Volume 309, number 2, 193-198 FEBS 11503
© 1992 Federation of Europedn Biachemical Sociciics 00145793/92/55.00

September 1992

DNA base modifications in chromatin of human cancerous tissues
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Free radicul-induced damage to DNA, in vivo is implicated to play a role in carcinogenesis, Evidence exists that DNA damage by endogenous free
radicals occurs in vivo, and there is a steady-state level of (ree radisal-modifled basss in cellular DNA. We have investigated endogenous levels
of typical free radical-indused DNA base modifications in chromatin of various human cancerous tissues and their cancer-{ree surrounding tissues.
Five different types of surgically removed tissues were used, numely colon, stomuch, ovary, brain and lung tissues. In chromatin samples isolated
from these tissues, five pyrimidine-derived and six purine-derived modified DNA bases were identified and quantitated by gas chromatography/mass
spectrometry with selected-ion monitoring, Thess were S-hydroxy-S-methylhydanioin, S-hydroayhydantoin, 5-(hydroxymethyljuracil, 5-hydroxycy.
tosing, 5,6-dihydroxycytosine, 4.6-diamino-S-formumidopyrimidine, 8-hydroxyudenine, xanthine, 2.hydroxysdenine, 2,6-diamino-d-hydroxy-S-
formumidopyrimidine, and 8-hydroxyguanine. These compounds are known (o be formed typisally by hydroxyl radical auack on DNA bases. [n
all cuses, clevated amounts over control levels of modified DNA bases were found in cancerous tissues. The amounts of modified bases depended
an the tissue type. Lung tissues removed from smokers had the highes! increases of modified bases above the control levels, and the highest overall
amounts. Colon cancer tissue samples had the lowest increuses of modified buses aver the control levels. The resulis clearly indisate Ligher
steady-siate levels of moditicd DNA bases in cuncerous tissues than in their canser-free surrounding tissucs, Some of these lesions are known to
be promutagenic, although others have not been invesiigated for their mutugenicity, [dentificd DNA lesions may play a causative role in
curcinogenesis.

Oxidative damage; Free radicals; DNA damage: Hydroxyl radical; Mutation

1. INTRODUCTION

Oxygen-derived species such as superoxide radical
(0,"), H.0,, singlet oxygen and hydroxyl radical ("OH)
are well-known to be cytotoxic, and they may be impli-
cated in the etiology of 2 number of human diseases
including cancer (reviewed in [1,2]). The superoxide rad-
ical is formed in almost all aerobic cells [3). Any living
system producing O.°*" is expected to produce H;0, by
chemical or enzymatic dismutation of O,*". En-
dogenously generated oxygen-derived species may
cause damage to biological molecules, including DNA,
by a variety of mechanisms (reviewed in [4]). Under
physiological conditions, however, neither O,*" nor
H,0, appears to produce modifications in DINA unless
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metal ions are present in the system [1,4]. Thus much of
the toxicity of O,*" and H,0, is thought to result from
their metal ion-catalyzed conversion into highly reactive
‘OH [1.4]. The hydroxyl radical produces a unique and
extensive pattern of chemical modifications in DNA
and nucleoprotein, including modified bases and DNA-
protein cross-links (reviewed in [4-7]). Such DNA le-
sions may be promutagenic and may play a role in
carcinogenesis {1,4,8,9]. Evidence exists that DNA dam-
age by endogenous free radicals occurs and accumulates
in vivo, and that there is a steady-state level of free
radical-madified bases in celiular DNA [10-16]. Contin-
uous endogenous damage to cellular DNA by free rad-
icals and accumulation of such damage has been sug-
gested to significantly contribute to carcinogenesis in
humans [17-19]. Because of their ability to damage
DNA, free radicals are thought to be involved in all
stages of curcinogenesis [2,4,9]. Understanding the role
of free radicals at the molecular level may lead to an
understanding of cancer related to free radicals. Such an
understanding in turn will depend con the characteriza-
tion of the nature of DNA medifications caused by free
radicals in living systems.

Chemical characterization of free radical-induced
modifications in pyrinuaine and purine bases of DNA
can be achieved by a method incorporating the tech-
nique of gas chromatography/mass spectrometry with
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selected-ion monitoring (GC/MS-SIM), which can be
applied to DNA itsell or directly to chromatin [7,20.21].
By this methed. a large number of pyrimidine- und
purine-derived modified buses has been shown to be
endogenously present in chromatin of cultured mam-
malian cells, including human cells (22-25). The same
methed has recently been applied to show increuses
over control levels in the amounts of four purine-de-
rived modified bases in DNA from neoplastic livers of
feral fish exposed to carcinogens [26-28], and in the
asmounts of three purine-derived modified bases in
DNA from cancerous female breast tissues [29].

In the present work, we huve investigated endogenous
levels of typicul free radical-modified pyrimidines and
purines of DNA in chromatin sumples isolated from
various human cancerous tissues and their cancer-free
surrounding tissues.

2. MATERIALS AND METHODS

2.1, Maiwerials

Certain commercial equipment or materials ure identified in this
paper in order to specify adequately the experimental procedure. Such
identificution does not imply recommendation or endorsement by the
National Institute of Standards und Technology. nor does it imply that
the materials or equipmen! identified are necessurily the best available
far the purpose.

Authentic compounds were purchased or synthesized as described
previously [22.23). Xanthine was purchased {rom Sigma Chemical Co,
Acctonitrile und bis(trimethylsilyltrifluoroucetamide (BSTFA) con-
tuining 1% trimethylehlorosilane were obtuined {rom Pierce Chemicul
Co. Formic acid was from Mallinckrodt,

2.2, Funan tissues and isolagion of chromatin

The human tissues were obtain~d v, Depurtments of Surgery.
Medical School, Bydgoszez. Polund, during surgery on cancer pa-
tients. Approsimately 1=1.5 g of tissugs were collected for euch chro.
matin isolation. After surgical removal, canar-ous tizsues and their
respective surgical margins were quickly fivs, . in liquid nitrogen and
maintained in this condition until the isolation of chromatin, Histopa-
thologica! evaluation of surgicully removed tissuex revealed that the
surgical margin tissues were tumor free, while euncerous tissues exhib-
ited the following characteristics: brain cancer (male patisnt). fibrillary
astrocytoma; lung cuncer I (female patient, smoker), squumous cell
carcinoma; lung cancer 11 (female putient, smoker), adenocarcinomu:
stomach cancer (male putient), Mucinous carcinoma; ovary cancer
(female patient). serous cystadenacurcinoma; colon cancer (male pi-
tient), lymphogranuloma (Hodgkin's lymphomu). Except for ¢olon
cancer, all tumors were primary tumors, Equal amounts (1 g) of
cuncerous tissues and their surrounding cancer-free tissues were used
for chromatin isolation. Five separate tissue samples collecied from
the same tissue type were used. Frozen tissues were ground in por-
celuin grinders, and then suspended in sucross bufTer (0.25 M sucrose,
3mM CaCly, 0.1 mM phenylmethunesullonyl fluoride, 0.1 mi dithio-
threitol, 50 mM Tris-HCl at pH 7.4) and homogenized in a Teflon-
glass homogenizer, Subsequently, samples were fillered through a
nylon sieve. Chromatin was then isolated as described previously [22}.

2.3, Hydrolysis, trimethylsilylation and gas cliramatographylnass
speciraietry

TS aliquots of chromatin sampies (s | mM Tris bulfer) contalning

0.1 mg of DNA, | nme! of 6-azathymine and 2 nmol of 8-azuadenine

were added as internal standards, Samples were then lyophilized.

Samples of chromatin were hydrolyzed with 0.5 m! of 60% formic acid

in evacuated and sealed tubes ut 140°C for 30 min [25]. Samples were
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Iyophilized und then trimethylsilylated with 0.1 m! of u BSTFAsuce-
tonitrile (3/1: v/v) mixture in poly(letrnfluoro-ethylenc)cupped hy-
pavinls under nitrogen at 130°C for 30 min. Anulysix of derivatized
sumples wax performed by GO/MS-SIM a8 deseribed previously
[22.25], An aliquat ¢4 ) af euch derivatized sample was injected
without any further treatment into the injection port of the gus chro-
matogruph by meuns ol un autosumpler. A split ratio of 1:20 wus used.
resulting in %0.2 ug of hydrolyzed and derivatized DNA going through
the GC column lor each unulysis.

3. RESULTS

The objective of this work was to examine whether
typical free radical-modified pyrimidines and purines
occur in chromatin of various human cancerous tissues
and their cuncer-free surrounding tissues, and to com-
pare the quantities of these modified DNA bases in both
types of tissues, Previously, elevated amovits over con-
trol levels of three purine-derived modified bases in
DNA isolated from cancerous tissues of human female
breast were observed [29]). This study was limited to
determination of three purine lesions in DNA isolated
from one type of human cancerous tissue, DNA as a
whole was isolated and analyzed. In the present study,
by contrast, we have examined ¢chromatin isolated from
five different human cuncerous tissues and their cancer-
free surrounding tissues. Moreover, five pyrimidine-de-
rived and six purine-derived modified bases were identi-
fied and quantitated. The modified bases and their
quantities are given in Tables | and 11, We also searched
for two other products, namely thymine glycol and 5-
hydroxyuracil, however, we were unable to identify the
presence of these compounds in the tissue samples ex-
amined. Fig. 1 illustrates the structures of the modified
buses dealt with in the present work. S-Hydroxycytosine
(3-OH-Cyt) and S-hydroxyuracil result from acid-in-
duced modification of cytosine glycol; the former by
dehydration and the latter by deamination and dehy-
dration [30). Similarly. 5,6-dihydroxyuracil (5.6-diOH-
Ura) is formed by deamination of 5.6-dihydroxycyto-
sine [30]. In addition to the madified bases found in
chromatin in our previous publications [22-25], we have
identified xanthine in the present work. This compound
may arise from deamination of guanine, however, there
is ulso a possibility that it may be formed by attack of
*0OH at the carbon-2 of guanine.

Lung and colon cancerous tissues had the highest and
the lowest increases, respectively, in the amounts of
modified bases over the control amounts (Tables [ and
II). Cancer-free lung tissues from two patients had al-
most equal amounis of each modified base with the
exception of two, namely 5-OH-5-Me-Hyd and 35,6-
diOH-Cyt (Table I). Up to =7-fold increases in the
amounts of both pyrimidine- and purine-derived lesions
were observed in cancerous iung tissues with féspect 16
their cancer-free surrounding tissues. In terms of in-
creased amounts of lesions, there were differences be-
tween the two lung tissues examined. Essentially no
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Table |
Amaounts* of modified DNA bascs (molecules per 10° DNA buses) in humin tissues

Buse Brain Lung { Lung Il

Control Cuncerous Control Cuncerous Conirol Cancerous
5.0H-8-Me-Hyd  1.6520.09 2012030 1.8220.17 4,980,848 6.10£0.58 10.5%1.27*
$-GH-Hyd 2,77%0.04 4.3520,53° 2,8720.60 9.12%1.78¢ 3,75:0.39 14.5%1.39*
$-OHMe-Ura 0412007 0.30£0.06 0242008 1.1520.10% 0.7110.07 1.0320.11¢
5.0H-Cyt 1.0120.14 1.1620.23 0.67£0.13 0.8520.13 0.40+0.07 1.7820.25*
$,6-diQH-Ura 04920.08 0.9920.17* 0.31x0.08 1.2120.32% 1.1620.18 1.8720.70*
FupyAde 0.55%0.04 0.94+0.04* 0.5420.06 1.1620.16* 0.74£0.05 1.4720.20°
8-OH-Ade 0.39£0.05 1.1720.25¢ 306045 3.60£0.88 3.12:20.10 #.04£0.88¢
ARunthine S.X620.4% 2.5020.73 3.35+0.32 4.82:x0.72 5.09£1.06 15.34£2.61¢
2.0H-Ade 0.27:0.04 1.1820,23¢ 0.7520.22 5.52+0.70* 1.14x0.27 6.0421.27*
FupyGua 1.03£0.07 3.1020,62* 1.17£0.12 }.5020.03 0.9620.10 3.0720.63°
8:0OH-Guu 1.36%0.03 24920474 9.6820.46 10,121.00 7.33:097 23.024.88

*Euch value represents the mean = S E.M. fram meusurements of chromatin samples isolited from five separute tissue samples.

*Significanily different froms controls (P & 0,08 by Student’s 1-test),

increases were observed in the amounts of 8-hy-
droxypurines, i.¢. 8-OH-Ade and 8-OH-Gua, in lung
cancerous tissue 1. In both lung cancerous tissues, the
highest increases over the control levels were in the
amounts of 2-OH-Ade (=7- and s5-fold). The lung can-
cerous tissue 1 had the highest amounts of almost all
modified bases when compared with other types of can-
cers examined, Stomach, ovary and briain cuncerous
tissues also had significantly higher amounts of lesions
in their chromatin than their respective cancer-free sur-
rounding tissues. In these cases, the highest inereases
over control levels were observed in the amounts of
8-OM-Gua (=5-fold), 5-OH-Cyt (s5-fold) and 2-OH-
Ade (=4-fold), respectively. Colon cancerous tissues had
sighificant increases of modified bases only in a few
instances. In most cases, the amount of ecach modified
base was similar in cancer-free tissues, The most varia-

ble amounts of modified buses in cancer-free tissues
were those of 8-OH-Ade and 8-OH-Gua., ranging from
0.39 10 3.12 8-OH-Ade/10° DNA bases, and from 0.94
to 9.68 8-OH-Gua/10* DNA bases. The amounts of
8-hydroxypurines were higher than those of formami-
dopyrimidines in both cancer-free and cancerous tissues
of lung, stomach, and ovary. Colon and brain tissues
had similar amounts of these compounds. These types
of DMNA prudiicts may arise from respective one-clec-
tron oxidation and redustion of carbon-8-OM adduct
radicals of purines, which are formed by the addition of
*‘OH to the carbon-8 of purines [31).

4, DISCUSSION

The results obtained in the present work indicate that
tvpicul *OH-mediated products of DNA bases occur in

Table 1
Amounts* of madified DNA buses (molecules per 10 DNA bases) in human tissues
Colon Stomauch Ovary

Base Centrol Cancerous Control Cuncerous Coantrol Cuncerous
5-OH-S-Me-Hyd  2.67£0.22 4.182027° 2.0110.29 3.19£0.79 1.95+0.20 6.4210.78°
5-OH-Hyd 1.69£0.23 3.342041° 1.8720.14 1,27+0.04* 3.48%0.75 12.71£2.36*
5-OHMe-Ura 0.39£0.01 0472009 0.13£0.03 0.3320.04° 0.6320.19 3.17£0.32¢
5:QHM-Cyt 0.44+0.03 0.5420.06 0.69x0.07 0.59£0.09 0.25+0.06 1,35£0.45*
5.6-diOH-Ura 0.4120.09 0.92£0.06* 0.46£0.09 1.29£0.32 0.4320.,08 1.55£0,44*
FapyAds 0.87%0.15 0.74£0.17 0.35x0.03 0.81£0.02* 0.81x0.19 1.0810.18

8-OH-Ade 1.0620.11 1,34£0.26 0.7020.12 2.32%0.37+ 1.4820.31 3.3210.48
KXunthine 5.17£0.85 4,13204! 2,17£0.48 5334096 6.84x0.51 92.68x1.[3*
2-0H-Ade 0.6120.11 0.64£0.11 0.2320.06 0.42£0,02% 0.5020.07 1.66£0.07*
FapyGuu 2,27£0.07 2.6610.72 0.55£0.08 1.65£40.39° i4330.15 25450520
8-0H-Gua 2.71£0.13 4.43%0.37° 0.9410.19 508+1.02¢ dltzom 9.20£2.43*

*Euch value represents the mean £ 8,.E.M. from measuremenis of chromatin sumples isolated from five separate tissue samples,
*Significantly different tram controls (P & 0.05 by Student's ¢-1est).
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Fig. 1. Structures of the modified bases.
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chromatin of both cancer-free and cuncerous human
tissues of various types. In all six tissue types examined,
the endogenous amounts of most pyrimidine- and
purine-derived DNA lesions in cancerous tissuss were
found to be consistently higher than in their respective
cancer-free surrounding tissues. Our results are consis-
tent with a recent observation that the amaounts of three
purine-derived modified bases in cancerous tissues iso-
lated from breasts of several human female patients
were higher than conteal levels [29], however, our study
was not limited to one type of tissue or to a limited
number of purine-derived lesions. We have examined
six types of tissues, and have identified and quantitated
eleven modified bases. In the present study, the in-
creases in the ameounts of medified bases over the con-
trol levels were no more than =7-fold in all tissue sam-
ples examined, as opposed to =17-fold observed previ-
ously in one type of female Breast cancer tissue [29]. In
contrast to the previous study mentioned above, we
have also found significantly increased amounts of
FapyAde over control levels in four types of tissues,
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It is not known whether the DNA base lesions identi-
fied in the present work play a role in carcinogenesis,
or are formed in greater amounts in cancerous tissues
than in their cancer-frec tissues as a result of the disease.
There is little doubt that free radicals and DNA damage
resulting from free radical reactions play an important
role in carcinogenesis (reviewed in [1,32]). In the same
context, a number of free radical-induced DNA base
lesions have been examined for their biological conse-
quencss, and some of them have been found to possess
mutagenic properties (8,33—40]. The majority of modi-
fied bases identified in the present work, however, have
not been investigated for their biological consequences.
It is conceivable that these lesions, too, may be promut-
agenic. DNA lesions measured here (except for xan-
thine) are known to be produced in DNA (as a whole)
or in chromatin of mammalian cells upon treatment of
cells with mutagenic agenis such as fiydrogen peroxide
or ionizing radiation {11,24,25,41-48]. All these facts
mentioned above indicate a possible causative role for
free radical-modified bases in carcinogenesis.
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Elevaicd levels of modified bases in cancerous tissues
may be due to the production of large amounts of H,0,,
which has been found to be characteristic of human
tumor cells [49]. It is known that H,Q, treatment of
mammalian cells causes formation of the herein identi-
fied DNA lesions in their chromatin, most likely via
site-specific "OH production [24]. Furthermore, evi-
dence exists that tumor cells have abnormal levels and
activities of antioxidant enzymes when compared with
their respestive normal cells (reviewed in [32)). Low
levels of antioxidant enzymes, such as superoxide dis-
mutase or cataluse, in tumor cells may cause accumula-
tion of O,"" and H,0, with subsequent *OH-induced
damage to DNA, resulting in greater amounts of mod-
ified DNA bases in tumor cells than in normal cells.
Differences in the activities of antioxidant enzymes
among individual tumeors may account for the different
amounts of modified DNA bases that were found in
various cancerous tissues in the present work. In this
respect, two lung cancerous tissues had the greatest
amounts of modified DNA bases among the tissues
examined here. This may be attributed in part to the fact
that both patients were heavy smokers. Epidemiclogical
studies have shown that smoking is the major cause of
human lung cancer [$0]). Cigarette smoke is known to
cause DNA damage in human lung cells and cigarette
smoke-induced generation of H,O, with subsequent for-
mation of ‘OH has been implicated in causing DNA
damage [51-53].

The types of role that individual free radical-induced
DNA base medifications play in carcinogenesis are not
known, and remain to be determined. High levels of
modified DNA bases cbserved in various human tumeor
cells may be in part a result of the disease. Whatever the
reason is for this phenomenon, high levels of modified
DNA bases may contribute to the genetic instabilily of
tumor cells, and thus to increased metastatic potential
[54,55]. Epidemiological studies involving measurament
of typical free radical-modified DNA bases in a large
variety of individual tumor tissues and their respective
normal tissues may provide insight into mechanisms of
carcinogenesis related to oxygen-derived species. Meas-
urement of pyrimidine- and purine-derived DNA le-
sions in tissues as described herein may prove to be
useful in determining an association between free radi-
cal-producing agents and cancer risk.

Acknowledgments: M.D. gratefully acknowledges partial financial
support from the Office of Flealth and Environmental Research, Of-
fice of Energy Research, US Department of Energy, Washingion, DC,

REFERENCES

[1] Halliwell, B. and Guiteridge, J.M.C, (1989) Free Radicals in
Biology and Maedicine, 2nd edn., Clarendon Press, Oxford.

[3) Cerutti, P.A. (1985) Science 227, 375-381,

[3] Fridovich, I. (1986) Arch. Biochein. Biophys, 247, 1-11,

[4] Halliwell, B. and Aruoma, Q.1 (1991) FEBS Lett, 281, 9-19.

FEBS LETTERS

September 1992

{§) Von Sonntag, C. (1987) The Chemical Busis of Radiation Biol-
ogy, pp. 116-166 and 221-294, Taylor & Francis, London.
(6] Qleinick, N.L., Chiu, 8., Ramukrishnan, N. and Xue, L. (1987)
Br. J. Cuncer 55 (suppl. V1), 135-140,
{7] Diadarogiu, M, (1991) Frec Rad, Biol. Med, 10, 225-242.
[8) Breimer, L.H. (1990) Mol. Carcinogenesis 3, 1838-197.
[9) Floyd, R.A. (1990) FASEB J. 4, 2587-2597.
{1Q) Cuthcart, R., Schwiers, E., Suul, R.L. and Ames, B.N, (1984)
Proc. Nutl, Acud. Sci. USA 81, 5633-5632.
{11] Kasai, M., Crain, P.F., Kuchino, Y., Nishimura, 8., Ootsuyama,
A. und Tanooka, M. (1986) Carcinogenesis 7, 1849-1851,
(13] Adelman, R, Suul,R.L.and Ames, B.N, (1988) Proc. Natl, Acad,
Sci. USA 85, 2706-2708.
(13] Righter, C., Park, J.-W. and Ames, B.N. (1988) Prac. Natl, Acad.
Sci. USA 88, 6465-6467.
[14]) Stillwell, W.G.. Xu, H.-X., Adkins, J.A., Wishnok, J.5. und Tan-
nenbuum, S.R. (1989) Chem. Res. Toxicol. 2, 94-99.
{15] Fruga. C.G., Shinegu, M.K., Park, J.-W., Degan, P. and Ames,
B.N. (1990) Proc. Nutl, Acad, Ssi. USA 87, 45314537,
(16] Fraga, C.G.. Motchnik, P.A.. Shinega, M.K., Helbock, H.J,,
Jugob, R.A. and Ames, B.N. (1991) Proc, Nall, Acad. 5¢i. USA
88, 11003-11006.
[17] Totter. J.R. (1980) Pros. Natl. Acad, 8ci, USA 77, 1763-1767,
{18] Ames. B.N, (1983) Science 22}, 12561264,
[19]) Ames, B.N. (1989) Free Rad. Res. Commun. 7, 121-128,
[20] Dizduroglu, M. (1985) Anal. Biochem. 144, 593-603.
(21] Dizdaroglu. M. (1990) Methods Enzymol. 193, 842-857,
{22] Gajewski, E.. Rao, G., Nackerdien, Z, and Dizdaraglu, M. (1990)
Biochemistry 29, 7876-7882,
(23] Nuackerdien, Z., Kaspraak, K.S., Rao, G.. Halliwell, B. and
Dizdurogiu, M. (1991) Cuancer Res. 51, 5837-5842.
(24) Dizdaroglu, M., Nagkerdicn, 2., Chuo, B.-C., Gajewski, E. and
Rao, G, (1991) Arch. Bioshem, Biophys. 288, 388-390,
[28) Nuckerdien, 2., Olinski. R, and Dizdarogiu, M. (1992) Free Rad.
Res. Commun. 16, 259-273,
[26] Malins, D.C. und Haimanot, R. (1990) Biochem. Biophys. Res.
Commun. 173, 614-619.
{27] Malins, D.C., Ostrander, G.K.. Haimanot, R. und Williams, P.
(1990) Carelnogenesis 11, 1045-1047,
(28] Malins, D.C. and Haimanot, R. (1991) Aquatic Toxicol. 20, 123-
130.
[29] Malins, D.C. and Haimanot, R, {1921) Cancer Res. 51, 5430~
$432,
[30] Diaduroglu, M., Holwitt, E., MHagan, H.P. and Blakely, W.F.
(1986) Biochem. J, 235, 531-5236,
[31] Steenken, S. (1989) Chem. Rev. 89, 503-520,
[32] Yun, S, (1990) Free Rad. Biol. Med, 8, 583-599.
[33] Wallace, 8.5. (1987) Br. J. Cuncer 55 (suppl. VIII), 118-125,
{34] Shirnamé-Moré, L., Rossman, T.G., Troll, W., Teebor, G.W,
and Frenkel, K. (1987) Mutt, Res. 178, 177-186.
[35) Hayes, R.C., Petrullo, L.A., Huang, M., Wallace, 5.5, and Le-
Clere, J.E. (1988) J. Mol. Biol. 201, 239-246.
{36) Basu, A.K.. Loschler, E.L., Leadon, S.A. and Essigmann, .M,
(1989) Proc. Nail. Acad. Sci. USA 86, 7677-7681.
{37] Wood, M.L., Dizdaroglu, M., Gajewski, E, and Essigmann, J.M.
(1990) Biochemistry 29, 7024-7032.
[38] Moriya, M., Ou, C.. Bedepudi, V., Johnson, F., Tukeshita, M.
und Grollman, A.P. (1991) Mutal. Res. 254, 281-288.
[39] Cheng, K.C.. Cahill. D.5.. Kasai, M., Nishimura, §. and Losb,
L.A. (1992) J. Biol. Chem. 267, 166-172.
[40] Guschibauer, W., Duplaa, A.-M., Guy, A., Teoule, R, and
Fazakerley, G.Y. (1991) Nucleic Acids Res. 19, 1753-1758.
{41] Hariharan, P.¥. and Ceruiti, P.A, (1972) J. Mol. Bial, 66, 65-81,
{42} Mattern, M.R., Hariharan, P.V. and Cerutti, P.A, (1975) Bio-
chim. Biophys. Actu 395, 48-55. )
[43] Leadon, S.A, and Hanawalt, P.C. (1983) Mutal. Res, 112, 191~
200

[44] Teebor. G.W.. Frenkel, K. and Goldsicin, M.S. (1984) Pros.
Natl. Acad, Sci. USA 81, 318-321,

197



Volume 309, number 2

(43) Frenkel, K., Cummings, A.. Solomon, .. Cadet, J., Steinbery, J.
and Tecbor, G.WY. (1983) Biochemistry 24, 4527-3503,

{46) Breimer. L.H. and Lindubl, T. (1985) Biochemistry 24, 4018~
4022,

(47} Patil. M.S., Locher, S.E. and Hariburun, P.V. (1985) Int. J, Rue
diut. Biol, 48, 691-700.

{38) Leadon. S.A. (1990) Heulth Phys, 89, 15-22,

(49) Szatrowski, T.P. and Nathan, C.F. (1991) Cancer Res. 51, 794~
798.

{50) US Department of Health Education und Wellare, Smaoking und
Health, A Report of the Surgeon Gensral (1988) DHEW Publica-
tion, No, (PHS) 79-50066, p. 3.

198

FEBS LETTERS

September 1992

{51] Nakayama, T., Kuneko, M., Kaduma, M. and Nuguta, C. (1985)
Nuture 114, 462-464.

(82] Pryor, WA, (1987) Br. J. Cancer $8 Gsuppl. V1II), 1923,

(53) i.oc:ndcrmn. P. und Tugesson. C. (1992) Chem.-Bial. Int, &1, 197~

(54) Cifone. M.A. und Fidler, 1.J. (1951) Proe. Nutl. Acud, Sei, USA
M, 6949-6982,

(55) Megidish, T. und Mazurck, N.A. (1989) Nature 342, 807-811.



