOD T IE, MKEICE W Cu
ZnSOD & 3 k3 ¥ F Y 7iZ% \» Mn-SOD @ 2
DS 5. AW TIE, EERBEHC X DR
f#lfa 2~ 3> K1) 7rho SOD jEM: Ic B # 15
HEMAFED St hs, TofERIE, S9TEBEIC
RBEINLEFZHTCBVT, S havy FY 7O
FREHHETH 5 Mn-SOD HFEBAK SN B &L
S ¥ (Kimbal et al., 1976) &—¥4 2. ZOH]
REZETNE, SOEBEEMUEHERTK
JERE D W G R O MEAR BURIC & - THERK
SN, THUHEFIC Mn-SOD /G A RIS & 12 &
EZoN 5.

EERED XL 5 F v IRA %G L 7230
2, ERBEOBEHROBEG &R, BRI
HEORBDOBEREE, 6% IEsaE D /Ut 4
5T EMHGIE 57z, HFOREARTIERE B
L, LD XERHEYTH 24 ABICK L T
FRERBURRBHE S RIETERH DO 4 A = X aiz>o 0
THET L 745, BHEAEAD SHEA~AD 7 Y —
7 VAV ORIEABES L TV 3 aJREMARIE S 1
fo. oI N L EoERKIGICIR, IBE
DEEEALZMEI T 5 SOD 75 & OgE# D FE, )

B OB ORI B85 L T % affEMEA
ST 72T &M, ERERBFhE> Th
S— D FRIZEALAS, T F VIR R OB D —
O THEHBLILOB S 3 2 IR E S E DT « &K
ENRICTFEGT 00D 2 EHRETE
1c.

ARRITIE, FICEERRERBUHRIEE I & 0 4K
MICH: U 1/ DR OTEHRE R A AR I RIE 357
oW Tam U, [AkkIc, CoEMBEICES
(77 2 1 F) DNA ~D {5 & iEHRRART EHN
L5 ZDHEICO>VT HETL TW 5D (Takehara
et al., 1994). HZ1E 05 1T & % —ABUIM %
SOD 75 100% PHES % & & AW 5 hic L7 (Fig.
14). Th S ORI & Fijb O (AR R U R IE S
L0 SOD AFEEAKE NS EDHIEM S, R
NS ERT B T & 3l ARIT 5 T &A%
DM E L THBKE,

E £33

ARSI ER R Of AR, oo
IR B L UERIERFRFEONlgttE 8
B2 OIS & LG FE TH B hkn AL,
KL, SSRECEREN L, EREN LS
L OMEEGCE O &L 0 18 LIGTCERT
Hb. FIFEHOHET 5 MEEAEB PRI
Ao fHE % 13 U BIRSALIC &t /)%
Wt EERIHEERLES.
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Regulation of bacterial oxidative stress genes
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Summary -

Echerichia coli cells respond to increased flux of active oxygens by invoking a set of co-regulated
genes. In response to increased levels of hydrogen peroxide and organic peroxides, the expression of
more than 30 proteins is elevated over the basal levels. The peroxide stimulon includes at least eight
proteins that are positively regulated by the locus, oxyR. The E. coli oxyR gene has been cloned and its
nucleotic sequence has been determined. The amino acid sequence deduced from the nucleotide sequnce
has a high degree of homology to those of several bacterial activator proteins called LysR family. The
OxyR protein specifically binds to the upstream region of its regulon as revealed by DNase I footprinting
experiment. The reduced form of the OxyR is converted to the oxidized form by peroxide stress, which
in turn activates the transcription of the regulon. On the other hand, upon exposure to increased level
of superoxide, E. coli cells respond to the superoxide stress by activating different stimulon, more than
40 proteins, from the peroxide stimulon. At least nine proteins are produced by a regulon controlled by
two regulatory genes, soxR and soxS. The soxRS system would be triggered in a sequential fashion by
a novel two-component system. SoxR activated by superoxide would switch on expression of the soxS
gene and the increased level of SoxS would activate expression of the various regulon genes. Recently,
we have isolated several strains of E. coli that contain new gene fusion (soi—lacZ) specifically inducible
by superoxide radical under the control of the SoxRS. The so0i-7, s0i-9 and soi—10 mutants show
increased sdnsitivity to redox-active drugs such as methyl viologen, menadione bisulfite and 4-NQO.
The sol-10 gene has been cloned on plasmid vectors and its nucleotide sequence has been determined
There were no genes and proteins with homology to the soi-10 gene. The oxidative stress response is a
global response. The activated functions impinge on a remarkable variety of biochemical pathways,
from active oxygen scavenging and DNA repair, to the balance of energy co-factors and membrane
composition. All aerobic organisms have evolved to deal with oxidative stress as the price of utilizing
molecular oxygen. A molecular understanding of oxidative stress regulons in E. coli will lead us to
analyze their control and functions in many organisms.

Keywords: oxygen stress response, gene expression, OxyR regulon, SoxRS regulon, superoxide-
inducible genes

HLTHERLIS 2 xVE—%2185 L A2 LD
Hipk O KUcBREBSHEH L coldzB8 L% 30 & BETHESET A LI -, UL, BER,
RO E1ASD EHERIEhTWS, TORKH A¥icloks nfisRt L t&—AT, %

DL ERAEYOEFE L - b DIk L TV
52 ERBTEGEDSK W, HEYNI T OBBEEF]

O HABBA SR 2

OHIfaEEW 2 1IN X b TR ™A b
HMLTEL BZEOHL, ThBOEYOEVEE
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sfiohc, EPREIcky bBRED [HeH]
DI 2RO T T &R EE G LIS
nEB S -1, ZhEEERRICOET 26K
I X B Y 2 7 L DG TH - 7.

Z—r—AE VK5I, BELKEPE F
oFvLS Y AN EDEERRE, S IREHR
DBt BB TH L ARIBHO GV FRET
HU, HKANT IR E ORI TR A O
R LTWA, oF b, IEHEREER, RS
SRS o BB CHIcE > THEN BT EDTE
HOEIFEME L THEL TS (Fridovich, 1978;
Ames, 1983). T 5 DOTEMEEFREIXIZE A L DH
Mapksy &KL, &< I DNA, 2 vo37, I§EO
A X 3. Ho, HRNEE T TR,
MR AW TENREFEOF + L v YV EZTI TS
Eicss, Ll, Mk, R—/—AFYF
F4 ALY —+¥ (SOD) A ¥ 5—+, RutF
vy —EREOENEEAHET 2 =— 7 5k
FAMATHBY, X512 DNA KA LLIEBEE
He B itk ->T, EHRHEL ST fakit
A E/RICHIZ WS DD Y R T LARFESE
TW % (Fridovich, 1989; Farr and Kogoma, 1991).
WHTIE, HREN T OGO & THE DM
WKRELDTILH Y NS v 2SR EN T
W5, 2L, MilRADWASWAIEHICE -
THIRIAN OTEMERR AR SR L, IHEROMHE
e hEMA 2L HUHEBICLL L, MOV F Y
7 2085 v ZIILHIREBICKE L. 918
bbb, BILHIR L2 K2 b, BRI
2 b L 2EFREITRERTELTE, EHREZ
Db o, ENEEEFLA, SH LAY, &6
I8, MRS SIics O VERYIE R ENH
Fohsd, BEHIZ b LRI, BREROAERP
HeAHBEVEELOFRFKRD 1 2L LTER
5N TW5 (Ames, 1983; Ames et al., 1993).

B OWZED &, Mk 2 OEHRRRERE O
BARZBHIL, FFEORBEE FEORBIZMGS 5
WIHEES H B ¥ 2T bbb > TW5B T L5
MmoTE. BIZEAKBETIE, A FreEdoly
v (MV) BEDR—/ =%+ FHEFERZSZ
% &, Mn-SOD *> DNA BfEiff#ThH 5T v I X
7L 7 —€IVEEDFHEEKMNE C % (Chan
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and Weiss, 1987; Demple, 1991; Farr and Kogoma,
1991; Loewen, 1992; K3}, 1992; XSt » ik, 1993).
T 1o, BE{LKETIE, #5F—€/E FaxuAt
v 45—+« (HPI) 3 ER 30D 5 /37 Hk
HMAKEINBELHICBE, ThoDs v 7O
ER—HObDERVTREIZIILALHFEN
TWIEWAS, TEMEERFE R4 2 Bt B 1 1%
S bDEEZONTWS., 1, KREED
DNA BEMESFEINL L2 RTHELD
% (Demple and Halbrook, 1983; Farr et al., 1985).
COfER, MaiEHEREZZO DI LIZYT
154, HEHEPIRALE Lo LT bikhitt %
#1594 % (Demple, 1991; Farr and Kogoma,
1991). T DA HIZHIlE O IRE % 16 P F i 10
I, B b L RGBT E LFFATO S,
KNBEFEZ I UHEZ L OMATIE, E—b¥avy
g, a—=IK¥ayr, FA—o, FmiGtEAl,
B, BB LR EL OBREER b L RIS
W BBLIEEEIT) LB EIENRH-T
WBH, ENo50HTS, BIEHIR b L RITHT
BEIGINE TR & > TIR b EERKIETH
3. BRILHIR b L RIBZEICBEL TR, 1970 4E4K,
SOD ®# ¥ 7 — ¥hZ 1L Z 1 redox-active 73 FE |
(R—r¥—F F v FHEERD, BRRILKETHEES
a5 EMFREIN, FEHE AL AR D
fThnt. LnL, ThoDBER b L RILE
OHRE A BIE T O LNV TR 2 XA 0505 % -
DRSOV IOEFERIOIETH B, DX
TR, IS hie, ECABREIC
B I BIEHEBREZBEINNE & T OFEI O E
a3 5.

2. KBHEICEIIBEHR L RIEE
KIBERH IV E R SEIIEHEEREEA b LRI
IBE L —# O ED BRI FHORBZHET 5.
hE e &b 13 FE O multigene /A8
ZhFNELZ R P LRARKIEELTHEEENSC
MBS M E N TV B (Neihardt, 1987). Zh 5
R7 075 LshGBEEFREOFEED 50 I3
Hlaxaa, ZHEEMAEEEZFESES, LVDY
5[ Zo—npLzafyzr] Thab, BEHZH
LRIRREICIE B &, KIBEPH VER TR 1 &

Table 1. Genes and proteins induced in response to
oxidative stress in E. coli

Protein Gene Regulon

Defense enzymes

Alkyl hydroperoxide ahpF OxyR
reductase ahpC OxyR
Catalase HPI katG OxyR
Glutathione reductase gor OxyR
Superoxide dismutase (Mn) sodA SoxRS
DNA repair enzymes
Endonuclease IV nfo SoxRS
Metabolic enzymes -
Glucose-6-phosphate zwf SoxRS
dehydrogenase
NADH dehydrogenase ndh? SoxRS?
Glutaredoxin reductase grx OxyR
Ferredoxin oxidoreductase for SoxRS
Pyruvate fiavodoxin s0i-28 SoxRS
oxidoreductase
Chaperons
DnaK dnaK HS
GroEL groEL HS
GroES groES HS
Unknowns
Soi-17/19 s0i-17/19  SoxRS
Soi-7 so0i-7 SoxRS
Soi-9 s0i-9 SoxRS
S0i-10/12 s0i-10/12  SoxRS

5203 2O stimulon ZFEIHTZHIKIE
BdoLO1B, HaORILKIR b L REHT
THEEINDZ OO 5 vy RianT
W5 (Demple, 1991; Farr and Kogoma, 1991;
Greenberg et al., 1990; Morgan et al., 1986; Storz et
al.,, 1990). zh 50> b, AR BizTdH
H5VEEZDEL LM T TIRAIESN TS WL
OMDHD% Table 1 I XA b LI, R—s¥—%
FYNREHDO Y v X BEDRBEAEB VA
FYFTHEINLGbDLEENL-TED, ThH
ZNDZ b L RBZNICHERNE—ED Y Vo5
EHET 5.

BEEILKER -7 F R4+ v FILEDHE
MRV D HER P IR DR IIGE L THY 30 7
HD s vy 3EEE SN 5 (Gereenberg et al., 1990;
Morgan et al., 1986). FEBEDA v 7 2 — 4 —Hif]
MRELFEESNATVRL, ZDIRED stimulon
1213 oxyR IC & » TIEICHAEIZZ1) 5, KBET
WIs LG STEME, YAVEXSHTIEED S v

NIPEENTVWS (Demple, 1991; Farr and
Kogoma, 1991). #/LE X JETIE, 30D ¥
Y7 DSH R2FEE Wy v 7) ERRILK
FEEGHRD 30min LINIC 2 OFESHRKICIE S
DT LT, 55 18 k2% D 30 min O & F
HOFET 5. WIS Vo205 b 9 FEREHIZY v
E X 7HD oxyRI ZFKR (Oxy?) TIIHEKATICHE
BHLTHD, oxyR KiEHKTIIBARILKFEERS
LTHITRTCHFEEIN L L -1, BB 2 FEHO
5 3y DIREBLL oxyR RIBERDEEAZ T 12
W, L7cdi- T, 30FEED 5 B 9 FEMEDS oxyR I
Lo THEIESNTVE Z EDNh -1z, KBED
SFEfiDoxyR L¥ 2o rdHH, HPI, 7+ L
EFexuA+ v NEc##E (AHP) D 2504
Taz=y b, FSNIFAVBTBENSINETIC
FIESHNTWA. HPI, AHP [3:88LKFE G
BRI A RIS B T &I & - THIKIC IR %
5.2 % (Demple, 1991; Farr and Kogoma, 1991).
¥ O KFEFAEBIE T 1 oxyR ITIZIKIEL
TV, RILIKIE-T, E2OLF¥FaovrELT
OxoR V¥ 2 0 YRS TV 5 (Gidrol et al.,
1993).

—H, A== F v FOREMSEKRT 3L,
KEEPHVEXTHETR VA F ¥ FIEEE IR
R BETARBS L5105, Bz,
MVIZE > T30EEL Eb DY vy HFES
MEN 3 EDBRITEBXRKETHS Mgl -
fo. R—sN—FF v FICKT 2 ABEOIEE I,
VIMOMETREbD THEILbDEEZ SN
tz. MV THIUEST 3L Z2D%DF v L v Y DE
REDO MV o UTiEhithicia 2 < LR RE
nrhs, ZoEKNIZ Mn-SOD DOFECHIATX
% & &tz (Demple, 1991). LA L, BT, 7
I — 2-6-) v ERMBKFEREFR (G6PD) D FE P
DNA EHEZDFESFS M, R—/N—F
FYFIRERb-ET o= THD, KbEM
BEETEC2bD0THEIEMHL,LIIESH
7o, 2RCBRIKBORERIZ IO L& S 5 I
Wt Lot A—N—%F v FTHES
% stimulon D13 & A &3 peroxide stimulon (T
B+ 357 LtR3BEBIZLDTH -
(Walkup and Kogoma, 1989). 2D 9 5075 & b
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9 &4 |2 soxR, soxS D 2 > O FAEIRIETF DEYIC
XoTiEiclfahs. ChETicsoxRS L¥a
ovELTEEESNTVS b DI, MnSOD
(sod4), G6PD (zwf), OmpF DFBZHIT 57
v F 4 v Z RNA (micF), 775 —% C (fumC),
IR E 22 v+ B A YA A
IV (nfo) %5 &T&»% (Chan and Weiss, 1987
Hassan, 1988; Rowly and Wolf, 1991; Liochev and
Fridovich, 1992a). SoxR® ¥ T (3 HLBRILY D 7
LA =4 ¥ VI insensitive IZ7X 543, T mic
F RNA OFBIcL->TT LA <74 v ViBBED
OmpF DAELBIHEhTLESLHTHS. C
DOficBEEIR E RIS LTV S DO soi
(superoxide inducible) ;&f=F 745 soxRS V¥ 2 8 ¥
DA YN=TH5IENNMP»>TWVS (Kogoma,
et al., 1988; Mito et al., 1993; Zhang et al., 1994,
Zhang and Yonei, 1994).

3. REEFRBOHIEHERE

po—=vsEht: oxyR BIEF13 915 ED 2
7 LA F FEeH|D ORF #ZATHBY, 305 Ii5[%)
T BhOBBEY Y EI-FLTVWAIL
HSEH S IS TE - 72 (Tao et al., 1989). TDRX 7 v
*F FEHH» 5> FHEEh 57 3/ BRECHICI3 Lys
7 7 3 ) — EFEE N B BIZFOEOHEER T & +
2o v-—DEWEF|H LU DNA &S v/¥7 I
#FBLTEONBAN) 9y I R=F =V =) 7
ZHEENEELTWS, LysR 77 1) —&i3,
KIEEE D LysR, IlvY, CysB, MetR, Rhizobium
meliloti ® NodD Icf{Z& X1 % single-component
regulator T& % (Ronson et al., 1987). oxyR BIzT
BB LK FEIC & B katG BIZF (HPI 23— F)
OREAFICHTT 555, oxyR BIZTHHDHR
B3I A ERA S - 7o (Tao et al., 1989).

X5ic, OxyR7 v X7 2FEBIL T £OV
¥.0vTH3 katG BIZFP oxyR BIETD
DNA ~D#EAH %2 ~1-L A, Fig. 1 D&
2, FhoD#EFO7oe—5 —fEELUX
OF ¢ EROEBICERNICHEATHII LY
DNasel 7 v b 7Y v 7 4 v 7 OFERD O S H
1278 - 7= (Tao et al., 1991). T D 2 D DBIEF D
OxyR #E&ffEIC MEEKOE VR 7 LA F FEC
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Fig. 1. DNase I footprinting experiments of the reg-
ulatory regions of oxyR (A) and katG (B)
genes. 5'-End labeled probe DNA’s were in-
cubated in the presence (lane +) or absence
(lane —) of purified OxyR protein and treated
with DNase I. The samples were analyzed by
electrophoresis on 8% polyacrylamide gel. M,
size marker.

FIMELET . &5, RREATOEKREREZH
WT, OxyR MEBEIC katG #inT DB % {2
T 2HELHD»D SNt (Tao et al., 1991). Ames
5> bEEDER %218 TH Y (Christman et al,
1989; Storz et al., 1990; Tartaglia et al., 1989),
OxyR % v/t & BB FREOFEIZ Fig. 2
DEFLDL D TR 5 L1218 L 72 (Storz
et al., 1990). OxyR 2 (38 Th & BILRIAHEEL,
BRI OxyR WEICZEDOL ¥ 20 VBIEFO 7O
£— & —HEBRICEEAS LTV, HlaN OBk
# (BBVIREDA vFa—H—) EORIEI
& - TETE OxyR IBALBRUCEHL, & v /¥7
OB 5. hicfk-T, OxyR O
DNA ~O#EAHRANBEDY, ZTOHER, 7o
£— 4% — 1A L RNA #1) x 5 —€ LA
H% LT RNA £ # 5 —¥ick piEx et
#BLEICHBEVSIODTHS. Lrl, Bt
R, ETHIOEBOME RIS TVEV, B
[tRclERES N I TREERRELETVD

ReducedOxyR
35 0
'\
|
Peroxide stress |
|
|
|
Transcription
35 10 e
Oxidized OxyR

Fig. 2. Model for the regulation of peroxide-induced
gene expression by the OxyR protein.

&, oxyR BIZzFHHFIHLTRLV Ly H—¢&

LTEHT 3 EhSHLNTSH S (Tao et al,
1991). CDHEATIE, OxyR (F RNA £ 1) x5 —
¥D7oE— s OESEMHIELTV S,

BT B £ UL OxyR @ DNA ~D#5EEHE
AMRELB L, WETD DNase 7 v + 7Y
VFAVITDNRY = IShEDLEBET R L
M OIE & 7z (Storz et al., 1990). Ames 51T &
niE, OxyR ZD b DHEMLKFEDE v 4 —I
b1 ->TW5A, OxyR ITI3 65Dy 274 VERE
ZEGATVWAEY, 19FBHDY 2574 v %2€) v
WCELSH 35 LR R - 1, @R LK T
% sensing DFFAHISHERE I > TV LA, &
DY AT vHOxyR OMFEICEETH 5 L E X
SNTW53, %7z, redox-active L& BOM5. 1345
Mo TV, BEE(L/KED R b L 2 IF—@HD
bDOTHBH, BILE OxyR BED K S LT
TOBRTHICR 2B RHASHATIEHEEL, F
7z, oxyR V¥ aové L TRBETRDRE
b8EOHELFMEETNELEIINTWVSY,
katG, ahpCF, dnaK (Loewen, 1992; Morgan et al.,
1986; Storz et al., 1989) LIA R HEIES N TE
STZOLEMPBPSN B I E->TVRL, K
A, 7y LV FFy vBBEEN OxyR L¥ 2o
VLRI A EMHEShTVLS (F 1993).
OxyR [ Mu 7 7 — VD mom BIZFOHFEHES

#illf5 L T\ 3% (Bolker and Kahmann, 1989). OxyR
(MomR) (3 mom H§ERIZTFD S fHEK B3>0
GATC %1 b BSELET 3) KA L TIEE AL
T5, 12i2L, TDGATCid A Fufbah TV
WA TH B, 2D, OxyR | mom 7o E—
=D xFME, FEAFMEEXBITEEMBT
%%. L L, Dam {KEHD mom @iEF DRE
DRRALFIZA b L RICBIEL TV B D EI i3 E
KRh->TOWIEW, KIBE®D dam %R I2ERK
fbkFIcEEZER DT, 2 FMLICkET S
OxyR L¥ 20 Vbbb lELTEIVESS,

TEHRRRIC X 2 BIZFRBEIRZ OFE®BED S
TR L TREAICEE T 5 2 & 39 Tloli~
teEH0ThAH HlAE, KBED katG #izT
BR=N—FF Y FTREEMBE ST VL,
sodA (Mn-SOD &Iz T) ®nfo (T FR7 L7 —
¥ IV #IZF) BR—/N—A4F ¥ FTHEYINS
DWBBILKZETRZEDOHMBELAT W CRIES,
1989). L7h-T, DU LEbKBETIIZA—
N FH 4K, BRIKFEZOZTHICKERNT
vy —Eb->TED, —HDEEDTERMFE
ERIGT L, Zovr/FrizehZhicHpEL
RS ES D, BROBETFEHORES
FHINBZDICESVEL, HE —~N—FF
Y Rtk % sodd BIzFOFEIZ oxyR HIzTFD
PREEIC I3 & » 1o K IKFEME R /R & 73 4» - o (Farr
and Kogoma, 1991). Th S5 DHFE(F, RA—/~—%
F v FOSHIIEN THE S NIBE, A2 RA
L, 22VWTHEFORBEREI S ¥ B X1,
oxyR ¥ 2 7 & & 3B DM s TR B O FETH A
BETAHILEBIRELTVS,

1990 £, Weiss 3 XU Demple DIFFEEMN S
BIRZIC R —=—FF ¥ Fick BBz FREZEIC
HETT 2 KIBE O L Wz, soxR HREE
N7z (Greenberg et al., 1990; Tsaneva and Weiss,
1990). & D#fET 13, sod4, nfo 15 & OBIEF Dz
B4 FIC#48i94 5 trans-acting positive factor TbH
5, Ju—=v7ENisoxR BIzFOX7 L&
F FEHIH» S, ZodicizBEoHRMBRID 2 >
DiBf=F, soxR & soxS BEFTNTWVWS T & H5HH
5 /I8 - 72 (Wu and Weiss, 1991). Weiss 5 (3,
RIZEMNR—N—FF+ ¥ FOE 4 —T, REHE
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B oL ¥ 20y ORBAHAEETAREERIT S
DEEZEZTVS, soxS BIEFHE SR —/¥—A4F
Y FEEMTH Y, ZORBIL SoxR T & - THl
fHahTWVA (Wuand Weiss, 1992). L7 - T,
Z2—N—FF Y Fick2BIZTFRERZ D -
;= A F v Fick B SoxR OiEMAL, 2) EHEALE
ni- SoxR ok % soxS BEFOFRBFERD 2 B
BRI B EELONTVS, JAFIAE=TT
2 3 T SoxS 2 @REEESELE, TNHEYT
YRFOLF 2oy, rEidmwf BIzFoRS
PEEENE. Db, SoxR OFEMALICE-T
SoxS ¥ v /37 OBBEFEAHEE T B 45, Weiss IZ X
nig, hssy 7 F VORI > Twa L
WS, 7272L, soxRS V¥ a0 VIZBT A #IET
HERTHR— =4+ Y FZOSDOTHBESN
3bFTIREL, fumC BIETFD LI NADPH
OHBEYIFVETE LD bEE NS (Lio-
chev et al., 1992a). SoxR ¥ v /37 [353F&H 17
kDa TR % XA § % MerR & 23% D7 3
B Lot e Y —2H 5B, N TFHICFeZ
b-THD, TORILBTMIDS vy OEHE
{LicPB#i LT\ (Weiss and Wu, 1994; Hidalgo
and Demple, 1994). ¥5%4 L 7z SoxR (3 280, 320,
420, 460, 550 nm (T € — 7 ZROBIN R <7 bV
%3S, 420 & 460nm | FeS 7 5 X ¥ —DF;
MARYd, 550nm ¥ RFLLUAOT I/ EBRE
Fe & DM HE/ER%TRMH L TW5 (Weiss and Wu,
1994; Hidalgo and Demple, 1994). —7j, SoxS (¥
AraC 77 ) —IKBT B0 FR13kDaD ¥ ¥
»¥4 T, SoxR, SoxS & i DNAFES K A4 v %&
F>T\3 (Wu and Weiss, 1992). C OEIKTH
RU{J75 two-component regulatory system & (3 >
w5, & LA, SoxR, SoxS & b IT regulatory T
#%. OxyR Tb SoxR Th, Zh 5HEBIH]
ZRAIL TS 00, BELKEPR—/ -4+
YFZDOLDOEOD, RELBPAINATHE DT
T, EHE S RN O redox D/XT Y AD
Hho k> HkEEIN OO V4 = FHEL
LAEDTRBLAEELTVS, BHKEVDR,
SoxR O 3’ KU < DRED B\ IR AZL IR
SoxR® IC1E > TWB I ETHB. SoxR DIEHEAL
TR D3 KO BSHETS 5 D0 bHIN
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B, ThpELLEThE, LR b LY
BVIREET L, SoxR OYMras N B ~NE 3 Kb
BELTWAZ EIck» T, BB PAICE
R EAMEILTVWAEBEZONS. BER
5, SoxR 42D Y AT 4 v i CARIME I
HELTHBD, TTIWKFeEALTED, D
redox JREET SoxR OFEMAEHNE EEIN TV
H5THS (Weiss and Wu, 1994; Hidalgo and
Demple, 1994).

KB D soxRS L¥aov LT, BEZXT
12, sodA, nfo, zwf, micF 15 £\ & D OBIZTH
[IE & LTV 3 (Demple, 1991; Farr and Kogoma,
1991). micF 3 KBE O EFEBHARK S v X7
OmpF OXHZMHTS7vFEZX RNA T
(Mizuno et al., 1984), TR —¥=FF Y FT
FUAKE N 5L OmpF BABETF L, ZOFR
OmpF A @BEETHTLARA Y VPT VEY
Y V15 & OFAEPE I L TRBE I EE IS
% T &4 o 12 (Chou et al., 1993; K e 0k,
1993).

BODsoxR L¥20VbBHTRA—/X—%F
v FEREMOBETRE PO A TRV, FE
51k, KBEOR—/v—xF v FHREHRIZT %
NS BERBEIT->TVB, KBED lac KKK
i~ Mud (Ap, lac) 7 7 — ¥ (Casadavan and Cohen,
1979) QX &, Bohte7 vEv Y Vi
Dao=—% 28D X-Gal 7L — b+ (1 BUTI3K
BOMV 2FM cv 7Y AL, MVEZSTT
L— b kT TV-—%ETSa0=—%%
R, ZOWEESSICHEMICHNIRER MV
FUMORABETFERONAD/0— v 23
$ii87- (Mito et al., 1993). Th o OMAERZT I3
wWEFhb MV 23T, i R—¥—FF ¥ F
BEER] (A F VA VR TIVNFE Y, 1 LERHK
DOEAEHWE) CEEBEO FTRIAFENRS
hi- (Fig. 3). —/4, BERILKEPL7 » v~z
FYFRINODOBIETORBZFSEISE
Dot FIT, IOUODORMARIKTZE s
(superoxide inducible) & &1 7z, soi BILF D
13 oxyR P recAd BIZTITBIKFELIE VD, soxS
RIBHTIE MV ICX AREFHIE - S
515/ - 12 (Fig. 4). $18b 5, soi BInFi3Ve

B — Galactosidase activity (units’ODg00)

o 3 ©
Methyl viologen (1 g/ml)
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g

B —Galactosidase activity (units/ODgop)

) 30 P
Methyl viologen ( g/mi)

NbsoxRS V¥ 2o VIZET AT &Mt
I S ORARIZFOKGEEEFHIN EToff
& (s0i-7, s0i-9, s0i-10 3% 1L Z N 13, 34, 30 43)
M5, soxRS V¥ 2o vi LTl TIZEE
INEBDERER-THBY, FTLLVELETFTH
BIEMNHEHLHICHE 5. &5, TNSDREG
BIET2FFD soi ZRKIE MV D 2 —¥—F
* v FHPERICERZHAR L. (Mito et al.,
1993; Takemoto et al., 1994; Zhang et al., 1994). T
DEMKT S LETARFKREL, T OBEIETFEY
DEHRRR T 2R TEE S REE R/ C
LERELTVWS, INo0BIETOVL 2hic
DVWTRTTIRZe—=v7IClkIIL, BEZD
R A2IT-CTWAEIATH S, s0i-10 BT IF

B —Galactosidase activity (units/ODgo0)

Methyl viologen ( z g/ml)

Fig. 3. Induction of the soi’-’lacZ fusions of E. coli by methyl viologen: Exponentially growing cells of E. coli
containing the soi’-'lacZ fusions were treated with methyl viologen at 30°C for 1hr under aerobic (open
symbols) or anaerobic (closed symbols) conditions, followed by the assay for S-galactosidase activity. (a) [,
50i-7; O, 50i-10; A\, 50i-9; V/, soi-11. (b) [J, s0i-5; O, s0i-8; A, s0i-12; </, soi-13.
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B — Galactosidasc activity (units’ODgp0)

Methyl viologen ( « g/ml)

Fig. 4. The soxS gene-dependent induction of soi’-’lacZ fusions upon treatment with methyl viologen in E. coli.
Symbols were the same as those in the legends for Fig. 3.

897 X/ LA F F ok S5 ORF 2~ T
BO, ¥ 32kDa Dy v s kT —FLTWSET
& 3453 - 12 (Zhang and Yonei, 1994). C O3z
FEXILAFFN, 7/ BEYTHrERY —%
FOoBETFH20VIRY v 7 BRSO SN -
1o, TNSD soi BIZFIT o>V TIRIZ WL o h
DB D 5 MHEHHH SIS - TV B B D#RGER
(5 < KH, 1994) 2SR TV IZE L,
BERGHRR, FAGHRIE VWA VWA DEREER b L X
BT 5L, FEDBETOREEEED SV
BRAEUSESE, IhoDRMLRINETHES O
BEETFIRIBEAEDOHEEZFEDR MLy H—ITH
BTHBH, hiciZVL2hDR b LRIz
LTHEHESh I BETFOE TN S (Farr and
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Kogoma, 1991). TD27 oz b+ —27 O¥#RH %
DERSN TV, Lhl, BMEBEHZ L
Z K BIEICRL TP EBRD2OD
BEHKEZONE, 101}, TO22DRMLR
2 & - THBOBEFHIEELE < 2, 0@
KD A F 4 =5 — %N L TRIEFORHZH
HIBEVWIHISDTHA., 1LAWE, #Brvavs
PR P LZ2BKBEICEZ 505 &,
AppppN D L H 1R 7 LA F N HHlaIcER L
T< % (Johnson and Farr, 1991; Lee et al., 1983).
WSO VAF NIRRT 7—FVEMTN, 2
DDRMLRALEICHBLILA T+ -9 —TR
WhEEZ SNt (Bochner et al., 1984). LA
L, BfE, ToBZRSENTHS (Farr and
Kogome, 1991). 75755, AppppN % H/K43i#
THMREBREEEL TOHHPRILAIR b LRI
L BINEZIEH I C - 72 (Plateau et al., 1987).
F1, JOSRBERODBILT apaH ERIESET
HERAAN D AppppN L ~ILASHITH) 100 I HEA
LIREBIC L TH, BPBLR b L 2 THBS
By vy 3ERLIEL-P5THS (Far
et al., 1989). B> 3 » 71Tk B sodd DFRBL
ompF FEEINHIDS soxS IC3EEL BV L EA4D
35L&, o OBIEFORBRENIC 3 EER
OEENEZ NS (R« K, 1994). FE,
sodA BixF ORBUATIC 3D &b 6 EEHOD
RT¥pBEELTVwWE LML >TVES
(Compan and Touati, 1993; Greenberg et al., 1991;
Hassan, 1988; Moody and Hassan, 1984; Hassan,
1994).

BORRVERRIRIC & B sodd BT DFRBE (Pri-
valle and Fridovich, 1987; Zhang and Yonei, 1991)
i3, ThoDHEFDHH soxQ (Greenberg et al.,
1991) KT B3 L EZ S50 5 (R « K, 1994).
soxQ (3 SoxR® &[A] U & 5 WHEERTRARER
TH5M, Rk EOMEIR 34 min T soxRS &
3R ->TWA (Demple, 1991). soxQl ¥ TI3
Mn-SOD, G6PD 75 & ®D SoxRS L ¥ 2 o v LIS
bToDF V37 OERASHERINICIE > TV 3,
COERKEAF VA Y, tTFURNTFYF
75 SIS T, & 51T multiple antibiotic resis-
tance DB ZRT. soxQ DXE Ficdh 5 —ED
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Table 2. Induction of fhe s0i-7, soi-9, soi-10 and sodA
fusion genes by diamide and 1,10-phenanthroline
under anaerobic conditions®

Fold increase in B-galactosidase activity

Gene fusion -
Diamide 1, 10-Phenanthroline

sodA ::lacZ 4.5 3.8
so0i-7 ::lacZ 2.0 1.0
50i-9 ::lacZ 2.8 1.0
50i-10 ::lacZ 25 1.0

* The cells of E. coli were grown anaerobically until
the concentrations reached about 2 X 10® cells/m! and
then treated with diamide at 0.5mM or 1, 10-
phenanthroline at 0.1 mM at 37°C for 120 min under
anaerobic conditions.

EnFDFI A FHE T 5 natural inducer 23] TdH
BTV, X561, K, micF ®
wf BIZFOToE— 5 —FEBRICESTAHLL
g vy hEESN, FFL LTt (Didrol
and Farr, 1993). TD % ¥ /%7 ® DNA ~OFES
13, soxR % soxS & 5T soxQ 1T bIKFEMEN
{, TNETREZIONTWVWIA A= LD D
D MK N S OBz FOREENICES L
TWBIZ EMWRENTVA, MaANO SH & KIG
HDH2Y7 I FIREIBRTMIEZMETS sodd ©
soi BT OFRBFAFEEE 5 (Table2). £/, 1B
FRILKSFE & S IR THIBICIRIN L 72354, sodA &
EFREDR— =2 F v FERHEBRZTFORBE
DEET B0, THIRBRILKFEZTDODHY I+
N o1& 0D KD T L AMIKEND redox 1K
BBICELE SO LIEREEZ 2B IDBERYT
b5, EEHOIZ, HIFEIAOD redox IREED /X5 v X
OHFFICBIS L TWAF AL FFY Yy, FALF
F v VBITTEERTL E D—# D [doxin ] H3EE{LI X
P RIGBEICEREGREER.TEEHSMIT
L22db5.

4. BbHYIC

AEFE I3 SOD iEHEETERICRA L - E Rk
DBREEEN TV S, COEREKTIRMRANTD
R == F v FEERIEICHERICHNTHT
12 b L TWA & WS (Liochev and Fridovich,
1992b). L7z45-T, T SDERKTIINICE
b2 b L RRBEBICH B EEZ Hh, FE, BR

RAEFFEDPE LR T B 00 -TH
% (Farr et al., 1990). Z 1 T b IFKMIRMET ¢4
HTE5D13 SOD 1cfb BfthofERp <y
Ty 7LTOWBEDA, 3\ DNA 5 & DO/t
HIHEBMEIEE T 2B X DD THRE  fE87
A05THAHI. LFNITH X, genetic stability
EHMERFT B L ARBEICH L TRERICREL
FEDTRIEWA, i, EfcERLREEL L1
SITEHRETHNE, ML SOD 72 & 4 BE
BEALTZOBREEMRD 2 ELS FiFnuunid
$TH2. Lrl, MENTOELELEELS
5—EDHHNTHERShTW3., &L A SOD
BEOMEZBBICELETEER— 1 —FF v K
T BRREZM IS ELS BT LES T Eh
5. —ETWLZIZ, metabolic imbalance DLHEHS
Hhabi3Thah, cosid, flzid, BF
D SOD & D AR &S 1 288 OBBILKEDSE
YLD, Z—r— 2+ ¥ FEEORE DI
& - THIAIC & > THEL SoxRS L ¥ a2 o v
RETERBL BB BObL ALY,
7o, RIS HEE P IE B s I R RAFIA L T
VAHICERVWEWEEZ ZHEE L\ (Nose et
al., 1992). ¢ Tizib~7zh8, EES 1L, BLH=
ML RIBBEOFEBEIL, BF O EBEEN
HE LD & redox IREEDZEH) 2 &A1 L TIEB %14
BEDTIEFBTOMEEITVWS, 5T, M
BT redox DEBN A —IRTTHNCHIS 7213 T <,

COEFDIEEBBAILTVEEAS EEZ T
5. SHIKEAWE, MR ZOBETED#ET
ZEDIEET, LrbEoBERESEATLL
PEBREFNCEML T, VELBETFERBE Y
TVWaLHItRZ 3.

E il 23

REZRFY R & MR B2 08 v v #
VOLEVI == IRy Y RYY AEDEE
h, ZITORMBECONX 2T LDEHLEE
ATOREVKEA R GEEEKR) &5)1E
B (BEEHE) o< EE V- L7
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SoxRS: E. coli redox stress reponse Role of the response and regulation

i % E B
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Summary

All aerobic organisms confront toxic effects of reactive oxygen species, which can initiate lipid
peroxidation, can oxidize proteins, and can damage DNA. To defend themselves from such oxidative
stress, cells evolved multistage defense systems that scavenge reactive oxygens, decompose lipid
peroxide, repair oxidative DNA damages, etc.

E. coli SoxRS response induced by redox stress is controlled by two-stage system in which SoxR acts
as a sensing transcriptional activator for the soxS gene, whose product then stimulates transcription of
the regulon genes required for these defense systems. The SoxRS has been found to be induced in
response to nitric oxide besides oxidative stress, and to contribute to the protection against cytotoxicity
of macrophages. To understand the mechanism for its regulation (e.g. how does SoxR protein recognize
the oxidative stress ?), molecular biological approaches have been employed. Here, the roles of the

SoxRS response and mechanism for the regulation are discussed.

Keywords: global response, superoxide, nitric oxide, two-component regulation, macrophage-phagocy-

tosis

1. FL&IC

Superoxide anion radical (O,”), @MLK F#E
(H,0,), hydroxyl radical (OH") 73 & D iEMEERF#
RIEEICRIGHESE L, IEH, ZHH, DNA®Z
DORIEKVIE S EDEFEYHELE BB IRIGLTZh
SEIBHT B2, BAEGUHEA OFERPEAL
DEKIcE B EEZEZONTV S, EHEE I, i
S 08 D IFEIREE T DRF D 4 BFEILO
B TR LA S LTA U 5130, BEEMSH
RIS L FRBAYEL EORBIC L > THHE
MEhd, Lich-THRELFIHT M, ¥
CEOHEMICBE MBI &I B, LTANMIH
S04, ELoBRETRELZAFIHT ST
LEEbiT, ZOHEMDOHET S0 OB

* BlRIE  SULKFEA Y E O TR R

OHABRIRERIF 2

e L, MANTOEEREOAEN EHED
NS Y AETHIR > TS, FIZIEKIBE I,
R Z ST TV ABERD 34, EVEEIL
A2+ VARETTOAFERS N IHHFRE D,
LrdbzhsDpitl#{sFIid, regulon & LT
0xyR ¥ s0xRS L WH /DI &b 22D AL VR
1y FIcKFIS O, EEBRRFEED SBILE
BRBALDEE P EER LAERY ORHM, & L THK
YIE DY AB OGN E S, F XiT “global re-
sponse” & L THH->ABNICHFEMSHETI S N
TW5,

AT, Hric redox-cycling agent (RCA; O,
WER) THEBEINBLFy 2 ZR b LRGE
SoxRS D&% £ D EIHEEIC >V THNT 5.
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2. KBHEICHITZEELR bLRAGE

TP THEiE 4 %5 KB % sublethal dose
@D RCA THLEES 5 &, %80 D EHAKFHL
Sh, BRELTENSOBMILR b L RITHLT
EHHA SRS 5. 205 50#¥EHKIE H0, T
FHINIEALFEHELTBY, N TORY
fbick v 0, B SAEL % HyO, I &  [EHENICHE
HINB3bDEAMNENTWS (Greenberg and
Demple, 1989). KBEICI3 T Tig, OxyR &
SoxRS DD 2D R b L R IBZEDILRE
HER TR SN TV 5. OxyR, SoxRS & &%
NEN H0, RCA THEHINWZ2EAD D LD
THEL - F 3Bz TORBEERAG LTV 3
(Table 1).
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OxyR i3, £ DFBYHE TH % H,0, D L%
3 catalase (hydroperoxidasel) % (3 U %, alkylhy-
droperoxide reductase, glutathione reductase % %
nWZNha— N4 3% katG, ahpCF, gor iz T Dl
H activator T& % (Morgan et al., 1986) & & &
IZ, oxyR HH B4 HAKIHE T 5 (Tao et al.,
1989). & 7z oxyS LIFFIE M 2 BIER & 1175 RNA
M OxyR L D FHEE N, Bk 1B IE T ORI
Bb 2 EMBTICE > THO MK > TETL
% (Table 1) (FL{3).

—7%, SoxRSIGEIC K W FHE N B EAII,
0, DiH %8 FE D Mn-superoxide dismutase
(MnSOD), #Hfdy® NAD(P)H/NAD(P)* d /¥
7 v A DFHEIICBA4 % glucose-6-phosphate dehy-

INTW3, F7: ferredoxin oxidoreductase |2
WTid, & DOREFKIGMEDS SoxRS 1Tk L THE
INBTLBHERSNTVEY, #hia—Fd
SBIZf for BRI/ 0 —=v a3 hizEh0 T
(Bianchi et al., 1993), & O #{Z FHB1ic SoxRS
MRS 20 LS hiRIERShTORE W,
F72SoxRS WD b 2O EADFHYESE
MEl+ 5 EbHMONTWS (Greenberg et al.,
1990; Tsaneva and Weiss, 1990). A&+ — 1) v &
1 OmpF (3, antisense RNA T & % micF 18
SoxRS IGZ Ik WFEE B0, HRL~LT
BEDMNEI S L5 (Chou er al., 1993) (Fig. 1).
C @ OmpF HHROED 3, M ~OYE DY
DIABEMGIT ST 55, RCAZEUERIY
HOW 0 AN & 0 #KEBRIER b L 2h 5
BiiLTwWabDEELZONS, FhYES—4

Il
| |
fll |
1l
| ‘ Table 1. The Escherichia coli regulons in responce to oxidative stress. o, Qred NAD(P)*
| Regulon Gene  Map(min) Gene product X X >66P0(mf)
1 0," Qox NAD(P)H
| oxyR oxyR 89 OxyR regulon activator |
| Mn-SOD E
} ahpCF 13 Alkylhydroperoxide reductase T H,0 (sodA) umaraseC (fumC)
| 2
| gor 77 Glutathione reductase T ;
Ferredoxin
katG 89 Catalase HPI T oM’ oxidorsductass ( ipr?)
oxyS 89 Untranslated mRNA that controls production of FhiA, ‘
RndD, UhpT, Dps, etc. Oxidative DNA damage sl Soi protsins
i FhIA; Formate hydrogen-lyase 1 £ I
| . RndD; metal resistant/cell division type transport | ; ’;g%)v rimi ?
i UhpT; hexose phosphate transporter T Repair OmpE ' & m 55
‘ Dps; non-specific DNA binding protein T Qin
Altered drug
uptake
soxRS  soxR 92 Sensing activator for soxS 4 Membrane
out
I ivator (4 by SoxS; T by SoxR
soxS 92 SoxRS regulon activator (4 by Sox ¥ SRRy Fig. 1. Functions of the soxRS regulons.
fumC 36 Redox-resistant fumaraseC T ) .
Anti RNA for OmpF T (Inhibitor of OmpF translation) drogenase (G6PD), DNA ORLIVIRIEOEMME  EF S6A DRrD L T & 155 S6C DRIMS
1 ntisense
mick i : 5 d #T®H % DNA endonucleaselV (Greenberg et al, BIZ S % (Greenberg et al., 1990; Tsaneva and
for(?) 88 NADPH:ferredoxin oxidoreductase T 1990; Tsaneva and Weiss, 1990), #ifif# fuma- Weiss, 1990) (Fig. 1). S6A 12, rimK 27 — I
nfo 47 DNA endonucleaselV T raseC (Liochev and Fridovich, 1992), £ LT 13867 L% 3 vERIEBMZICLD 20 C Kl
rimK(?) 17 Ribosomal protein S6 glutamic acid transferase T? NADPH {k7¥ ferredoxin oxidoreductase (Liochev 12 7' L % I YEDIEM& N, S6CIcZ {4 2
s o 12 gkt ) o e
S0dA 88 Mn-containing superoxide dismutase T snd F"d°Y‘°h’ 1994) 15 EH3H S ":L'C_"‘ % (‘Flg- (Kang et al., 1989). T DZALIZ, S6 ) £/ — LD
. , . INhoD0EHZI-FT2BEFOIE HAWEICHT 28BS Lts, 825
- sodA, zwf, nfo IZDOWTIZ, T DRI FREDEEE { T O rimK O¥EEH SoxRS I Ffish, ) &
zwt W e e G L ~OUT SoxRS DMEIEZY TS T AT/ — LEBER b L 2 SHEIT 5 Om bRIN S

(A%

IHIL, INFEFTHISN TV soi (superoxide
inducible) i {xF s0i17/19 & s50i28 (Kogoma et
al., 1988) IT/NA T, #HizICHFED soi Bl T O
EDHERR S 1L (Mito et al., 1993), 5of 2DV &>
soil0 3/ m—=vrshkh, a—F43EH
DOHEREIC O VW TIRKRIEARHTH 3.

3. soxRSBEFDI/O—=2 4 & FEREAEK
"

1 #)] soxRS regulon 3, 25D/ L — 7tk D
Ruwishs., Demple SO/ A— 713, (Kl
menadione (MD) TRHMLEE & 1 o KIGEE D & R
BRI L TR Z ST 5 2 &h 0, FijlLER
X OBHRSFEHS NS EEZ, MD Ehitkz
FpRENREL 2. “OOrEKUKENC X 5 HAMRHT
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MerR N _J/\\ 28 _C 30% identity

(144 aa) o®
SoxR ﬂ ;\ had
(154 aa) N PO -

H-T-H ® Cys. Cluster

]

soxS | P

J soxR

A

g

SOXS CAN
MarA CAN 42% |dent|ty

”LN 55% identity

A N

(107 aa)
(129 aa)
Rob ¢
(289 aa)
AraC
(290 aa) 5

26% identity

Fig. 2. The soxRS locus and the homolgous.

» 5, MnSOD, G6PD, EndolV, So0i28 75 & D&EH
DFHEAETERL,
nse constitutive) & & {1} 7z (Greenberg et al.,
1990). — /5 Weiss & ® 7" )V — 7 (&, endo-
nucleaselV 28 PQ iIC X W FHEIN B T &5, nfo
::lac operon fusion 2SEWV LV NIVICHBE SN BE
BHRAESBEL, nfo LIS D regulon EHDFHE %
fE 3 L T soxR® & L 7= (Tsaneva and Weiss,
1990).

IS DBIETIREDICKBE OB TFHIKD
#1192 ¥ic= v 7& N B[E— DRIz T T, DNA D
yo—=v 7 LERETETOER, O locus
1213 soxR & soxS D . Dif{x T4 head-to-head
T &> THEL, EERRO—IMIERT S
Z & MI/RE Nz (Amabile-Cuevas and Demple,
1991; Wu and Weiss, 1991 (Fig. 2). €1 5 Ok
fEFica—-rFEha&EAIR, ZTHZH 17kDa, 13
kDa T, £z N K¥#IC helix-turn-helix motif % &
O DNA #&46&EHATH 5. DNAEREESID» 5F
BEN37I/7BO+E0 Y —REDOHR,
SoxR ZHAFEDTIZAI KPP VAR VD
& D IKERE H operom mer @ sensor T & V) ac-
tivator T % MerR & %) 30% (Amabile-Cuevas

Z 1% soxR° (superoxide respo-
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and Denple, 1991), —/ SoxS 1&, HiEWHE KT
M operon mar (multiantibiotics resistance) @ ac-
tivator Td % MarA & 429% (Cohen et al., 1993),
KBEEE D replication origin @ oriC IZf5E 9 5 &
FHTd& % Rob ® N K & 55% (Skarstad et al.,
1993), # L T7 5 £/ — Z X #f operon ® ac-
tivator ® AraC ® CK Ui & 26% (Amabile-
Cuevas and Demple, 1991: Wu and Weiss, 1991)
FEOYV—-%2b O EMWESINL TV S (Fig
2). SoxR & MerR @+ £ o ¥ — |3, DNA A&
AL 1E %, MerR DKBFESEHMTH 2400
cysteine > 57 %57 5 2 ¥ — %2 & H (Amabile-
Cuevas and Demple, 1991) (Fig. 2), B&{Li&Eicic
BRERZMDOLERE, FlA L Fex Culi EDfEAH
Frx i,

INGITMAT, MIEAO SoxS % s £
% &, SoxR & (3 #&BH %1 G 6PD, EndolV,
Mn-SOD 73 & O BEREHEMNFEH I N D T &
(Amébile-Cuevas and Demple, 1991), RCA L
IZ & D soxS O mRNA BA¥IN4 522 & (Wu
and Weiss, 1991) 75 &2 5, —ErPEAET € 7,
TRbBHRNICERIICEET 22 —Th
2 soxS @ activator @ SoxR 2%, O0,” » % L\ (3 7L

ASIPDY 7 F I L D iEHILE 1T soxS DOz
HAFHEL, HE SN/ regulon & T D ac-
tivator T& % SoxS 75 Z 11 £ 11 D regulon &z
DB AR 5 & W5 € 7)1 (Fig. 3) H31RI8
X117z (Demple and Amabile-Cuevas, 1991).

% T T Fig. 4 IZ/RT & 9 74 50xS” ::lacZ operon
fusion % chromosome (Z#fA L 7 #%ERL L, PQ
2 & 5 soxS DIZE#Y & SoxR DRE % BE L
72, soxS D ¥ BTN L % [-galactosidase 7 P

redox signal

®
soxS H

@ soxR
IR @Ua
Blgk

I

Vososs ¥ wo ¥ ow

0gd gl ol

Fig. 3. Two-stage control system for SoxRS re-
sponse.

pBD100
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L4

PTN1520 (soxR+, soxS':lacZ )

A

—( soxR HsoxS’ﬂ lacZYA k)-w'
N 14

PTN1530 (AsoxR soxS':lac2)

onnoend5OXR' M 50xS' Y lacZYA k)---«-

plasmid
DNA

B-galactosidase activity (Units)

%, PQIT&LD soxR* R THOAFHEIN, soxS D
HEH S H I SoxR ISk T 5 C EASHER S
72 (Nunoshiba et al., 1992; Wu and Weiss, 1992)
(Fig. 4). £ 72 in vitro T gel mobility shift assay
12L& D, SoxR D soxS promoter HAL~DFEE D
(Nunoshiba et al., 1992), & 5T SoxS @ regulon
B 1% F D promoter ZRAI N DFES bR I N1
(Li and Demple, 1994), Zh o DfER LD B
PERETE 7 LA XRL TV 3.

7, Fig. 4 lt/RENhBLIiC, PQItk 3
s0xS"::lacZ DFEE L ~N)UhS AsoxS BRIC L D soxST
HKTHEICEW I &, & 52 plasmid T SoxS %
MEEES % & soxS :lacZ DFEEL NUHE L LR
/b3 % T & (Nunoshiba et al., 1993a) /> 5, SoxS
BEAESMEELEHCIM TS EEL N5, in
vitro T, SoxS 25 soxS promoter IZ#E& T 5 C
&, SoxR @ promoter ~NDFESIZHEL LW &
DHEZE SN TV B (Nunoshiba ez al., 1993a) 75,
SoxS DFEAHHIK, RNA polymerase DfEA D
B2 L OFMSEE Tl TloaCHEOER
BERDVWTEAHT, BZ 5 HIKEAD soxRS
regulon ODRBHEEMIDICHABL TV B LD L H#E
BIhTW3,

4. SoxRS J&ZE® inducer & non-inducer
soxS’ ::lacZ operon fusion ¥4 F\) T, SoxRS
J&& @ inducer/non-inducer 75 screening & 4172,

PQ (50 uM)
4000 |
3000 TN521
AsoxRS /A (soxR *)
2000 |

TN530
S0xRS */\ (AsoxR)

1000

TN531
ASoxRS /A (4soxR)

0
0 15 30 45 60

Time (min)

Fig. 4. The, soxS"::lacZ operon fusions and SoxR-dependent soxS induction by PQ.
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Table 2. Inducers and non-inducers for SoxRS response

Redox cycling agent

Phenazine methosulfate, Plumbagin, Paraquat, Menadione bisulfite

Others

4-Nitroquinoline N-oxide, 4-Nitropyridine N-oxide,
4-Hydroxyquinoline N-oxide, Nitric oxide, Methylene blue

Sodium hypochloride,

Non-inducers
Oxidative stress related

H202, t-Butyl hydroperoxide, Formaldehyde, Bleomycin,
Xanthine/xanthine oxidase, g-radiation (10 and 20 krads)

Others

Mitomycin C, N-Methyl-N'-nitro-N-nitrosoguanidine, Alloxan

Methyl methanesulfonate, Chlorpromazine, Nalidixic acid,
KoCr207, HgCl2, CdCl2, NiCl2, MnCl2, CoCl2, NaAsO2, Na2SeOg3,
Heat shock (30°C—37°C; 15 min, 37°C—42°C; 15 min,
37°C—45°C; 15 min), Diamide, Sodium nitroprasoid, etc.

gl 75 RCA T& 5 PQ, MD, phenazine metho-
sulfate, plumbagin 1, W31 b SoxR IREL T
soxS DEARB L1z, ZO—HT, HO0 Pl
W, BREEREHERT & D 0, BEERILIA OGN
M ZBEE © DNA © 7 L VLAl @R(LE
¥, B a v 7 TREFEJI NV (Nunoshiba et
al., 1992) (Table 2). ¥ 7= xanthine/ xanthine ox-
idase 1 & ZHIKIA TD O, BEEET b soxS (3FHH
X720 (Table 2). T HIE O Al % 8@
TERBVWEHEELZONTV S,

FHEA B RIERBAYETH % 4-nitroquino-
line-1-oxide (4NQO) 73, Hi%Iff)72 RCA @O PQ &
0 ECH1E MD & 0 £ 100 fE38711C soxS % FAH
L 7= (Nunoshiba and Demple, 1993) (Table 2).
ZOFUBBIEZLTTRRESABWI LD D,
4NQO b RCA [k, O, HEKIESA 506 L
h7s\w, 4NQO » = b o iFHIfAN TEILE N b
ps, Zoks Erhil{A L LT nitro anione radi-
cal ® nitroxide radical 75 £ D 5 Y A VFEDHEL
ZafEtEA B 5. ChoD T VA NVBERN T L
KERIGELTO, 24E35EFX 505 (Bia-
grow et al., 1977). £7ck KB Fy 7 I VKT
& 5 4HAQO 73, /KIS T H.0, ERAESE S
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Z & (Hozumi, 1969), & 5IZ € hiciENT 5
DNA UMW A FERT B EPMESNTVER
#» (Sugimura et al., 1968), IEPERRFRICH L =
24k SOD KiEFk (sodA sodB) % DNA EIX
18k (xth nfo) @ 4NQO @EEZHEbBE SN TL
% (Nunishiba and Demple, 1993) C EM D, 4
NQO & EHm#Z OO » FHHKEV. F7oiht
MEOFRMBATOE— Y —L LTOMG &/RES
N TH Y (Burdon et al., 1990), 4NQO Y AR
DS AMEDS, VA RIFME &5 0, HEEYEDM
HickeNT 5 & bHERITE 5.

5. — /L Z 3 radical (NO*) IZ & % soxS
EFDEE

NO- gas O bubbling & SoxR IZ#fF LTI DI
%% M4 % (Nunoshiba et al., 1993b) (Fig. 5).
NO +» BABICHEERIGL, Mk, HiHRE, %
12 0, EBRIB LT, FEFICEALIEDHE perox-
initrite (ONOO~) % £ LU % (Koppenol et al,
1992). LtzdioTIh b ORIBERMIC K 5
SoxR DOEMALOAIREM: b & A Shichs, PCA YR
4ANQO DA & R RIS D MEIFIKEFEM AT S
N3 (Fig. 5) T&h b, BT 5L NO-AHEHIEIC

800

600

400

B-galactosidase activity (Units)

200

1500 + M Anaerobic, AsoxR

O Aerobic, soxR *
Anaerobic, soxR *

NO-; 200yl

1000

500

AMMMHIHIMHIDIDIWIIWAY

0
0 100 200 300 400

NO- gas (u)

Expt. 1 Expt.

N

Fig. 5 Induction of soxS by nitric oxide and its oxygen-independency.
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Incubation with macrophage (hr)
Fig. 6. SoxRS-mediated protection of E. coli against murine peritoneal macrophages.

SoxR #iEM tT 2 bDEEZ SN TS (Nun-
oshiba et al., 1993b).

NO- 3 0, [dkk, HANDHLWHLEIAT
NO- &% B # D L-arginine BR{LIIGIC & 0 AFES
11, neurotransmitter & L C, F 7<% OFEFIIC &
BMERKE TR~ 2 07 7 — Y QIR A AL
Xt d a5 L TWvw b (Moncada et
al., 1991) 37>, % O DNA {8 M > 4 RIFE M
(Nguyen et al., 1992) 7» 5 NIRMEFRA Y ¥E & L
TbEHEIh TV A,

KIBEH, &5 05 HITNO-ICILE L THE
Mot BFHR TH % SoxRS £ FHH T 5
D EWVIEERICKL, w7077 - YORE

ERIIC 3 BBhfHIR & LT SoxRS WA %2 FH T
5] LORFEAEN T, £ T2y Ah ok~
su7y—VAkHRIL, KBEEDO~</07 77—V
f M N T O survival 2 R G L 72, & @ 5 E,

AsoxRS ¥R EMR K D ARICEERZINTET DA
i3, 8 LIk Ic B & /- (Fig. 6). Phagocyto-
sis iC L DiEMIba <7 07 7 — IR
RE B O NO-Z2FEET B DICB & Z 5-6 Kifidhs
MELEWbNTWVWA, Lichi- THESNIKZ
HoEIZBZE 5L NO-OFEAICKERNT 5. 1
SoxRS IcFfiii & h A #fED 5 B, HFiZ OmpF O
antisense RNA T& % micF, endonucleaselV (Fig.
6), G6PD (Nunoshiba et al., in press) DKiEFKIC
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AsoxRS ¥k & Bl o @ EZH s BE S 0
Mn-SOD KB # DA 13 4 B H S B AR &
D GRS AR T &S (Fig. 5), NO- XD i
L A, phagocytosis DE KD AHES N5 HO,
CkENT 35D EEZ 5N % (Nunoshiba et al.,
1993b). fpli~© 7 0 7 7 — VIZ & 5 NO-FEAERE
BRI T 5 25-125 uM/hr @ dose-rate T D
NO - MLER I & 1 10-20 £ D soxS’::lacZ D FHEH
HEshzi3h, EBic< 707 7 — VHIRANT
soxS HFEBEINB T L, E5ITDFHEEIINO-
A% o EHR TdH % N-monomethyl-L-
arginine TR IFEL MK S0 5 T LR S
T\ 3 (Nunoshiba et al., in press). 415 DF5R
3, KBEIR~4 27077 — VHIlENTNO-IZ
JBZE L TSoxRS 2 FEL, Ih< 7w 77—
Y OffaEIC 4 2 BEEE S T & ERKRL,
AR D250 < KR L TV 5.

6. SoxR ;EM(LKHE & iron-sulfur (Fe-S) center

JEZ b L RAEMHET (RCA Z7RML 8 WEFRS
7T offfans o kRl 1tz SoxR BRI MR
Xtor 2452 L, AELEHL, UV/VIS RIX
27 b VH S SoxR (3 FeS BHEHTHY, C
KIBIZIFAET 5 cysteine cluster i Fe 25583 %
bDEEZOLNTWVWS, TDOFeid2-* VAT b
T 5/ - VIEE P TH-S W ERICREEES
4, FeJEEHE D SoxR (Apo-SoxR) TH 5 Z L8
RENf, Thoo 25D SoxR A%\ in
vitro TODIRNT DEEHR, soxS promoter ~ D &1
O FEA IR I 13 A& 1ZE D 51T, RNA poly-
merase @ soxS promoter ~DFE MDY,  Fe-SoxR
174 F T 13 Apo-SoxR f77E %28 % L1 (3 SoxR J
BHETChxThOEh2fEED O NIICT EN
Mot & T AH RNA polymerase IZ K 5 in
vitro T soxS &Iz FHEH 13, Fe-SoxR iZ X DY
100 f£1c & {EdE = 1L 5 —7, Apo-SoxR IZiF < D
EHENREAERD NG o, TOT L,
Ealxhi-EQRTCIEERTth Y, T ok
IR Fe BEMNARRTH LI LERKLTVS
(Hidalgo and Demple, 1994).

TEVELHERE & L TR b nTREME AR D 13 Fe-S
MU OBIETHAS. bLIDOIEMELTNE
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JEMER Fe-SoxR (3@ ca o % &E L, XS
HTFCTEMEEY F4+4 Mok, FRINE
#7 Fe-SoxR Dyt % ik 7o fk R, i RE&EH O
b OB R UV/VISIRIX X <27 + vid, FeS
DEILARET 5 A~ b vicZL L/ (Hidal-
go and Demple, 1994). & & (T3 )T & 11 7 Fe-
SoxR % 7Z851%H %\ i3 NO » ICRis & # 5 & B
KBBLRD R =7 b VICRD T & D, SoxR D
Fe-S 3t/ Erash>5LEz26hT0ws (B
2. LhrLo@cMEAZI T &Ik
IR T, soxS DEZEICK L TAIEET S %
EhRHERASNhTVEY, Wohic LT SoxR
DEMAL & Fe-S center DAL & (35 HE 1< Be L
TWwbEEbn 3.,

7. EMALT T F IV ESoxROEE(E R b L X525
wiE

iR X 5 iz, & n/ SoxR HHIET TIC
EMALRTH S, LELDEEBIER P L RS
R OHIIA T IE soxS DEE DML DK L XL
I TVWBE I ENDS, SoxR EAEHRTH
% 5. SoxR 3AK, 0,7 T THEKHOMRE
k- ThiEH ban s, FEFCBILIhPTL
Eakohblniin, bLIOTEMELVE
43 &, SoxR FHNEIN TR & DHEREICE - T
FRiEHRIC RN TWA T &ici b, G by 7
FLELTINETO, BE—DHEMELTD
FoHNn, SoxRAO, Ik viEibans & &L
5N T X1z, HI, MnSOD & FeSOD Dijifij /5 %K
HU-ETIR, @O soxS DELED 4~5 f55
W EMEE XN TV S (Nunoshiba et al,
1992). L »» L PQ MLEE T & %5 MnSOD % G 6PD
DFHE L ~ Vi3 SOD OEBEAFEIC & » T L
BWwWZ &, [HU < PQALEEIC X % fumarase C D
#FilH G6PD KIEHKTED SN B T L EM S,
SoxRS JEED v 7'+ Vid 0,7 TR L, MkaNo
NAD(P)*/NAD(P)H ® /5 v 2 Td % A figth
i E N TW3 (Liochev and Fridovich, 1992).
ZhonZ Eh s, NAD(P)'/NAD(P)H D/¥5
v 2 & - THREN TV 2N O & eI IR
H5VIEd BFEORITRERED SoxR O ATHHRHE
RS LTV A LHETE LN TES.

soxR102
Arg»Cys

no soxR
wild type
soxR101
soxR102
soxR103
soxR104
soxR105

Cys. Cluster
C
2104
SOX SoxR105 soxR101 &
SersLeu Leurstop SoxR103
Gly»Asp
soxS'"::lacZ induction
(B-galactosidase units)
-PQ +PQ(50uM)
75 75
200 2627
3370 6657
4467 6890
2915 6284
2085 5222
4119 6629

Fig. 7. The constitutive mutations in the soxR gene and effect of the soxR® mutants on the soxS expression.

O LIl L CHKECERYH 5. 7
0 — v I N7 soxR BT D3 KigxaUk LT
SoxR EFID C KD 207 3 / BALT(LEH 5
L, ZTOEFSoxR FIER b L RARHFFTH LA
V1T SoxRS I % % % 9 5 (Nunoshiba and
Demple, 1994). £ 7z 11 Rijk © MD K Hi 25
Bk& L THYBES 717z soxRe ¥k 5 fiic oW T DNA
HHBCH DI S Nt AER, 3 FOZ FHEAS soxR
D 3 KIgic HERER AR LTV (Fig. 7).
L2 & cysteine cluster ICI3{IfOZER D S
MO, TNSDT & d SoxR D C KA TEMEAL,
AEHALICEERREER L TVWS T & 2RE
L T\ 3 (Nunoshiba and Demple, 1994). & & (C
BV C &I, COERMRIEMSMHRLE T TR
PHERFEEE D soxS DELHE LN Vich &5, Lk
#5 > T DA T SoxR &E [ 3R M I IEHR 0
SoxR TIF7 <, LLAFER P LAZHTTHIE
b 2 SRE £ v+ —ZRIED, FoidEc
EXFRSCVWVERKTHEZ EEZX 3
Z &M T X% % (Nunoshiba and Demple, un-
published). Fe-S %G & L TELRKBE O
BREOMHIL O, IWEZHT, FeOREFEICEL -
TARIEWLSNE EOMEHNH 2 (Kuo ef al.,
1987; Gardner and Fridovich, 1991). & 512 SoxR
DA G EEED 0, © NO-MUFIcL ), Fed
R #% % /9 Apo-SoxR & [ f D UV/VIS % ~ 7
buhBIEE S e (FAME). SoxR @ C Kliihs Fe-S

AARHET D LD M EAKE D 2, &
73R ITTE R ORI & LTIV TV B L i
TX5.

8. SoxR [C & B ErE(REME

DNasel 7 v b 7)) v 5 1 v 7 ERICB VL TH
X1 5% SoxR IT & % soxS promoter |- {§#4H
113, Fe-SoxR Hiffi% 7213 RNA polymerase H377
f£9 2556 b4 10 SRl © 35 B A L,
AP N (A NS N AR = ot L R =Y = {F Rl It
HBoNKBW, Lich-TEEZTTDE IS, SoxR
7% RNA polymerase @ soxS promoter DL %
EET 2 E0D ki, &LARHEHKE{EET
LAREMEAS BV EEZ ST\ (Hidalgo and
Demple, 1994).

BLIEZE W T & 1T, promoter @ —10 ffilik & —35
R ORIREE, —RIC 17HRTH 3 DIxtL,
soxS DA 19 R E 2GR L V. HEOC &
MSoxREHEEH WA ED Y —% & D MerR MY
sensor activator & L Tflj { merT promoter i &

BINTHY, REFAKSZIHEUL TV
(Hidalgo and Demple, 1994)., C D234 n
D 72 % RNA polymerase 7510 i1 % 2 ik © %
9, activator 78 LICI3IEBEIZIZEA LRI S0
boEEZ oS, MerR OB4, Hg'' 286
5iEHRIE A merT promoter 1254 L T,
DNA 2% X R ¢ & Jtic DNA §H{AZEH 3 C
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LHHEA SN TEHY (Ansari et al., 1991), Tnn
RNA polymearse = & 2L EZMET 555
N TWw5 (Summers, 1992). 8% 5 < SoxR D
GbLREBEOBEAEZ SN BN, EHICREST
Wi\,

9. Y IC

ATz, KBEOLF Y7 ZR ML RRE
SoxRS 1o W\WT, Z0%E|, % L THELHEO
HHAIC O VTR T X fo. FHEBREOH® ¥
FFicoWTiREH data i+ EIRVAT,
W FEHERIOBAER L TWEWEIABHD, &
515 % in vitro TOLFHEPIFHISHTBSLET
» 5o

SoxRS I i E N TV ABIZTFDOWVL 2H 3,
multi antibiotics resistance operon T & % mar &
12 L%, SoxRS LA OHEE 2% FTW5H T
DS MICE > TWA, FHE, soxRERKP
soxRS B X N, BLA LXK T
15 ¢, %K antibiotics iZ 72\ L T & &Pt %2R
4. LEzh-T, 2 oDHEKEBEDL I
W 3R (7)) Ld-> TV A0 dEKREN L
ZATH S, KNBHELA OB PRI E
BED SoxRS IGEDEAET B ENICOVWTIERHY
SHTIREV, 2L A b LbH2HEOMEMEIC
EEOIENH 5 ELIRET 5 &, BREHODRCA
HEVRBERE/REBAYMELBE LD INGD
M D SoxRS MM & h, HHEMHECHAEYME
et L CiEbit AR T AEL O, w70
7 7 — VI bIEYME AR T & 5 I8 B ATREMEDS S
3. 750 MEYPEE Rt 5 b C OO
RIEED» RNV,
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Various regulations of adult T cell leukemia-derived factor (ADF)/
human thioredoxin expression and its cytoprtotective action
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Summary

Reactive oxygen intermediates are involved in many biological events including signal transduction,
apoptosis, tumorigenesis, and cellular proliferation and differentiation. Adult T cell leukemia-derived
factor (ADF)/human thioredoxin(hTRX), which has been reported to be produced by many human T
cell lymphotropic virus-I-transformed T cells, has an important and fundamental role in cellular
responses against oxidative stress. Here, we discuss various regulations of ADF/hTRX expression and

the mechanism of its cytoprotective action.

Keywords: ATL-derived factor (ADF)/thioredoxin, thiol compounds, cytoprotection, signal transduc-

tion, localization, sex steroid
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Fig. 1. Effect of rADF and mADF on apoptosis of Molt-4 caused by thiol depletion. C=L-cystine, G=GSH.
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Fig. 2. Schematic representation of the cross-talk between signal transduction and redox regulation.
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Fig. 3. Expression and distribution of ADF/KTRX after UVB irradiation were examined with Western blot
analysis in human keratinocyte cell line HSC-1. ADF/hTRX was translocated rapidly form cytosol to nucleus
after UVB irradiation and this translication persisted for 8 hours.
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7 days

14 days

Fig. 4. Western blot analysis of ADF/TRX in cultures of isolated human endometrial stromal cells (ESCs). ESCs
were treated with no gonadal steroids (C), 10 nM of estradiol-178 (E), 100 nM of progesterone (P), and 10
nM of estradiol-1783 plus 100 nM of progesterone (EP) for 7 and 14 days.
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Fig. 5. Possible roles of intracellular ADF/TRX system and L-cystine/L-cysteine in redox regulation.
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Oxidative DNA damage in lung tissue of rats exposed to silica dust
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Summary

Occupational exposure to silica is often associated with the development of pulmonary fibrosis and

occasionally, lung cancer. These development may be mediated through oxidant-induced cellular injury.
The effects in rats were investigated at 1, 3, 5, 7, 14 and 28 days after a single intratracheal instillation
of silica (50 mg/kg). We measured the levels of 8-hydroxy-2’-deoxyguanosine (oh®dG) in the lung
tissues, reduced glutathione (GSH) and superoxide dismutase (SOD) in the bronchoalveolar lavage
fluids (BALF). The levels of pulmonary oh®dG increased at approximately 2-3 fold on 1st, 3rd and 5th
day after the exposure to silica compared with those of the control groups (1.27+0.68 vs. 2.85+1.14,
1.4310.82 vs. 3.631£2.01, 1.140.64 vs. 3.26 £ 1.75, respectively). It is considered that the pulmonary
DNA was damaged by reactive oxygen species, which was generated from alveolar macrophages and
polymorphonuclear leukocytes stimulated by instillation of silica. The decreased levels of SOD in the
early stage and increased levels of GSH in the late stage observed in BALF of exposed rats might be
protective reactions against the generation of oxygen species. These results suggest that oxidant-induced
cellular injury might play an important role in early stage of silica-induced toxicity.

Keywords: silica, oxygen radical, 8-hydroxy-2’-deoxyguanosine, lung tissue, bronchoalveolar lavage
fluids
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3. fi$E&E DNA A oh®dG DAIE
LM% 0.1g % 0.1 M EDTA-saline buffer

380

Control
B Silica

oh®dG/10°dG
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Fig. 1. The levels of 8-hydroxydeoxyguanosine
(oh*dG) in lung tissues from silica exposed rats

and their controls.
(): Number of samples, *p <0.05, **p <0.01.

(pH 8.0) 2ml T4 € ¥ F 4 X LT DNA filitt ik
¥l & L 7. DNAH i 1&, H B DNA fili i 43
(GENEPURETM Model341 Nucleic Acid Purifica-
tion system, Applied Biosystems, USA) & H\ T,
4y 7asxy —Tilith L, DNAGEHE, &
B9k 200 pl (< 7AfR%, Nuclease P1 (Yamasa Co.,
Japan) & alkaline phosphatase (SIGMA Chemical
Co., USA) TR/ LA ¥ FicE THMEL, Floyd
PEFES DI LY, BRULFIIR L& B
L7z HPLC i & Y E& L 7o (Floyd et al., 1986;
Kasai and Nishimura, 1986).

4. H{LPEER

SOD (2, SOD HIEH+ v b (FesisEstE) %=
i/ L, GSH l3}tfik (Cantin et al., 1987) Tifll
ELT.

= g

1. [H#E% DNA b oh®dG

[tk 4k DNA th oh®dG 2 8% Fig. 1 1Z/R L
fo. XtHELE, 2BiRA®E L T, 0.83-1.77/10° dG
THERE L12hs, v aiGETcl, B5®&1HH
< 2.85+1.14/10°dG EHE (p<0.01) ITHIMIL,
57 HE £ T 23 AR L 72,

2. BALF &{LEHIRE

BALF 1 SOD & GSH % Fig. 2 1</8 L7, X
2 SOD D414, 35-60 U/mg protein THER
L7z, vV A85EH3, 20 %E L COdidEt

3 Control
80 |- & Silica

SOD (U/mgTP)

lday 3days Sdays Tdays l4days  28days

10k Control
B Silica

GSI (uM/L)

ldy  3days  Sdays  7days  l4days  28days

Fig. 2. The levels of superoxide dismutase (SOD)
and reduced glutathion (GSH) in bronchoalve-
olar lavage fluids from silica exposed rats and
their controls.

Number of rats in each group was 5. *p<0.05.
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DNA lesions produced by oxygen radicals and nitric oxide
induce point mutations in NIH3T3 cells
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Summary

To determine mutations induced by 8-hydroxyguanine (8-OHG), xanthine (X), and hypoxanthine
(I) which are produced by oxygen radicals and nitric oxide, synthetic c-Ha-ras genes with a DNA lesion
at codon 12 or codon 61 were constructed. When transfected into NIH3T3 cells, foci were formed by
these lesions. We analyzed the amplified ras gene fragments derived from some transformed cells and
found that point mutations were induced by the lesions at the modified sites (8-OHG—T, X—A, and
I1—G). Moreover, we observed 8-OHG—A transitions and mutations in the 5’-flanking site of 8-OHG.

Keywords: 8-hydroxyguanine, xanthine, hypoxanthine, mutations, NIH3T3 cells

# B

IEYERE T & » TE LS DNA G4
C, ThohZROFKEEBBRL TV S EA4H
5N TV 5 (Ames, 1983).

8-Hydroxyguanine (8-OHG, Fig. 1) |3, 1984 4F,
B EEAICE > THGE SN /- DNABETH
D, EWREEEEL T IREERFICK > TET
BT ENHEENTWVS (Kasai and Nishimura,
1984a, 1984b, 1984c; Kasai et al., 1984, 1986). O
EREEHICH LT DNA £ ) £ 5 — €28 in vitro
DRICBVWT, C&AZDAL T L (Shibu-
tani et al., 1991; Kamiya et al., 1992¢), AIGHE % H

O HABRBZ R

WERICBOVWT, G-TEREFEHKT S LA
5N TWVW5 (Woodet al., 1990; Cheng et al., 1992).
Bx i, WIALEBYHMIENICEB T % 8-OHG DZE R
FREELERZ R P VELHICT 7201,
8-OHG # &4 Y IF++ v X7 LA F F&4L
¥AKL, c-Haras Bz fFOa Fr12Xida ¥
v 61 1A L, NIH3T3HIfIC b 5 v X7 = 7
vavli.

TEMERE R BEE L 7 LAY & LT nitric oxide
(NO) M5 TWA, NO idkk4 SEYIER %
BLTWAI EMBHSNTVLAL, DNA KL
TER L, BT 3 Z{ERIEZRET 5 T & s
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reduclng agents

o
N X-ray
4 I N
%:If;kN
G

*’fxm A“*fi

8- Hydroxyguanme

(8-OHG)

<’l*)§ — <fx

Xanthine (X)

</;|;/j‘ — (f‘]

A Hypoxanthine (1)

Fig. 1. Formation and chemical structures of DNA lesions investigated in this study.

SN TWVW53 (Nguyenetal., 1992). 2% 9, NO T
£-T, CH5UG-methylCH 5 T) 25, GD b
xanthine (X, Fig. 1) %%, A 75 hypoxanthine (I,
Fig. 1) 3495, 413, X &1 OWMELEYIHH
ek 2ERFRELZAZHNT, X%
c-Haras BIzFDa F v 1202, 123 F Y61
AL, NIH3T3ffAIC 5 v 27227 a v
iz,

NSO DNABENED LS BEREFEHKL
reET Lo & T A, BERALICET 5 mE R
Bt (8-OHG—T, X—A, I-G). 8-OHG D
BA, HAMBAIC X > TIIhoZER (8-OHG—A,
5RO B S h

EBMHELULE

1. AUTRXRILFF FOERKEER

8-OHG RU'X 284 ) ITX 7 LA F F I3,
BEic#id: Lic AEic & 0 ARk L 7 (Kamiya et al.,
1992d; Koizume et al., 1994). 1 2584 T X 7
LAF FRTFRO 7+ 27287 354 MK
(Applied Biosystems) % H W\ T &Rk L 7.

AVITR7LAFFRIFEHEKRTA 4
HPLC (Z & ) SFEEE Ik B! L 72 (Kamiya et al.,
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1992d).

2. DNAhtEy POBELERI Y —ADFEA
DNA # + v b (Fig. 2) 3OS A ) I %
7 VAF FERBENIGERE T EIck L
fe
R4 —~"DFHFARBERICHKE->TiTH- 1
(Kamiya et al., 1992a, 1992d).

3. DNAFSVYRT I3V

NIH3T3 i~ D c-Ha-ras &z DEAIL, V)
VEBEA VY Y LI K DIT- 72 (Kamiya et al.,
1989). 1[BD 7 v £ 4 1213 30 £g © NIH3T3 §fa
D4/ & DNA &2 (50~500 ng) @ c-Ha-ras
~y g —2RVI,

4. FSVRT +—7 Y bEOD c-Ha-ras BIEF
DEHT
Tx =N AEEKLICHAEEEL, »/ A
DNA Zfliti L7z, 2 F ¥ 12 Xida K~ 61 Dt
EFRE ARV A S —C e F A v e YT a v
(PCR) i & 14l L 7-.
DNA i & » THEH S h /i HE 3 PCR-

8-OHG?®®
8-OHG®*

1

CGAT ATG ACG GAA TAT AAG CTG GTG GTG GTG GGC GCC GGC GGT GTG GGC AAG A GCGCGC ’I‘GTAGG
TA TAC TGC CTT ATA TTC GAC CAC CAC CAC CCG CGG CCG CCA CAC CCG TTC T CGCGCG ACA’I‘

44

-Val-val-Ile-Asp- Gly-Glu -Thr-Cys-Leu-Leu-. Asp~Ile Leu Asp-Thr-Ala-Gly-
u7

Cmmmmmm oo U----==-= <---

AG GTT GTT ATC GAC GGT GAG ACC TGT CTG CTG .GALAIC CTT GAT ACC GCA GGC CAA GAA GAA TAC TCT GCG ATG CGI
TAG CTG CCA CTC TGG ACA GAC GAC CTA TAG GAA CTA TGG CGT CCG GTT CTT CTT ATG AGA CGC TAC GCACTAG

S L13-
ECORV

8-OHG !

-------- b Sl i DR LDy A P e L L et A RS S

Bcll

Fig. 2. DNA cassettes used for construction of c-Ha-ras genes with a DNA lesion at a unique site. Underlines
indicate restriction enzyme sites used for insertion into vectors.

HIFREE % (8-OHG, X) % 7213 single-strand con-
formation polymorphism % F|ff] L 72 PCR-SSCP
(1) ZHW T L 72 (Kamiya et al., 1992a, 1992
b, 1992d).

= S

1. DNABEEST c-Ha-ras XU 5 —DHEE
8-OHG KU X (3 DNA thd G pEffis v T
KLzbDTHSBI EHMDS, c-Haras BIET DR
EROFy 2Ry b THBIF Yy 12XIEaF
v61HhDGOMEICHALK, XiFa Ky 12
(GGC) 2 HFHOALE (LIF, 3560 icHAL
tz (Fig. 2). 8-OHG DA, MEIC K 2ER A~
2 P VDEVWEIA S ICT B EINT, 35 MDA
59, aFv 1201 FHONE 3440 KU'a ¥
¥ 61 @ non-coding $§ (GTT) ® 1 & H O I &
(181 i) 1= &BA L 7 (Fig. 2). 13 DNA 1D A
M7 I ks ThELZbDTHY, 3 K6l
(CAA) 2 F&H (182 fi) IcHA L 7z (Fig. 2).
INSDEEEREZET DNA B+ 5 b IZAK
AV IRXIVLAF FOBEFRNERIC X D FHRIL,
Sy ZRHEY 4 VADLIRAHFT BN 4 —
~, 2 EHOHIIREERIAL (Clal-BssHIT X (3 Eco-

RV-Bcll, Fig. 2) ZH W TEA L 72 (Kamiyaet al.,
1992a, 1992d).

2. DNA {8iB%EA U1z c-Haras BEZFDO S
VR +—LiEH
PIkoskic UTHBL X2 ¥ — % NIH3T3
MRS v 272 vav izl A, HlAD
HETHDE7+— N ABELk., 7+ —H 2D
BRANNIC 1Z, c-Ha-ras Bz OiEMHL (HZE
) Ick-THELBEEZELIONB DI, UK
74— HZAOKEREST ST LIz kb NIH3T3
ffaic s 2EROE AR S C L0 AFETH
5. M E LT, E¥RBOBY%HET % Gly-12
(aFv12084A) £413Gn61 (I Fv61D
BE), ROTEHRID Val-12, Asp-12 (UL, a K
v 12 D), Lys-61, His-61, % 7213 Leu-61 (L)
Larvel s ARV
X %3 A U 72 c-Ha-ras Bz Fic & » TEHD
7 4 —H AR E Lz, £ ORBTEMERID Asp-
RDOBLE 25~45% FEETH - 1. —H, 1D
AlLb 7+ — N ADFEESFERHS N, 05
IO TEHR Leu-6l iIck - THLIL 7+ —H D
BLZ 35~50% TH - 1. I LOBIERERIE, X
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PIOEREEBMLBDHVWI EEZRLTVLS
(Kamiya et al., 1992a, 1992d).

8-OHG DIGH, L1k 7+ —H ZDEII NI
D1, iEMERY c-Ha-ras BT D 1~2% FREE
T& - 12 (Kamiyaetal., 1995). T DT &3, ik
hcBA L7 8-OHG D IF & A EMRBEHEATL
BT EEREELTVS,

3. PSURT+—7 Y FPOD c-Ha-ras BIZF

DT

74— ZAEERL b D ras BT %
PCR /i & O BEIE & &, DNA HHIC & > THR
AL ROBH AT - 12,

35{7iC 8-OHG 2 & & ras iz itk >Th 3
v 27 4 — & Lo s R o—F % Fig. 3
KR, HEROBRHICIR, A OBFEL I,
PCR L HilfREERNEE A S 55 (PCR-
HIRBERZE) 1T & - TIT - 72 (Kamiya et al.,
1992b, 1992d). D4R, FHEME ICHFEDE
Hh LT AEAICDA DNA MR Ul s h
5DT, BEICHEROKRMAIREL S5, Fig.
3a /R L7227 o — v DI I3 HIPREEE darll i
LAY B L TW R, T, 356, TRbB,
8-OHG A2 A L 7#ifIic G-TERMEL T
EERT. —H, bIIRLIZo—vOig&icid
FIPREEH Stul I & > TH U TW iz, BEBREWL T
&g, Thid, 35fLIC8-OHG #HEA LT &iT
X0, 20 5-BEERAL (34 £1) I G->T ZERIHE

LT &ZRLTWS, [ABRICHT 21T > 1ok
B, ZRORVWH SN 37 7 0 — b, (BEGERAL
(B5H0) BT, A, RUCIKZERLTVWbDIZF
N¥ENn 22,8, 1270—vTh-1- (Fig. 4). 5B
HEEROL (34 61 WWEREBRIES 27 o — i,

a b

M123456 1234 56 M

M : marker
. lane 1 : Aafll (35T)
2:8all (35A)

163

L : Bbel (35C)

3

4:Stul (34T)
5: Mscl (34A)
6: Apal (34C)

Fig. 3. Sequence analysis of c-Ha-ras genes present
in transformed NIH3T3 cells.
a) Analysis of a clone with a mutation at the 8-
OHG site. b) Analysis of a clone with a mutation
in the position adjacent to 8-OHG. Lanes 1 to 3,
analysis of the second position of codon 12, AatIl
for T (lane 1), Sall for A (lane 2), and Bbel for
C (lane 3). Lanes 4 to 6, analysis of the first
position of codon 12, Stul for T (lane 4), Mscl
for A (lane 5), and Apal for C (lane 6). M
corresponds to the PCR product without treat-
ment with the restriction enzymes. Uncleaved
PCR products are 184bp. Cleaved products are
161 (Aatll, Sall, and Bbel) or 163 bp (Stul,
Mscl, and Apal). Arrows indicate position of
the cleaved and uncleaved fragments.

OH OH OH
5' —GGC— 3' 5' —GGC— 3' 5' —TTG6— 3'
T14 A S T 22 C4 T35
A1 T 4 A 8 A1l
c 2 c 1
5' —GXC— 3 5' —CIA — 3
A16 G 20
T 1 a1

Fig. 4. Mutations induced by 8-OHG, X, and I.

388

GoAZREZFE > ON S5 7v—-VvED, G—T,
GoCERAH>bONENEN 4,27 0—-VT
& - 12" (Fig. 4). 34 {iiC 8-OHG %3 A L 7z ras
BIZTFOEG, ERE2FTH1570-v0Dide
AENBT NOEREZA L TV (Fig. 4). 3-l#
AL (3500 B AERIRE S WD - .
181 fLDIHA, RIHTEZZEREDR SN TV B4,
BERALICE T B TADERE, 5/ -BEHRALIC
B2 EEMSBIE S 0 (Fig. 4).
XBLUIOFERLCHAERORH L XD
B4 13 PCR-GIFREBER i ic L b, TOBHAIIE
PCR-SSCP L & » Tt &iT > 7. T DFER,
XF3FLELTGAZRE, TR3FELLTASGE
WAEZFE LT\ (Fig. 4). £, Xick-T
GoTZERM LItk > TA->TERMBEL Y
o—vEEHEn.

& z=

GRS O 2 OBFE LAY ED X 5 1825
AFERTBEDEFANB LG, BEROREOKE
AEZ B ETHOTEELILTH S, Sk~
12, iEHEEEHE RO NO IT & - TH: 9% DNA 185
<&d 5, 8O0HG, X, I OWHFEYHILIc B 24
2R bVERNT.

8-OHG 3 in vitro ® KIGEEZH W% T, G—
TERAFZERT B EMBHONTVS (Wood
et al., 1990; Shibutani et al., 1991; Kamiya et al.,
1992c; Cheng et al., 1992). AW TH S ichER
2, KiELTRINSOMEEL—H LTS,
LML, 8-OHG ZHA L fEICK - TlE, G—>
TERDAKE ST, GAEREFERTHIL,
F 1z, S-BEEIRALIC B B HERSAT B LN
LB (NIH3T3 fifd) hoZR R <7 b
WO TH B (Kamiya et al., 1995). T O 5'-f%
PEEBAL DS FAIE B OELSI @ 8-OHG IcB W\ T
BRiLEhTVWB I EDD, DY MBERE
Bbh s, LIpncEk i3, 350671 8-OHG 2EHA
L 7z c-Haras Bz FOZERITDVLWTHE L TL
% »8 (Kamiya et al., 1992b), 4[] D 35 L D
8-OHG DfER E—FH LT3, LIFIOWETRH,
8-OHG # &L A Y IR LAF FE8A FF v
Fr=vifTEAY TXILAF EHhSDILF

FIZBIC X > THE L TV/c (Kamiya er al.,
1992b). AW THW/ A ) T X7 LA F F i35
DERRNV— b ERTHBI N LD THD (Koi-
zume et al., 1994), 2 > DK Tlalbk kR

SNz EiE, GoTUADERMNA ) TR L
ZF FHOAFTH B et 2 BET S5 DT
H 5. T, [6 UECH|D DNA % H\\ 72 in vitro D
FEERTIE, DNA #£ ) x5 —-¥ick3 C,ALAD
27 LAF FORDAA S, BERMICET
BoX 7 LAF FONDAABBEINh TV
W (Kamiya et al., 1992¢). % 5, G—>TLUAH
OERIWABYMIFEO b TH 5 LiEbN
B, f-T, TEMEERICE - THETIERD S b,
G>AZRDPG D5 -BEHIDOZE R b 8-OHG
DEELTWA I EMRBEEN 3,

XPI1OFEHKTIERIZTNZTH G—A, A—>G
T& - 7z (Kamiya et al., 1992a, 1992d). Routledge
53 NO%Z DNA ICfEl &, E + Ad293 ik
B BEREZFH~NTWS (Routledge et al.,
1993). SRR L e iERD 5 B, 61% H5 AT
—GC T, 29% » GC—AT Tdh » 2. GC—AT
ZFICBIL T, C X3 5-methylC Ot 7 ¥ /1L
KB UXRBTORKGEET 2L4ENDHS b
DD, TNODFERIT, ARVPGHANOICL-T
Be7 3 /fbadhT X, I 240 TERES| x#EC
L1:EFEZABIENTES.

& I2AWZE T, 8-0OHG, X, MU 1 DFEHT 3
ERZ~7 b VEESHIC L. LB G
TIEHBERONOICL > THETEZERDS S
DY Eb—EBid, 5D DNAEEBICL -
Tl shb EBbh b,

25 XM
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Summary

The spectrum of mutations induced by cobalt(1I) chloride (CoCl,) was examined using the pZ189
plasmid DNA, which was propagated after transfection into Escherichia coli KS40/pKY241 host cells.
The vector plasmid carries an E. coli supF suppressor tRNA gene as a target for mutations. After CoCl,
treatment, 25 independent nalidixic acid-resistant, ampicillin-resistant and lacZ~ (SupF~) mutant
clones were obtained and altered sequences of the mutated supF~ genes were determined. Deletions and
frameshifts were the predominant mutational events (81%) induced by CoCl, and the remainder were
base substitutions (19%). Analysis of sequence alterations at all the sites of mutation revealed that: (i)
96% of mutations occurred at G : C sites, suggesting that the formation of N7G-Co( Il ) adducts and/
or the induction of DNA-strand breaks probably generated by oxygen free radicals may be responsible
premutagenic lesions for these mutations; and (ii) short sequence repeats were mostly found a.t the si'tes
of deletion and frameshift. Slippage-misalignment is also suggested to be a mechanism for the induction

of mutations at these sites.

Keywords: cobalt(1l) chloride, mutation specificity, pZ189 supF, KS40/pKY241 system, deletion

B RIS RV A k4 T & (Ogawa et al., 1986, 1988;
SIBBAS L 07 DL OMKI#ENECHH A Moritaeral., 1991), ¥ 3 Y U 2 8T Tl AEIN
M ErEhoEHSh, HESTOhTE RREREFRITLC A% L TE K (Ogawa
ro WA REBOHTE a0 MICHEKERD,  eral,1994) 7o, TNV b () RO Z R
cobalt( I ) chloride (CoCl,, CAS No. 7646-79-9) 5 (& Co** (Co(ll)) 44 vickERT BT LbmRL
Ny 7o) T EERERROZEREHRRCRIET  fo —h, T/ LAY 3 KRBT A
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2R T EMHISNTWS (Heath, 1956; Heath
and Webb, 1967), & 512, CoCl, [ DNA t#54
94 5% Z & (Eichhorn and Shin, 1968; Zimmer et al.,
1974), DNA §{% U35 Z & (Robison et al.,
1982; Hamilton-Koch et al., 1986; Hartwig et al.,
1990) 3L ¥ DNA SO EEEZ K FEE 3T
& (Sirover and Loeb, 1976) 75 & b EshTL
5, AT}, RABINETIT>TCEX LB
* Ik AERERIIEO—B L LT (Ogawa et
al., 1986, 1987a, 1987b, 1988, 1994; Morita et al.,
1991), CoCl, FEFEIT & 5 FEIRAE T RIS % iR i
TEHHWDS, KIBET v/X— 3T L oy ¥ —
tRNA (supF) Bfn %2>~ 7 ¥ — pZ189 (Seid-
man et al., 1985) & Akasaka & (1992) DBfF L 72
KIGE KS40/pKY241 HEEFWT, #FRIhik
supF~ ZESLEE D DNA HRECH| 2T L 72,
RIREFERA R bV DRRFTED VIS O fo D i)
IEROILRIZ T EIL VA, 2~3 OBlKSH 3 H1H,
Wath ENBDTHME LTHET 5,

EBMHELUAE

1. 73X FBLUKRBE

TR FM T, Seidman & (1985) ASKEEE
L7 BH#fa & L TRIGE supF BIZFH LT
7 vEY ) Vit (Amp) = —H —E o7
5 — pZ189 M L foo HEARBE L LTI KS-
40/pKY241 ¥ (F~ lacZ(am)CA7020 gyrA lacYI
hsdR hsdM araDI139 /\(araABC-leu)7679 galU
galK rpsL thi/gyrA(am) cml) (Akasaka et al., 1992)
BXU CSH 2% (F lacZ(am) trp rpsL thi)
(Miller, 1972) %M\ 7o,

2. & X B

CoCl, %13 U & 3 2l I3 FLAsE T3 ()
(KB & OBEA L 7o, RIS L ikfAES, L 3%
REHIB X O M &S &AW/ (Otsuji et
al., 1974), IPTG & X-gal | Hauser & (1986) ®
WEWCHE > THHA L + ) Y+ v VB (Nal),
TYEY)V(Amp) BLUV /0T AT 2 =a—
)V (Cml) 13 L #AEHIC K 4 50, 150 B LT 30
ug/ml MU, [a-?P]-dCTP (& DuPont #f
(Wilmington, DE, USA) » SEA L 72,
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3. CoClL, BREAZR

CoCl, FBFIT & B supF~ ZFMM 7 o — >~ D4y
HE 13 Akasaka 5 (1992) D HFEICHEL TIT- 7, L
IR TR L 72 CSH2/pZ189 k> & 4) 8 «
K58 L 72 pZ189 75 X I F DNA %l KDZRE
FRA R 20 uM CoCl, T 2 B REE L T, supF
BIEFIREREREFHK LI, R, TOFF R
I F DNA 28 {bAvy o o HEbve Uy Lk
(Maniatis et al., 1982) T & KS40/pKY241 fk
NEBEBAZIT - 120 £ D%, HHEEAIKIZ Nal,
Amp, Cml, IPTG £ & O X-gal 2RI L 7z L X
Rz 7L — b L, CoCl, #FFE supF~ Z5 50N~
o—vEPELI, supF~ ZFBETOEE,
BERETIIpKY24l 75 23 DO SDT /3 — o
+ 0 Y+ v VIRMYE (gyrd (am); Nal?) it {5 1O %
BaHBDT, pZI189 75 RI KD supF 47
Ly #— tRNA MiEHTHNEFH ) v+ VB
&M (Nal’) Amp* LacZ™ (/0547 2=0—
WVIRTE (CmIY)) &755 T, T OEPEEIT 1315
TERWVY, supF BIcFICBRRERBFRHI LN
¥ Nal* Amp’ LacZ™ (Cml") THftioo=—%4
LA EicEIVWTW3,

4. 75 X3 F DNA O L DNA IEEET| D
[EE

RIRE % bosupF BIZT% 75 2 ¥ FDNA
& L T, KS40/pZ 189 (supF~)pKY 241 ¥k H 5
Qiagen + . b (Qiagen Inc., Chatsworth, CA,
USA) ® 3 =« 7o b 2 —)U (Lutze and Winegar,
1990) i £ v Kimura & (1993) ® ik TH#EL T
R, %/, Z£% DNA HHEEF|OREIE R
pBR322 754 ~<—R & BcaBEST™ Dideoxy
v—=lrvvv7Ey h~dCTP Version (F i
R, #HE) #HVT, Y74 F VIET -1

RREBLUEER

KIGE supF Bl F2F>~N7 % — pZ189 &1H
T RIE KS40/pKY241 ¥EAH W T, CoCl, %
ISk BRERERZARY VOB 1T - 120 8]
IZ, pZ189 75 Z I F DNA 700ng % 20uM
CoCl, T2 MfI%#%& L T, 75K KS40/pKY241
HRANDOILEBAZEIT - 120 HEBARIIF 9.7X

10'Thb, HUEDNADLDEIZEAEED
SEhoto, Fiz, LIEERKEMNIC Nal, Amp, Cml,
IPTG ¥ kU X-gal 270N L 7@ REE I X 508
B AfAD Nal* Amp’ LacZ ™~ (SupF ) ZE5 D ZE4K
ERRIIVET 25X107° THY, HARERER
(X107 OHSHETH > 1, TORERIT
SupF~ ZERDH) 80% H3 CoCl, IT & » THELE N
fZEERELTOL S, RIi, EREHH» S
CoCl, WLMIC &KV supF @i FIcZRAELE
Eiohd, HOICHNE 2 o— v 22508 L
TPEEL Tz, ThODON, 25HOER 7 o—vin
577 A3 FDNAZBIYL, VF4+viEick
0 supF~ Z5B(LT DNA @ Pre-tRNA 75
End-tRNA R % 540 150 R OE| 2 PUE L

Table 1. Classes of CoCl-induced and spontaneous
mutations in an E. coli supF tRNA gene

Class of CoCl,-induced  Spontaneous
mutation mutations mutations®
Base substitution 5(19%) 33(64%)
Transition 1 5
Transversion 4 28
Frameshift® 5(19%) 1( 2%)
Deletion 16(62%) 5(10%)
Insertion sequence 0 13(25%)
Total 26 52

* Data from Akasaka et al. (1992).
® Frameshift mutation here means the deletion of a
single nucleotide, shifting of coding frame.

foo FEMTORER, 127 o—2 (CC19) Hr o _HE
FE 1Pt S, Gt 26 BlORRER%[EE
I

Table 1 IZ CoCl, FFFIC & BERER A~ b
WERT, OBELLRONONRERDER
T, 21D 62% % 5w, 38 55 53 A4 -
TWe IROWTED DB T L —bv 7 PRIE
EREEBROLRT, 84 19% TH-1, £,
Akasaka O (1992) OHIEIC & 5 HRFRER X
~7 P VTRONIFARIBBRE S WD -
Tro REFZ X b WORMIEDIAE D 2 D i
WAL EORIZTEIR VA, 2~3 OB D 5 HIRH
FHENBZDOT, UTFIfx oBDZERIZH>WT
bIDLEHELLRTW 2 EET 3,
RRFIZERHIFEA: L 12800 T DEE AT |2 AL %
Table 2 IZ/R9, CoCly FFEIT & 5 RARIZ TS,
B SRZZIRZE T (Akasaka et al., 1992) ThiRHEh
1oERAL 68129 TEZFK L THBY, ®v b ZHFy b
KB ->TW3, ZOMWAIES 10EEDF 1 L
Jh e VE—MBEAELTVERETAT, 220
) E— FEFNCHEEE Ny o 52 R AR K
LTHBY, #20%IC) E— FMEAID 1 22 FES
LV HEET ESEE TV, TDLS G
fhDREFIDZER AL 55-111, 60-112 BL Y
77-119) OBATHEBKICEI -TEY, kx4
DO 6HEDTA LI b o ) E— NBIEAET B
MTRONB, ThoDERIR, REMDAL S

Table 2. Deletions.
Site* Incidence Sequence context® Sty Mutant gene
change
T . 1 |
35111 1 CGCCCCGCTT----GTTCCCGAGC—~CGCCCCGAGC =53 CCé6
m———— S B 3
]
60-112 1 GCTTCCCGAT----GTTCCCGAGC—GCTTCCCGAGC —46 CC13
[
== ) |
68-129 13 GATAAGGGAGCAGGC----CAAAGGGAGCAGACT— -52 CCl1, CC2, €C3;
CC4, CCs5, CC11,
GATAAGGGAGCAGACT CC14, CCl17, CC18,
CC22, CC23, CC24,
CC25
[—I?
T77-119 1 GCAGGCCAGT----GCGGCCAAAG—GCAGGCCAAAG -38 CC15
7 S o 3

3 Numbers indicated are the nucleotide number of an E. coli supF DNA; numbering is in accordance with Hauser et

al. (1986).

® Arrows below and bars above the sequences indicate direct repeats and deleted nucleotides, respectively.
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Table 3. Frameshifts.
Site Incidence Sequence context* Nucleotide change Mutant gene
* % ¥
70-72 3 GATAAGGGAGCA—~GATAAGGAGCA -G CC10, CC16, CC20
* % %k k kK
172-176 2 CCTTCCCCCACC—CCTTCCCCACC =L CCy, cC21

2Asterisks above the sequences indicate deleted nucleotides.

Table 4. Base substitutions.

Site Incidence Sequence context® Nucleotide change Mutant gene
* *
108 1 GGGGTTCCCGAG—>GGGGTTACCGAG C:G—A:T CC7
* * *
108&113 1 GTTCCCGAGCGG—GTTACCGAACGG C:G—A:T C19
G:C—>A:T
* *
144 1 TCTGCCGTCATC—TCTGCCCTCATC G:C—>C:G CC8
* *
168 1 TCGAATCCTTCC—TCGAATACTTCC C:G—A:T CC12

* Sequences shown in the left and right portions are those of normal and mutant genes respectively. The bases

substituted are indicated by asterisks.

9, 7L—4Lv 7 b BIUEEMARE CEEE
BRI R EBR 2 ORRERERICE WS 1 L
JbheVE—- MBS LTVWAZ EITEALT,
FaniRH L) v 7S AR (Ikehata et
al., 1989; Akagi et al., 1990; Ogawa et al., 1993) %3
CoCl, FRERERIIBVWTHHEAT B %R
BLTW3, COEFNIEG, EREICL-T
DNA A U ES I flosy1 Lo ko )
E—rOitlich % & %, DNA ARkidZ OALE
THEIET %, FESHOSA L7 b« ) ©— M HERH
s, 5 v 7 LIS BEFTEAS flos1 Ly
Fe ) E—MBFEEBAEL, —BEICLV-7T
v b LzRiiAZIER L, DNA Ao B &
DRI REL S NS, V=7 T 9 b LS
RUIBRE N30, HEIC & - TRKIICERE R
MEES NS EHEEL TV S,

I 5T, TNENDFEHEESI» SR » 7D5|
SR HIEBIEREHET 2 L, K 94% 187
T=Y(G)EHATHY, EOKI6% BF I v (T)
LB TTF=VARATHZ, CORRE
CoCl, & DNA D§EBH I 7 = v TR D%EF (N7-
G) & Co(ll) 1 # v DFES (NTG-Co(II) {11
1K), ) vEH (-O,PO7) & Co(Il) 1 # ¥ DEES
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(-0;PO-Co(II) fJfA) &V N7G, Co(Il) £
A& -O,PO” RIDEFED K (N7G-Co( 1)~
OPOs-) Ik B EENTEY (Eichhorn and Shin,
1968; Zimmer et al., 1974), CoCl, IC & % RijZs &5
YRR IE N7G-Co(Il) ik Td 5 2 &msEL

503, —4, CoCl, iz & % DNA DI (Rob-
ison et al., 1982; Hamilton-Koch et al., 1986; Har-
twig et al., 1990) (3 Co(Il) £ # > EHIAH D 2 —
WN—FF Y FOBBRIKE & DRI TH U 5iEH
RFZEDEIS /RSN TV 3 (Moorhouse et al.,
1985; Yamamoto et al., 1989; Kadiiska et al., 1989),
REBIOERD & 5 —> DFIE RFEMEE
—O;PO-Co(Il) A E R —/¥— 4 F ¥ F 28
{LKFORIGTH U EHBEOEHICL S
DNASD3 7135 D) YL 257 VEEAD
Ui EZZ 605,

Table 3 IC7 L — A Y7 NRIDOEROFA A
TOWEECH L E RS, ML 70-7212 13 3 D
G, FHEAI172-176 TR 4D + v~ (C)
BEATED, 2N oDHMATIHEERD G %
7213 COMENBKET - TWVW3B, ThoDEERIT,
CoCl, 75 Ames :XERD TA1537 ¥k & O TA2637
B (hisC3076 7 L — i v 7 b 25K, hisC &% T

D -GGG i 1 XD G DffnEH s, 1
RN D G OR&IC L » THIFERERERI
T&%) (Ameset al., 1973, 1975) i<k L, H5EH
7 L— by 7 PRIERAFFEL 2B A DLIFD
W7% (Ogawa et al., 1986, 1988) % Efti} 2 DT
bb, T, 1ERMDOGFHIZCORBES 2

)y T-RBEOHBEICANS E, JL-bv 7
P BLORKERDIY% (3 G EHEOHEE (NT1G-
Co(Il) fFMA) £ 7: 13 DNASSDO UM 2 Y o
TOHERICHE S EEZONB,

HHEBRNOERTHMNL LG v 2
NW=P a3 vPEVILETHS (Table 4), LML,
fthod KEGEH© B0 RTINS v Yy a vD
sl thtc bbb i (Streisinger et al.,
1966; DeJong et al., 1988), &MY~ IcH S50z
bDbLHY (Schéaper et al., 1986; Ashman and
Davidson, 1987), BHRICL > THIEDEVHR
OSNbB, SOITHHEMEC &I, BERERDALT
NG CHUTRETVWAIETHS, DR
13 Co() 1 A Tk BHTARFEMIEEE N1G-
Co(Il) ffIMALEZ B &L AT 3, 17,
CC19 ZRBIIMONS v AN=Y g v E LS
¥ I3 vipHI8 S| E O YR E HAIZE R A
Hom -1,

#HDIT, CoCl, FHICTL BERER R~ b
WIRFITREMEZL—L v 7 MV RIOERTH -
Too RIRAFRIBAL T DOIGHEEHIZEL DR H 5,
ZHD 96% 7 G:CHADEETH B LR
SNt Ry 7-HEBEEIEIE CoCl, FRER
TRORIKE T L —£ v 7 PRIZRIZBWT S
FET BT EDURME NI, 71, CoCl, FFiC
& B KB supF~ 254 = 113 KS40/pK Y241 &
AT LI > TR I BT Z TR,

# f3

PZ189 75 2 I F & KI5 CSH 2 #RINNkE
At (KBROKFERES) hofft5 L Tukrex
& L7, /4, IWARAEE T GRICKFEESER)
LR S CRBRFT 2RE AR 5
13 KB KS40/pKY241 thofit5.& 2D v =2 5 4
DRSS & I KIGHE supF BIzFick i 5 HAR
RIREFA R b VOO 20 EE L
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Summary

We have isolated several strains of Escherichia coli that contain new gene fusions (soi::lacZ)
specifically inducible by superoxide radicals under the control of the soxR and soxS genes. The fusion
genes were induced by low concentrations of menadione, methyl viologen and also 4-NQO only under
aerobic conditions. The soi-7 and soi-10 mutants were more sensitive to the lethal effect of superoxide
generating drugs menadione and 4-NQO but not to non-oxidizing drugs MMS and MNNG. The results
indicate that the soi gene products play a critical role in protection against oxidative stress. The soi-10
sodA double mutant showed higher sensitivity to these agents than parental strains. In addition, the soi
genes were induced by diamide under anaerobic conditions, suggesting that they respond to changes in

cellular redox state.

Keywords: Reactive oxygen species; Superoxide radical; Superoxide-inducible genes; Redox state;

SoxRS

Introduction

Reactive oxygen species such as superoxide radi-
cal naturally occur during normal metabolism in
aerobically growing cells and also arise from a vari-
ety of endogenous and environmental sources such
as redox-cycling agents (Fridovich, 1978; Hassan
and Fridovich, 1979; Pryor, 1982; Farr and
Kogoma, 1991; Zhang and Yonei, 1991). Cytotoxic
and mutagenic effects of oxygen are attributed to
these reactive oxygen species (Fridovich, 1978).
Prokaryotic and eukaryotic cells have defense mech-
anisms against the toxicity of these reactive oxygen
species. Escherichia coli cells possess enzymes, such
as superoxide dismutases, catalases and peroxidases,
which scavenge reactive oxygen species (Touati,
1988; Fridovich, 1989; Farr and Kogoma, 1991).
Furthermore, E. coli cells also have several DNA
repair systems for oxidatively damaged DNA (Farr
and Kogoma, 1991; Ramotar and Demple, 1993).

On the other hand, at moderate concentrations,
reactive oxygen species may exert signaling func-
tions and regulate gene expression (Demple, 1991;
Farr and Kogoma, 1991). Upon exposure to elevat-

© HARBZLRFER

ed levels of superoxide radical, E. coli cells respond
to the superoxide stress by invoking more than 30
proteins (Walkup and Kogoma, 1991). At least
nine of these proteins are produced by a regulon
controlled by two regulatory genes, soxR and soxS
(Tsaneva and Weiss, 1990; Greenberg et al., 1990;
Wu and Weiss, 1991, 1992). Gene products (genes)
already known to be a member of the SoxRS regulon
are Mn-SOD (sodA4), glucose-6-phosphate dehydro-
genase (zwf), fumarase C (fumC), an antisense
RNA for OmpF expression (micF) and a DNA
repair enzyme endonuclease IV (nfo) (Chan and
Weiss, 1987; Greenberg et al., 1990; Demple, 1991;
Farr and Kogoma, 1991; Rowly and Wolf, 1991;
Liochev and Fridovich, 1992; Chou et al., 1993).
Two soi genes, s0i-28 and ‘soi-17/19, are also posi-
tively regulated by the SoxRS (Kogoma et al., 1988;
Farr and Kogoma, 1991). In addition, by using a
Mud (Ap, lac) phage which randomly inserts into
the E. coli chromosome (Casadavan and Cohen,
1979), we have isolated three clones of E. coli with
new superoxide inducible fusion genes (soi::lacZ)
(Mito et al., 1993). The expression of the soi::lacZ
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Table 1. E. coli strains used.

Strain Genotype Source or reference

GC4468 F-4dlac4169rpsL Carlioz and Touati 1986

QC772 as GC4468, but @ (sodA-lacZ)49 Carlioz and Touati 1986
Cm'Lac*

KS262 as GC4468, also soi-7::lacZ Mito et al. 1993

KS264 as GC4468, also soi-9 ::lacZ Mito et al. 1993

KS265 as GC4468, also s0i-10 ::lacZ Mito et al. 1993

TT7 as GC4468, also A (soi-7::lacZ) Takemoto et al. 1994

SY9 as GC4468, also A(s0i-9::lacZ) This study

QM10 as GC4468, also A(s0i-10::lacZ) Zhang et al. 1994

QMI101 as QM10, also P (sodA-lacZ)49 This study

fusions was under the control of the soxRS regulato-
ry genes (Mito et al., 1993). The soi-7, s0i-9 and soi-
10 genes are located at about 13, 34 and 30 min on
the E. coli genetic map, respectively (Mito et al.,
1993; Takemoto et al., 1994; Zhang et al., 1994),
indicating that these soi genes are different from
genes already identified to be inducible by super-
oxide radicals under the control of the SoxRS. In
the present experiments we attempted to clarify the
regulation and functions of the soi genes in more
details.

Materials and Methods
1. Bacterial strains, phage and growth medium

All bacterial strains used during this study are
derivatives of E. coli K-12 and listed in Table 1. P1,;,
phage was used for transduction experiments. E.
coli cells were routinely grown in LB medium
(Miller, 1972). The concentrations of antibiotics
used were 50 1g of ampicillin, 25 ug of tetracycline
and 50 1g of kanamycin per ml.
2. Chemicals

Menadione sodium bisulfite (MD) was obtained
from Sigma Chemical Co., St. Louis, MO (USA).
Ampicillin, tetracycline hydrochloride, kanamycin,
diamide, 1,10-phenanthroline and 2-nitrophenyl-3-
D-galactopyranoside were purchased from Wako
Pure Chemical Industries Ltd., Osaka (Japan). Par-
aquat (methyl viologen, MV), 1-methyl-3-nitro-1-
nitrosoguanidine (MNNG), 4-nitroquinoline-N-
oxide (4-NQO) and methyl methanesulfonate
(MMS) were obtained from Nakalai Tesque Inc.,
Kyoto (Japan). All other reagents used were of the
highest purity commercially available.
3. Induction experiments

Overnight cultures of E. coli were diluted 100-fold
into fresh LB medium and incubated at 30°C until
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the concentration reached about 2 X 10® cells per m/.
Three-ml aliquots of the cultures were mixed with
various concentrations of agents and the cell suspen-
sions were subsequently incubated at 30°C for 90
min with vigorous shaking. [-Galactosidase activity
in whole cells was determined as previously descr-
ibed by Miller (1972). Anaerobic conditions were
achieved by bubbling nitrogen gas through a culture
medium.
4. Assays for sensitivity to MD, 4-NQO ard
MMS

The sensitivity of the soi mutants was assayed as
previously described (Zhang et al., 1994; Takemoto
et al., 1994). To assay for 4-NQO, MMS and
MNNG sensitivity, 0.1 ml overnight culture of E.
coli cells was plated on LB plate and drugs were
added on sterilized paper disks (6 mm in diameter)
placed on the plates. The plates were incubated at
30°C overnight before the zone of growth inhibition
was determined.

Results
1. Induction of soi ::lacZ fusion genes by MV, MD
and 4-NQO

Induction of the soi genes by various agents was
examined in soi-7::lacZ, s0i-9::lacZ and s0i-10::
lacZ fusions strains of E. coli. In these strains, the
lacZ gene encoding [-galactosidase has been fused
to the soi-7, s0i-9 and so0i-10 promoter (Mito et al.,
1993). [B-Galactosidase activity strictly reflects the
level of the soi gene expression (Casadavan and
Cohen, 1979). Two well-known redox-cycling
agents, MV and MD, induced the soi::lacZ fusions
under aerobic conditions (Fig. 1). 4-NQO is a
well-known potent mutagen and carcinogen. Re-
cently, some reports connected 4-NQO to the pro-
duction of reactive oxygen species. The potency of
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Fig. 1. Induction of the soi-7::lacZ, s0i-9::lacZ and
50i-10::lacZ fusion genes by various oxidizing
agents. Exponentially growing cells of E. coli
were treated with agents at 30°C for 90 min
under aerobic conditions, followed by the assay
for [-galactosidase activity. The back-ground
values for the so0i-7::lacZ, s0i-9 ::lacZ and soi-10
::lacZ fusion genes were 108, 153 and 211
units/ODsy, respectively. [ ], no drug
30 ug/ml - MVR,100 g/m/MD 8, 10 «M
4-NQO.

Table 2. Induction of the so0i-7, s0i-9, soi-10 and sodA
fusion genes by diamide and 1,10-phenanthroline
under anaerobic conditions®

Fold increase in [ -galactosidase activity

Gene fusion

Diamide 1,10-Phenanthroline
sodA ::lacZ 45 3.8
soi-7 ::lacZ 2.0 1.0
50i-9 ::lacZ 2.8 1.0
s0i-10::lacZ 2.5 1.0

* The cells of E. coli were grown anaerobically until the
concentrations reached about 2 X 10® cells/m/ and then
treated with the agents at 37°C  for 120 min under
anaerobic conditions.

4-NQO as an oxidative stressor has been recently
suggested (Nunoshiba and Demple, 1993). In the
present experiments, the effect of 4-NQO on expres-
sion of the soi::lacZ fusions was examined. /J-
Galactosidase activity in soi::lacZ strains treated
with 4-NQO was measured by using freshly pre-
pared extracts. As shown in Fig. 1, when 4-NQO
was added to cell suspensions at 10 M, the specific
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Fig. 2. Lethal effect of MD on E. coli GC4468 (wild-
type) and TT7 (soi-7::lacZ). Exponentially
growing cells of E. coli GC4468 (O) and TT7
(@) were collected, washed and resuspended in
PBS. The cell suspensions were incubated with
MD at 30°C for 60 min and then appropriately
diluted and plated on LB plates. After incuba-
tion at 30°C for about 18 hr, the number of
viable colonies was counted to estimate survival.

activity of S-galactosidase 3-4.4 fold increased under
aerobic conditions, while no significant induction
was observed under anaerobic conditions (data not
shown).
2. Induction of the soi::lacZ fusion genes by dia-
mide and 1,10-phenarthroline

It has been previously demonstrated that anaer-
obic electron sinks such as diamide, a thiol oxidant,
elicit anaerobic biosynthesis of Mn-SOD (Privalle et
al., 1993). Hence, we examined diamide-mediated
induction of the soi::lacZ fusions. As shown in
Table 2, these soi::lacZ fusions were induced by
diamide under anaerobic conditions. 1,10-Phen-
anthroline is also known to induce Mn-SOD under
anaerobic conditions by chelating Fe?* (Moody and
Hassan, 1984; Privalle et al., 1993). However, it did
not affect the expression of the soi::lacZ fusions
(Table 2).
3. Sensitivity of the soi::lacZ fusion strains to 4-

NQO, MMS, MNNG and MD

The insertion of Mud (Ap, lac) phage into the E.
coli chromosome is a mutational event. The sensitiv-
ity of the soi::lacZ fusion strains to the lethal effect
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Fig. 3. Lethal effect of MD on E. coli cells. Over-
night cultures of E. coli GC4468 (O), QM10
(), QC772 (@) and QMI101 (M) were
appropriately diluted and plated on minimal
agar plates containing MD at various concentra-
tions. After incubation at 30°C for about 40 hr,
the number of viable colonies was counted to
estimate survival.

of superoxide-generating agents were examined. As
shown in Fig. 2, the soi-7 mutant strain was more
sensitive to MD than wild-type strain when challen-
ged in phosphate-buffered saline (PBS). The sensi-
tivity of the soi-10 mutants was also higher than that
of wild-type strains (Fig. 3). Furthermore, the soi-
7, s0i-9 and soi-10 mutants showed higher sensitivity
to 4-NQO than wild-type GC4468 (Table 3). On
the other hand, these soi strains did not show in-
creased sensitivity to non-oxidizing mutagens such
as MMS and MNNG (Table 3). The s0i-10 sodA
double mutant are more sensitive to 4-NQO and
MD than soi-10 and sodA single mutants (Fig. 3 and
Table 3).

Discussion

We have isolated several strains of E. coli that
contain new superoxide-inducible fusion genes (soi ::
lacZ) (Mito et al., 1993). P1 transduction and dot
blot hybridization experiments revealed that these
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Table 3. Sensitivities of the sodA, soi-7, soi-9 and soi-
10 mutants to 4-NQO, MMS and MNNG.

Zone of growth inhibition (mm)

Strain
4-NQO MMS MNNG

GC4468 6 13 10
QC772 9 14 10
KS262 8 14 10
KS264 8 14 10
KS265 8 13 10
QM101 12 15 10

The solution (20 ¢/) of 4-NQO (75 mM), MMS (88
mM) and MNNG (375 mM) was added to sterilized
paper disks on the center of LB plates, followed by
incubation for about 20 hr.

genes were classified into three groups, soi-7, soi-9
and soi-10 (Takemoto et al., 1994; Zhang et al.,
1994). It was in particular interest to clarify the
regulation of expression and physiological functions
of the soi genes. The results in this study showed
that three soi genes were induced by superoxide
generators such as MV and MD under aerobic con-
ditions (Fig. 1). The induction was under the
control of the soxRS regulator genes (Mito et al.,
1993). Therefore, it is likely that an inducer for the
soi gene expression is superoxide radical itself. The
argument was supported by the fact that 4-NQO
also induced the soi genes under aerobic conditions,
because 4-NQO has been shown to be a superoxide
generating agent (Nunoshiba and Demple, 1993).

The soi genes was also induced by diamide under
anaerobic conditions (Table 2) as well as the sod4
gene (Privalle et al., 1993). Therefore, it is also
possible that the soi genes respond to changes in the
redox state in E. coli cells. The SoxR protein
contain Fe-S cluster (Hidalgo and Demple, 1994),
which sensitively responds to the redox state. 1,10-
Phenanthroline induces the Mn-SOD by chelating
Fe?* in E. coli cells (Moody and Hassan, 1984).
However, it did not affect the expression of the soi
genes, suggesting that the soi genes are not negativ-
ely regulated by Fe?'-containing repressor protein
(s) proposed by Moody and Hassan (1984). Molec-
ular mechanisms for the redox-controlled induction
of certain genes are under investigation in our labo-
ratory.

The generation of random operon fusions by Mud
(Ap, lac) phage is a mutational event. Examining
the sensitivity of the mutant cells with soi::lacZ
fusion leads us to know whether or not the soi gene

products play a critical role in superoxide stress
response and in protection against the oxidative
damage. It is evident that the soi mutants are more
sensitive to superoxide generators such as MV and
MD (Mito et al., 1993; Zhang et al., 1994; Figs. 2
and 3). In addition, they also showed increased
sensitivity to 4-NQO. On the other hand, they
showed the same level of sensitivity to MMS and
MNNG. Reactive oxygen species are not involved
in the action of MMS and MNNG in E. coli cells. In
conclusion, the results demonstrated that the gene
products have an important role in protection aga-
inst oxidative stress. To clarify the physiological
functions of the soi gene products needs further
experiments.
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Radiation effect on signal transduction in rat hepatocytes
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Summary

Active oxygens produced by irradiation induced lipid peroxidation of biological membranes and
simultaneously damaged to functions of the membranes. In this study, we investigated effects of
radiation on Ca?" signaling in rat hepatocytes. IPs;-induced Ca®* release in rat liver microsomes was
inhibited by irradiation. On the other hand, the Ca’>" loading capacity of rat liver microsomes showed
no change after irradiation. These results indicated that radiation influenced the regulation of Ca?*
signaling. To develop the study of effect of radiation on Ca’* signaling in rat liver, we used cultured rat
hepatocytes. Radiation induced lipid peroxidation in cultured rat hepatocytes as well as in rat liver
microsome and suppressed an increase in an accumulation of Ca’* incorporated into the hepatocytes in
the presense of ATP, glucagon or both of them. However, no effect of radiation was observed in the
absense of these Ca’" mediators. Functions of these mediators are thought to be coupled with
phospholipase C system, suggesting that phospholipase C in hepatocytes plasma membranes is affected
by irradiation. In fact, the IP; productivity in hepatocytes decreased after irradiation. Particularly, an
increase of IP; productivity in the presense of both ATP and glucagon was greatly inhibited. In
addition, we have studied radiation effects on Protein Kinase C (PKC) activity, which have much
relationship to Ca’* signaling. PKC in the hepatocytes was activated by irradiation and it was suggested
that the activation was due to translocation of this enzyme from cytosol to membranes. Although the
mechanism of PKC activation by irradiation is unclear, the activation might be induced by changes in
not only Ca®" signaling but the composition of phospholipids in rat hepatocytes.

Keywords: radiation, rat hepatocytes, lipid peroxidation, signal transduction, Ca’* signalin
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Fig. 1. Radiation-induced lipid peroxidation in cul-
tured rat hepatocytes. Each point is the mean+
S.E.M. from four experiments.

Table 1. Radiation effect on Ca’>" loading capacity
in rat liver microsome. Each value is the mean
+S.E.M. of three independent experiments.

Conirol 50 Gy

nmol/mg protein 1.10£0.22 1.21£0.30

Table 2. Radiation effect on IPs-induced Ca’* re-
lease in rat liver microsome. Each value is the
mean +S.E.M. of three independent experiments.

Control 50 Gy

Released Ca*" amount

.58+0.08 .16+0.03*
(nmol/mg protein/30 sec) 8 0 o ?

* p<0.01

% Bc4 0 NRETH 5. /AR E O
thic Ca¥* #& A - v Catt HIHINF D ¥ 7+ v
2 LT Ca?t DA TV, HERIN Ca*t DREE
FE, OV T IMEaD RSB FIET 5
(Marshall, 1993). #C°T, 7 v M SERRLLE
/NEATEE S I B B Ca*t DfFEAES & Uil
N Ca** OHIEIKR T O—>Tdh % IP; ~D/NMafk
DB O R & -~ o, /AR
BNE SCatt 2HVWT, ATPHEAERTA v+ a
~N— b LT Cat 2HFHE &% ORFEHAED X #RE
BHic & 22t AF <7z, Table 1 1TRT & D ITHK
BHR RS & Ca?* ORFEAEIC EE(LRR oS
ot TOTEND, KEHRBEICED Ca¥
OEEAHES D, BEEIC XD Ca?*
Bhlzndsed3mnEERISNE, KI/D
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fafkic s 3 1P kMO Ca2* it 2 X
WMOREAE R, 1P Itk 0 F s h 5/ ki
? oD Cat ORUNBRARES 2 &, KU RE
IZ& D Ca?t ORHBIZTHBEEO LTI -
7o (Table 2). T DI &H SHIMANTD Ca2t D
ORI IEFITHREL 5 18 5TV 3 T & A3
SMITIE o 7z, IRICHIRI L XU Ca2t v 74 )
¥ T RN DI B AT L 1.

3. FFMERICE T 3MEa5 M5 D Ca?t DELY A
HBICE T DGR E

FHfIc B\ T IRTE~ OB e 3
L THIRINA T D Ca?t it ZEEHhkE X, ZhHK
ODHBEHERELHE T3 ENELIONTVES
(Bygrave, 1993; Charest, 1985; Mine, 1993). #fja
WNTO Ca®* ORI HEHRIC &  EESZ 1T
WBZEDS, HEEANLTOD Cat DAY
CHELBE LTV B ARELH 5, 22 T,
Ca** B0 1A% OFIBLA T % 70 L 72 BE o ffa st
M50 ¥Ca¥t DOELYAA R % XHAEE & ik L -,
RIBART2BICORMLEVE, FL2RTFELT
7 2=z 7 ) vAERMA IR ISR
o AEhTws $Ca’t 0BT LIZE S
Mmote, LinL, ATP R 7 VA I v %A BB
X EBHC TR TR A E h 7z $Cat
BOBRDL, “o0RBKRFEMZ BRI izZE D
ZISPAFE 1S 5 TV /2 (Table 3).

4. FFHBZICE T B IP; £ DR E
Ca®* OB DB % eI HE B BT
EIh, RICZD Ca?* DEIZAFIBL TV 250
FaPy Ca** HIHIR 7125t 3 B R BB 4 T L
o, MRS S OFIBIRI T 1o 064 B IBERIG & L
THIAAN TR 2 O HIERFOER s h, Zh
MR DA RENDIZEE R LTV B, Ca?t
NDIEHE R T HERER FO—o12 IP; 255
5 H% (Berridge, 1993), KK T 1<t 5 fHfast
“Ca’ O AHBDZEIHEIRIC X 3 IP; K
DREFICHIR S 2 EHIERE DR T H 5 alkE
HMHB. ZITCa DD AARICENES
N7 RN F 12> W T IP; AR RT3 3 ikt
WMONREMMT L1, Z DR, ATP, S0 h o
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Table 3. Radiation effect on Ca?* flux in cultured
rat hepatocytes. Each value is the mean of
independent experiments +S.E.M. (n =3-6)

Incorporated Ca’* radioactivity
in rat hepatocytes
(10° cpm/10° cells/15 min)

Table 5. Radiation effect on Protein Kinase C
activity in cultured rat hepatocytes. Each value
is the mean*S.E.M. of three independent
experiments.

PKC actlvity (pmoles/min/mg)

Cytsol fraction Membrane fraction

Control 50 Gy
Non mediator 1.6110.09 1.70%0.20
Glucagon 1.7710.18 1.41+0.52
ATP 1.90%0.15 1.50%+0.33

Glucagon+ATP 2.40£0.09 1.77£0.12%

* p<0.05

Table 4. Radiation effect on IP, productivity in
cultured rat hepatocytes. Each value is the mean
of independent experiments+S.E.M. (n=3-6)

IP; productivity

(pmoles/min/10° cells)
Control 50 Gy
Non mediator 0.60+0.31 0.72£0.12
ATP 4.45+1.55 4.72+2.07
Glucagon+ATP 18.63+3.77 7.86+1.70%

* p<0.05

YEZNTWBTMA ZBIciib T 0E1RAS
N -71eh, “oORIMAFE LGS B8
AU % 1Py DEFE 1S B AS U IS BE T 1330 <
MEE N TW/ (Table 4). D &h S FFEka
ICBT B Catt v F ) v RIS, ARG
£ O RIBAF it 2 I8 D B s A T
DERHBIHFI SN TIEFICHEEEL B2 &p
Mg Eht

LIE, TPy icBH# S 3 —# D Cat t5HlzER A~
DGR L 1ohS, WFhoBE (VW
&, MRS, HEHUSERT) T bREHRE S
CHBILEBHLMITIE S, TDL S Cat i
WIZEOMEE 13T OERIZEORE R T H 2 Mk
ERBUCOHEBEEZ TVWAIENELZ LN S,
TITRICHIBNOBEERFICEERBETH
D, Ca** kfFtE, F/IEHEKEMTLH 3 Pro-
tein kinase C (PKC) (Nishizuka, 1986) diE:ic >
WTZ OISR AT~ 12,

Control 113.90£7.97 6.780.44
50 Gy 95.67+8.29 12.49+2.45%
* p<0.05

5. PKC O;EH(Cxd 2 sHRHE

IFMiE % r SR B85 L T & 51 30 4y Rilks 1%,
HIRVE Rl 7AYEE5) & RIS 1 TE DR A TD
PKC /&2 JIE L 7. MIFE#45 <& PKC /&M
ORI DB S MEE5Y I B W T PKC TG
o EFAR S (Table 5).

£ 3

TR O MRS I E RN O E IV D
Haxh TV hicid, KR TPKCO
mRNA B FRVFELS N IcHESH B (Wol-
oschak, 1990). LA L, 05 I3fEHS hi-Hfg
FIC & - THGHREE SR 4 ot THbLN TL
% T &% /RLTWiz (Hallahan, 1994), A[al{§iH
U 7z RIS ATHIR 13 & 0 B AN O A FES -4 4
FLTOVT, BHROBMHREELHA~NS TR
WEHRLZRTHB. EoiT, TOREEFRTI 50
Gy OigHRB®OMAOAEFRIIBVT, Xt
BB EDiIcERA SNV, LALIDLH I
HIRIC 3O T & EBR I AR R E AR AR
HLTWA I EDNEMEN -, BicASEIIZIP,
Bl#D Catt v 7+ v ISORENA LD LN,
FNDHRIA L S DY T NVITIET HHEEETH B
T Eh oL ORAME TH S FRICE T 5
BAHREBA NS > A TEEREREN -, &
[[], F%I3 50Gy &V HPRPEWERET Ca*™ v
7+ v %P PKC OFEWE#HARIE L. <
OMBHTOXBIBVRBRRTOLEL 3R
ZalfEtE bbb, REKGAHECHREBERIKGEIEEB
fEREIhTH 5.

2[a]75 L 72 Protein kinase C (PKC) D iftitfg i<
L BIEHALSED LS B Ic L - THEL B0
2B S A TRV, PKC 3 Ca?t IKEHREE TH

5 L offilaN Ca®t OEBICKDELTWS
Dird LAV, F I BEHRIEEHC & » Phospha-
tidylcholine (PC) OR/DMEIE SN &n b
(RFEEKT— %), PCHOERSNAIEERT4
L THEEREN T & 5 PKC 27EHALL T
%ulfetE b & % (Nakamura, 1994), —45 T, G
B FRHERCR C BB AT AL B 3 5 & R 5y T D
PKCOmMaAohicl EMREINL TV S
(von Ruecker, 1989), fftfffic & % PKC Dih:
L biEHRF AR AN L ClakoBEcA LT
5T EbELON5. BlfE, PKC OIEHALOKE
ERROEBITOBND SEThTH 5.
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Summary

To establish the spectrum of mutagenesis by active oxygen species, we have utilized the supF gene
in plasmid pZ189. The DNA was treated with hydrogen peroxide and Fe** /EDTA complex, NADPH-
dependen lipid peroxidation system or Fe** /EDTA complex and was propagated in E. coli host cells that
had been induced for SOS functions. The mutation frequencies increased by 30, 12 and 20-fold,
respectively, over background levels. Sequence analysis of 82 independent supF mutants by hydrogen
peroxide + Fe* " /EDTA revealed that 85% of the mutants contained base substitutions, with G : C—~C : \
G (40% of base substitutions) and G : C—>T : A (37%) transversions predominating. Fiftyfour of 8- }
hydroxydeoxyguanosine(8-ohdG)/10° deoxyguanosine were generated in the plasmid DNA incubated i
with hydrogen peroxide. By lipid peroxidation, 47 (87%) of 54 mutants were base substitutions and
32% and 26% of that were G: C—>C:G and G : C—T : A transversions. Formation of 8-ohdG was
hardly detected in the DNA treated with lipid peroxidation. Fe?*/EDTA induced predominantly G : C
—C:G (45% of base substitutions) transversion and G:C—A: T (23%) transition. The results
suggest that the origins of G:C—>C:G and G: C—T: A transversions may be as yet unindentified
lesions generated by active oxygen species.

Keywords: mutational spectrum, pZ189, hydrogen peroxide, lipid peroxidation, frrous ion
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iLVERE % (superoxide, hydrogen peroxide) (31
JEERfiA G| ZEE T L, 7 Ofk SR I ilE - 7c
27 LA F FERDIAS, RERERZEIS. in
vitro TO, HVEREHIC & 5 DNA OERLERD 5
HrofkE S (Aruoma et al., 1989) i 4 D F I
K 2 HRIOWFA (Shibutani et al., 1991), & %L
3 in vivo TO KIEEFE O DNA (B85 B & /RIERKIC
L B WF7E (Cabrena et al., 1988; Bessho et al.,
1992) o #£ % 13, 8-hydroxydeoxyguanosine (8-
ohdG) MiEMMEFRIC X A2 RERELRICHF ST 5 FE

© 1 ABRHI I 2

HARN DIEMEREF 1< & 5 DNA $HEERKIC 13 2
DOREEMFEZ S5 5. 1 o4 hydrogen peroxide
ARETE Fo* v 5 I hU05HME DNA 2084
AREEETH D, b 1 DRIFEEB(LERH LK
JGH: ) 5 DNA IS {ER] 9 5 [ M IS R8T &
5. IUBERMWNIC 13 alkane $i%° alkene §i, & %
|3 aldehyde, epoxide, carboxy, hydroperoxy {t.{%
MhEENTBY, Thon#E>»IEDNAIKKHE
M4 %5 T & (Segerback, 1983; Summerfield
and Tappel, 1983), Z %5V 4A2F> 2 & (Mukai
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and Goldstein, 1976; Marnett et al.,1985; Basu and
Marnett, 1984; Benamira and Marnett, 1992) 23/
INTV3B,

Ve AT & B RARA A R L ~ Vv TH
N5 LR, ARONFHIEEIEKRT 5 TBIC
BAIFTIREL, EARCEMBNR, BRI
L2 FEL s & D BREIA B O VE I BEHE A 1 5 T4
MOICEBEEEZOND. (EERRIC K 5 RRE
W2 R MVARTERSE SIS, ALY v b
WYy — pZ189 D supF i %2 H\WT7 #
77— FERARHNTEIDDOHEEARBL L
(Akasaka et al., 1992). T D Jjil:%xH\T, Esche-
richia coli INC D supF 181z {- D [ IRIEIRAS FESARE
A HEEPM D 3.06X107 THBHIEERLI.
hb, INFTOHEICHRERAES 1073
KW T b, in vitro TORREREZRINT 5
C EMufREICIE 5 1,

2 (FIETERER AR I K B RRA DB 2 K1 % 1c
¥ 12 hydrogen peroxide + Fe’"~EDTA (Aruoma
et al., 1989) & Fe’-EDTA (McBride et al.,
1991) Ok Fo v 35 Uh VKR, BLOHF:
7 B/ — & NADPH (K /i VENRE gL (Aka-
saka, 1986) % H\\ T, pZ189 O supF if{r:{ D7
RERZRI bz b e, IFEERELERTIR
E o+ Y5V hLOEEERL DKL
Tris fZ#ERTTH 18 - 12,

MHRUGE

1. BETSRIEF

E. coli K12 ¥ ® KS40 (lacZam) & DL16
(recd), 7°5 Z 3 F pKY241 35icib~xtin ¢
& % (Akasaka et al., 1992). <7 ¥ — pZ189 [ F
Oy yDT vN—H% 7 Ly — tRNA (supF) 1&
(& %> TV 5 (Seidman et al., 1985).

NADPH-cytochrome P-450 reductase, cyto-
chrome P-450 5 X O IEH%Z 7 » FFE D L 7 o
v = Lip S, K%L 7o (Akasaka, 1986).

3. DNA QMLE
Hydrogen peroxide: Aruoma et al. (1989) @ /5
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FCHECTB B -7z, 75 A3 K pZ189 (Sug/
100 1) % 100 mM ) v [E#Efirid (pH 7.4), 100
uM EDTA, 25 uM FeCly, 9 mM H,0, % 5 bk
T 37°C, 30 SyfELER L 2o, L% Sepha-
dex G50 D X/~ v #1 5 L& (Sambrook et al., 1989)
ST T SISk > TS IES B sk D
DDNA T ¥ / — Vik#ic &k » T L £
(Akasaka and Yamamoto, 1994a).

BHEBREL: 75 2 3 F pZ189 (5 1g/100 ul)
% 100 ul D NADPH & £ NEE 8 f { L BL i
37°C THLEE L 7= (Akasaka, 1986). KLk (3 50
mM Tris-HCI (pH 7.4) I 100 g#mol lipid/ml @ V)
RV — 4 (NADPH-cytochrome P-450 reductase,
0.05 U/umol lipid; cytochrome P-450, 0.25 nmol/
umol lipid), 5 mM NADPH, 50 uM EDTA, 50
UM FeCly 2 A 12 b D% b B i, 2 BRI
0.1% 8-hydroxyquinoline % {3 £ TE (10 mM Tris-
HCI, pH 8.0; 1 mM EDTA) fifll phenol % 100 x/
A BOEMSIE U 7z, BEEE (LI )E 1 thiobarbi-
turic acid SGYEYIEL (TBARS) i iz & - <34
~ 7z (Kornbrust and Mavis, 1980).

Ferrous 1 & ». 775 2 3 F pZ189 (5 1g/100
pl) % 100 ul ® 100 mM 1) > kg (pH 7.4),
125 M FeSO,, 500 uM EDTA % & & BUbik ¢
37°C, 30 SpREJALEE L /2. KL% Sephadex G50
DRNYA T LICHT T EITE > THRIBEEL S
1.

4. SLIE pZ189 DNA DEA KR URAZE R DR

pZ189 DNA DAL > W T3~ 7ol
) Td % (Akasaka and Yamamoto, 1994a). SOS
A L7 KS40 % CaCL itk - Ta v EF
v MHIRIZ L, CTAUCHLEEL 72 pZ189 DNA %t
ALt —BRLBRIh TS v+ 24 b L1
%, NIGEH SHEELL 72 pZ189 A filith L 7-.

filith U 72 pZ189 %2 {31, 7°5 2 3 F pKY241
ZPEICHEA L TW 5 KS40 (KS40/pKY241) (it
AL, LB A (30 £g/ml chloramphenicol,
150 g/ml ampicillin, 50 zg/ml nalidixic acid, 80
g/ ml 5-bromo-4-chloro-3-indoyl-3-D-galactoside
(X-Gal), 15uM isopropyl-8-D-thiogalactoside
(IPTG) ZiRMD ki \Wic, supF RIRA W pZ

Table 1. Mutation frequency of supF gene in pZ189 treated with hydrogen peroxid +Fe’*-EDTA, lipid

peroxidation and Fe**~EDTA.

Treatments

Mutation frequency (x 107)  8-ohdG(/105 dG)

0 mM H202 + Fe3+-EDpTAR)
9 mM H202 + Fe3*+-EDpTAR)
0 umol/ml liposomeP)
100 pmol/ml liposomeP)
no additionC)
Fe2+_gpTad)

1.6 8.0
47 64
11 2.6
130 1.5
3.0 - e)
62 - e)

a) incubated with 25 pM FeCl3 and 100 puM EDTA in 100mM phosphate buffer at 37C

for 30 min.

b) incubated with S0 uM FeCl3, 50 uM EDTA and 5 mM NADPH in 50 mM Tris-HCI

at37C for 2 hr.

c) incubated in 100 mM phosphate buffer at 37C for 30 min.
d) incubated with 125 pM FeSO4 and 500 pM EDTA in 100 mM phosphate buffer at

37C for 30 min. :
) not determined.

189 % $> AL 1 nalidixic acid & THED
Jo=—¢L L GERTES. Coapn=—po7
5 2 3 F A2l L DL16c & A L lactose-
MacConkey # KB THBEBEO a0 =—%22K %
T L AW L7 (Akasaka et al., 1992). ZEIRZR
ERHA 7L - b 1IRICOEZ I HORRER 3o
=—/M57 5 R Y FpZ189 i L, pBR322 ®
EcoRl 7 5 4 = — % H \» dideoxy /% (Sanger et
al., 1977) iZ & - T supF &z OHEERCS % KD
fz. ¥ — 72 T ¥ AT |4 Sequenese Kit (US Bio-
chemical Co.) & % (3 AutoRead™Sequencing
Kit (Pharmacia Co.) 2 7z,

= S

1. RRAERFE

7°5 Z ¥ FpZ189% hydrogen peroxide + FeCls—
EDTA, [EH:&8#1t, FeSOEDTA MLEEL, SOS
YL o KHGE KS40 18 A L CREE, KS40/
pKY241 1T A L T supF ZRAZEIN L. D
FOHRERERPFEIZIXI0"TH S (Aka-
saka et al., 1992).

Hydrogen peroxide + Fe’*~EDTA T (& H;0, i
B OmM A5 9mM F TRIFEMRIICEEML
(Table 1, Akasaka and Yamamoto, 1994a). 8-hyd-
roxydeoxyguanosine (8-ohdG) (3 8.0/10° deox-

yguanosine (dG) 75 64/10° dG i< & TN L
tz. 1500dG &7 0 1D 8-ohdG AR T WL 1
Zlictiy, EREWD DNAHBGIRE FoF v
FIOANCLBEDTHEILERLTVELEE
Zohb,

) v — 41 & 5 NADPH K77t 5 6 a8 R
{t. T (3, 10umol lipid/ml % KIS IC A 5 &
300 nmol/m/ @ thiobarbituric acid IGHEYIE
(TBARS) 24k L7z, CORISKFICA 7o 7
5 23 FOZEFRAE I35 12 f55800 L 72 (Table 1,
Akasaka and Yamamoto, 1994b). 8-ohdG D H:f¥;
BRSNS, b Fo*xv s IhvLANOISHEBRE
{EEBRI B RARERCEE L TWEEEL SN
3. —F, VRV -LEMABVEEZOERSAE
2 1L1X10¢TH-7. DI LiF, NADPH+
Fe’*-EDTA 7213 T b Z R % & > DNA
lEFRILTVWEEEIONS.

Fe?'-EDTA i & % 2 RS BB U THY
ML, 1254M FeSO+~500 M EDTA T#J 20 {5
BEINT & - 12 (Table 1).

2. RARRZRRY M
9mM hydrogen peroxide + Fe**~EDTA, 10
wmol lipid/ml/ J5E @ L, 125 M Fe**-500 uM
EDTA LEIC & 337 Lo supF R 75 A1 F
411




Table 2. Distribution of hydrogen peroxide-induced, lipid peroxidation-induced and ferrous ion-induced supF

mutants by class.

Class of change % of total mutants examined
Hydrogen peroxide* Lipid peroxidation* Fe2+-EDTA*
Base substitution 85.4 87.0 78.3
Insertion sequence 4.9 0.0 0.0
Deletion 4.9 0.0 10.0
Single-base frameshift 4.9 13.0 11.7
Number of Total mutants 82 54 60

*; Treated plasmid was propagated in Eschericha coli host cell that had been induced for SOS

functions.

Table 3. Types of base substitution among hydrogen peroxide-induced, lipid peroxidation-induced and ferrous

ion-induced supF mutants.

Type of mutation % of total mutants examined
Hydrogen peroxide* Lipid peroxidation* Fe2+-EDTA*
Transition
G:C>A:T 12.9 19.1 23.4
A:T>G:C 4.3 10.6 6.4
Total 17.2 29.8 29.8
Transversion
G:C>T:A 37.1 25.5 10.6
G:C>C:G 40.0 31.9 44.7
A:T>T:A 4.3 10.6 10.6
A:T>C:G 1.4 25 1 4.3
Total 82.8 70.2 70.2

*; Treated plasmid was propagated in Eschericha coli host cell that had been induced

for SOS functions.

%, ZThZN 82, 54, 60 HBEL, IEERS|EH
Ntz ZALD 7 5 A% Table 2 12, HEBHOD 4
4 7% Table 3 i, HEEHE 1ERK7 -4y
7 hDRAR~RY bvE Fig. 1 1SR L7,
TNENOMEIC X E2ERDIZLAL R (85,
87, 78%) 1 HGHLEHRTH - 72 (Table 2). -1 M5k
TL—LYT7 bDREAEIR172-176 FD 5 [#:d
Fel 7o G: CHEREMORETH > 1. kL1
G: CiIcHE U S, BBy oiln%5]
ZHL T Lo/l A S (Streisinger et al., 1966).
LEREBRDIIEAER, G: CHEANTAEL
TWwi (H0, 90%, lEHEH @It 77%, Fe''-
EDTA 79%; Table 3). Hydrogen peroxide T (3,
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7% WG:CTDbL IV AN=Y 3 VERT,
T:AHB0WIEC:GADELAEREEA L TWL
fz. IEEEEE{L T 57%, Fe**-EDTA T3 55%
MG:CDIPSVAN=Y a3 Vst TON
G:C—>C:G 3T NTLHED 40% FRER - 1.

T supF BT O O E LTV
»s (Fig. 1), K¥ (H,0;, 70%, I5HE @8t 57%,
Fe**-EDTA 60%) |3 133 {RNA D7 v F 3 F v~
;) & 156~160, 168~172 THELTW . Th b
3, BAREREROLA LM - 72 (Akasaka
et al., 1991).

GGG
et Mm%
e T T
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Fig. 1. Changes in the base sequence in the supF mutations, including base substitutions and frameshifts, in the
pZ189 plasmid treated with hydrogen peroxide (H,0,), lipid peroxidation or Fe?*'-EDTA, and used to
transfect SOS-induced KS40 cells. These mutations are shown above the sequence: single base changes are
indicated as single letters. Minus-one or plus-one frameshifts are indicated as —C or +C. The anticodon is

underlined.
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