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Oxidative DNA damage is a major cause of mutation and
cell death in aerobic organisms. In addition to 8-hydroxy-
guanine, oxidized DNA pyrimidines play important roles in
mutagenesis. Salmonella typhimurium TA1535, widely
used in mutagenicity assays, carries a hisG46 missense
mutation and efficiently detects mutations at G:C base
pairs. To detect oxidative mutagens that selectively modi-
fy pyrimidines, we constructed a derivative of strain
TA1535, termed YG3206, which lacks the Nei and Nth
DNA glycosylases that excise oxidized pyrimidines from
DNA. This novel strain easily detected the mutagenicity of
L-cysteine, L-penicillamine, dopamine-HCl, and phenazine
methosulfate, which are non-mutagenic or only weakly
mutagenic in the TA1535 parent strain. A second strain
that is equivalent to YG3206 but harbors the plasmid
pKM101 which carries mucAB encoding DNA polymerase
R1, termed YG3216, was significantly sensitive to phena-
zine ethosulfate. The compound was not mutagenic in
either YG3206 or the Fapy-glycosylase-defective strain
YG3001. Potassium bromate and methylene blue plus visi-
ble light with metabolic activation induced mutations in
YG3001 but not YG3206 or YG3216. The number of
spontaneous His* revertants per plate was 82 + 16
(YG3206, AnthAnei), 19 + 4 (YG3001, Afpg), and 6 £ 2
{TA1535), suggesting a significant contribution to spon-
taneous mutagenesis by endogenous pyrimidine oxidation.
In the absence of exogenous chemical treatment, ex-
posure to fluorescent light enhanced the spontaneous mu-
tation frequency by approximately two-fold (YG3206), 13-
fold (YG3001), and 10-fold {TA1535). These results sug-
gest that certain environmental chemicals may selectively
introduce mutagenic damage at DNA pyrimidines, and that
these changes can be monitored by the use of YG3206.

Key words: genotoxicity, oxidative damage, oxidized
pyrimidines, Endo lll, Endo VIiI

Introduction

The DNA of all organisms is constantly damaged by
endogenous processes, including oxidation, hydrolysis,
and alkylation (1,2)." A potential source of the large
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number of mutations produced during tumor progres-
sion is DNA damage, particularly damage by teactive
oxygen species (ROS) (3). In aerobically grown cells,
ROS are produced as by-products of normal metabolic
pathways and have been shown to contribute to human
diseases, including cancer, cardiovascular disease, im-
mune system decline, and brain dysfunction (4). Some
of the byproducts include singlet oxygen ('0,), peroxide
radicals ('O,), hydrogen peroxide (H,0,), and hydroxyl
radicals ("OH) (5). The reactions mediated by ROS can
lead to a wide variety of DNA damage, including DNA
strand breaks, protein-DNA cross-links, abasic sites,
and base lesions (6). Although cells possess many
defenses against oxidative damage, it has been estimated
that the mammalian genome undergoes roughly 10*-10°
oxidative attacks per day (4). ‘

More than 50 different base lesions have been identi-
fied as the products of oxidative DNA damage (7). Ar-
guably, the DNA base lesion receiving the most atten-
tion is 8-hydroxy-2’-deoxyguanosine (8-OH-dG, 7,8-di-
hydro-8-oxo-2’-deoxyguanosine), which is commonly
used as a biomarker of oxidative DNA damage in the
cell (8,9). When 8-OH-dG is present in a DNA template,
A or C is inserted opposite 8-OH-dG, depending on the
specific polymerase involved (10-12). In bacterial and
mammalian cells, 8-OH-dG has been shown to produce
high levels of G:C to T:A transversion mutations (13).
In Escherichia coli, some enzymes are involved in proc-
essing 8-OH-dG-induced oxidative DNA damage (14).
One enzyme is MutM glycosylase, or formamide pyrimi-
dine DNA glycosylase (FPG), which is encoded by
mutM or fpg and removes 8-hydroxyguanine (8-OH-G,
7,8-dihydro-8-oxoguanine) lesions found in DNA
(15,16). '

Oxidized pyrimidines also contribute mutations. For
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instance, several studies have hinted at a significant con-
tribution of oxidized uracil derivatives, such as 3-
hydroxyuracil (5-OH-U) or uracil glycol (Ug), to G:C to
A:T transitions in E. coli. An initial oxidation of cyto-
sine is followed by deamination to a poorly repaired
uracil derivative, which is one of the most frequent
forms of endogenous DNA damage and strongly mis-
coded during replication (17). The hydrolytic deamina-
tion of 5-methyl cytosine (SmC) to thymine generates a
thymine mispaired with guanine (18). Mutations result-
ing from 5SmC comprise one of the most frequent classes
of point mutation found in human cancer cells (19). The
damaged pyrimidines are generally removed by glycosy-
lases that cleave the bond between the sugar and N1 po-
sition of the damaged base (20). In the human genome,
several different glycosylases with uracil-DNA glycosy-
lase activity have been identified, and many of these
share substantial homology with uracil DNA glyco-
sylases found in other organisms (20).

In E. coli, Nth glycosylase, or endonuclease III (Endo
III), and Nei glycosylase, or endonuclease VIII (Endo
VIII), are base excision repair proteins with overlapping
substrate specificities that remove oxidized pyrimidine
bases from DNA (21,22). Upon the recognition of an
oxidized pyrimidine by a DNA glycosylase, the N-glyco-
sylic bond is cleaved, releasing the free base. This event
is followed by the cleavage of the phosphodiester back-
bone by an associated DNA lyase activity, which leaves
a.blocked 3’ terminus in the resulting nick (23). The
block, either an «,f-unsaturated aldehyde or a phos-
phate, must be removed by the phosphodiesterase or
phosphatase activity of another class of enzymes, the 5’

AP endonucleases. This phenomenon results in a single

base gap, which is filled in by DNA polymerase and
sealed by DNA ligase (24). Endo III and Endo VIII re-
move potentially lethal lesions, such as thymine glycol
and urea, that are blocks to DNA synthesis in vitro and
lethal in vivo (25,26). Endo III and VIII also remove
free radical damaged cytosines, Ug, dihydrouracil, 5-
OH-U, and 5-hydroxycytosine, all of which are muta-
genic (17,27) and can mispair with adenosine during
DNA synthesis in vitro (28).

We previously reported that Sa/monella typhimurium
strains YG3001, YG3002, and YG3003 are highly sensi-
tive to oxidative mutagens due to a lack of mutMsr en-
coding FPG (29). The strains are derivatives of Ames
tester strains TA1535, TA1975, and TA102, respec-
tively, which are widely used for the identification of en-
vironmental mutagens and carcinogens. In this study,
we disrupted the genes encoding Endo III and Endo
VIII in S. typhimurium TA1535, i.e., nthgr and neigr,
respectively, to establish strain YG3206. To evaluate
chemical sensitivity, we selected well-known oxidative a-
gents and those reported to be mutagenic in the tester
strains sensitive to oxidative mutagens (30,31). The
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references therein also suggested some chemicals to be
screened. Because strains YG3206 and YG3001 lack
Nth/Nei and FPG, respectively, we expected that a
comparison of sensitivities would identify chemicals
that preferably oxidize pyrimidines or purines in DNA.

Our results suggest that L-cysteine and four other chem-

icals may predominantly oxidize pyrimidines in DNA,
thereby inducing mutations. In contrast, potassium bro-
mate and three other chemicals seem mainly to oxidize
purines in DNA. Collectively, the results suggest that
the chemicals induce oxidative mutagenesis through
different mechanisms, and that newly established strains
YG3206 and YG3216 are useful for identifying chemi-
cals that induce mutations through the oxidation of
pyrimidine in DNA.

Materials and Methods .

Strains and plasmids: The strains and plasmids
used in this study are listed in Table 1.

Oligonucleotides: Oligonucleotides used for PCR
amplification were purchased from Japan Bioservice
(Ibaraki, Japan). Each sequence is shown in the text.
The one including a thymine glycol used for DNA
glycosylase assay was commercially obtained from
Tsukuba Oligo Service Co., Ltd. (Tsukuba, Japan),
where the oligonucleotide was applied on a poly
acrylamide gel, then the corresponding band was puri-
fied from the gel after running.

Media: Luria-Bertani broth and agar were used for
bacterial culture. Vogel-Bonner minimal agar plates and
top agar were prepared as previously described (32) and
used for the His* reversion assay with S. #yphimurium.
Nutrient broth (Difco, MI, U.S.A.) was used in the pre-
cultures for the reversion assay. Ampicillin (Ap, 50
pg/mL), kanamycin (Km, 25 ug/ml), or chloram-
phenicol (Cm, 10 ug/mL) were supplemented in over-
night cultures for strains harboring pKMI101,
AmutM::kan, or Aneisr::cat, respectively. Liver S9 pre-
pared from male Sprague-Dawley rats pretreated with -
phenobarbital and 5,6-benzoflavone was purchased
from Kikkoman Cooperation (Chiba, Japan).

Construction of the Endo lll-deficient strain: We
introduced a stop codon, TGA, in the coding region of
nthsr in TA1535 without any drug-resistance marker
(33). The nthsr gene and its flanking region were ampli-
fied by PCR using the chromosome DNA of TA1535
and the primers 5'-CAC AAC GCT GGT ATT AAC
GCT GAC-3’ and 5-GCA CTG AAG GAA GAG
AAA AGG GTG-3’, and then cloned into an Aarll site
of the pBR322 vector. The resultant plasmid, pYG433,
was digested with Scal and EcoRV, and the resulting
2-kb fragment was sub-cloned into Smal site of the
pKO3 vector (Table 1). The pKO3 vector has cat and
sacB, used for selection as described below. The
resultant plasmid, pYG437, included nthsr and was
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Table 1. List of the strains and plasmids used in this study

Genetic characteristics . Source
Strain
TAI1535 hisG46, gal, A(chl, uvrB bio) rfa : (32)
YG3001 The same as TA1535, but deficient in mutMg;, Km® (29) .
YG3201 The same as TA1535, but deficient in neigr, Cm® This study
YG3203 The same as TA1535, but deficient in nthgy ) This study
YG3206 The same as TA1535, but deficient in nths; and neigr, Cm® This study
TA100 The same as TA1535, but harbors pKM101, Ap® - (32)
YG3008 The same as TA3001, but harbors pKM101, Ap®, Km® 29
YG3216 The same as TA3206, but harbors pKM101, Ap?, Cm® This study
Plasmid N ' )
pYG432 derivative of pBR322, carrying neigr at the AaflI site, T} : This study
pYG434 derivative of pBR322, carrying neigy disrupted with cat-replacement, Cm®, TcR This study
pYG433 derivative of pBR322, carrying nthgy at the Aafll site, TcR * This study
pYG437 derivative of pKO3, subcloning the Scal-EcoRV fragment, including nthgr from pYG433, into the " This study

Smal site, Cm® :

pYG438 derivative of pKO3, carrying athsr which has a four-base deletion, Cm"® This study
pBR322 vector plasmid, ApX, Tc} ) Laboratory stock
pKO3 vector plasmid with temperature-sensitive replication origin, CmR® (33)

Km?®, kanamycin resistant; Cm®, chloramphenicol resistant; Ap®, ampicillin resistant; TcR, tetracycline resistant.

-
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Fig. 1. Disruption of the nthgy and neigy genes. Partial restriction maps of nthgy (A) and neigy (B) and the surrounding chromosomal region in the
original TA1535 strain and its deletion recombinants. Thick black arrows indicate the position and transcriptional direction of the genes in wild-
type (A) and (B). The white box (A) exhibits a deficient nthgy gene possessing the introduced frameshift mutation. The dotted line (B) indicates the
replaced fragment, including the caf gene shown with a white arrow. The size of the bands amplified by PCR or digested with restriction enzymes
after the PCR reaction is shown at each line in (A) and (B). Restriction enzyme sites are shown as follows: A, Aatll; (A), missing Aafll site; B,
Bglll; Ec, EcoRI; Ev, EcoRV; Ha, Haell; Hp, Hpal. (Hp/Ha) and (Ha/Hp) represent the junctions of the Haell fragment when it was inserted
into the Hpal site in neigr. (C) The scheme shows how to produce the deletion/frameshift in nthsy at the AatlI site, i.e., GACGTC. Four base
pairs, ACGT, are deleted at the end of the procedure. (D) The pictures of the agarose gel exhibit the bands after restriction enzyme digestions.
Left: Aarll digestion for Anthgy strain construction. Right: EcoRI digestion for Aneigr strain construction. M, size marker; lanes 1 and 5, TA1535;
~ lanes 2 and 6, YG3201; lanes 3 and 7, YG3203; lanes 4 and 8, YG3206.

digested with Aafll (Takara Bio, Ootsu, Japan) (Fig. of nthsr. The obtained plasmid, pYG438, was in-
1A). The cleaved plasmid was treated with Klenow frag- troduced into TA1535, and Cm-resistant colonies were
ment (New England Biolabs) to make both ends blunt selected at 43°C to identify clones in which the plasmid
(Fig. 1C). After ligation of the ends, four bases (ACGT) was integrated into the chromosome. Then, the Cm-
were deleted, which generated a TGA at the 46th codon resistant colonies were examined to determine whether
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they could survive on LB plates with 5% sucrose. Only
clones in which the integrated sacB-containing fragment
was removed were able to form colonies on the plates
because the sacB gene product converts sucrose to a tox-
ic substance. The lack of ACGT in nthsr was verified by
digestion of the PCR product with the AafII restriction
enzyme, followed by 0.8% agarose gel electrophoresis
(Fig. 1D). The clones with PCR products tolerant to
Aatll digestion were designated as YG3203, i.e.,
TAI1535 Anthsr. The set of primers used for amplifica-
tion were the same as for cloning.

Construction of the Endo VIlil-deficient strain:
The neisr gene and its flanking region, with a total size

of 2.3 kb, was amplified by PCR using the chromosome
DNA of TA1535 and primers 5'-GTA TTT GCT GGT
TCT TTA GGT GCG C-3’ and 5'-GTG ATC TGG
TTT CCG CCG CTT A-3’, and the amplified fragment
was cloned into an Aatll site of the pBR322 vector. Us-
ing the resultant plasmid, pYG432 (Table 1), neisr was
disrupted by the pre-ligation method (34). Briefly,
pYG432 was digested with the Hpal enzyme, and an ap-
proximate 1-kb region containing neisr was replaced
with a cat gene cassette (Fig. 1B). The resultant plas-
mid, pYG434, was digested with ApaLl, and T4 DNA
ligase joined both ends of the 5-kb fragment. The treat-
ed DNA was introduced into TA1535 and Cm-resistant

Table 2. List of the chemicals used in this study

Chemical Cﬁig&é‘;ﬂy M‘gieigﬁltar Solvent Source'
1 L-cysteine 52-90-4 121.15 H,0 Wako
2 L-penicillamine 1113-41-3 149.21 H,0 TCI
3 Dopamine-HCl 62-31-7 189.64 H,0 - Wako
4 Phenazine methosulfate (PMS) 3130-59-4 306.34 H,0 Wako
5 Hydrogen peroxide (H,0,) 7722-84~1 34.01 H,0 ‘Wako
6 Phenazine ethosulfate (PES) 10510-77-7 334.39 H,0 Dr. Ohta
7 Potassium bromate (KBrOs) 7758-01-2 167.00 H,0 Wako
8 Methylene blue (MB)* 61-73-4 319.86 H,0 Sigma
9 Neutral red (NR)* 553-24-2 288.78 H,0 Sigma
10 Benzo[a]pyrene (B[a]P)* 50-32-8 252.31 DMSO Wako
11 2-Nitrofluorene 607-57-8 211,22 DMSO TCI
12 Glyoxal ' 83513-30-8 58.04 H,0 TCI
13 Kethoxal 27762-78-3 148.16 . DMSO Sigma
14 Methylglyoxal 78-98-8 72.06 H,0 Sigma
15 N-Nitrosotaurocholic acid (N-NTCA) 82660-96-6 544.70 H,0 Dr. Totsuka
16 Paraquat 2074-50-2 257.16 H,0 Wako
17 Phenylhydrazine 100-63-0 108.14 DMSO Wako
18 Hydroquinone ©123-31-9 110.11 H,0 Wako
19 2,6-Dimethyl-1,4-benzoquinone 527-61-7 136.15 DMSO(10 mg/mL)—»W™* Wako
20 Duroquinone 527-17-3 166.22 DMSO(1 mg/mL)-»W Wako
21 Menadione 58-27-5 172.18 DMSO(1 mg/mL)—»W Wako
22 Lawsone (2-hydroxy-1,4-naphthoquinone) 83-72-7 174.15 DMSO(5 mg/mL)-»W TCI
23  Acetaldehyde 75-07-0 44.05 H,0 Merck
24 Methoxsalen 298-81-7 216.19 DMSO Sigma
25 Catechol 120-80-9 110.11 H,0 TCI
26 2,5-Toluquinone 553-97-9 122,12 DMSO(20 mg/mL)—»W Wako
27 1,4-Benzoquinone 106-51-4 108.09 DMSO(10 mg/mL)—»W Wako
28 1-Dopa 59-92-7 197.19 0.5N NaOH(50 mg/mL)-»W TCI
29 Cumene hydroperoxide 80-15-9 152.2 DMSO(5 mg/mL)—»W - * Aldrich
30 s-Butyl hydroperoxide 75-91-2 90.12 H,0 Wako
31 4-Oxo-2-hexenal 2492-43-5 112 DMSO Dr. Kawai
32 Psolaren 66-97-7 186.16 DMSO Sigma
33 Spermine NONOate 136587-13-8 262.4 0.1IN NaOH(5 mg/mL)-»W - Sigma
34 S-nitroso-N-acetyl-dl-penicillamine 79032-48-7 220.25 DMSO Sigma
35 1,3-Butadiene diepoxide 1464-53-5 86.09 DMSO Wako
36 Formaldehyde 50-00-0 30.03 H,0 Wako
37 Glutaraldehyde 111-30-8 100.12 H,0 Wako
38 Plumbagin 481-42-5 188.18 DMSO TCI
39 Bleomycin hydrochloride 67763-87-5 1453.02 -H,0 Wako
40 Thiabendazole 148-79-8 DMSO Wako

*: These chemicals were used for visible light irradiation assay.

201.3

T: Wako, Wako Pure Chemicals; Sigma or Aldrich, Sigma-Aldrich Chemicals; TCI, Tokyo Chemical Industry.
*: “->W* means that the chemical was initially dissolved in DMSO or NaOH solution, then diluted with water according to its solubility.
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colonies were selected. The EcoRI site is present only in
cat and not in neisr (Fig. 1B). The replacement of neist
with cat was confirmed by PCR amplification using the
cloning primers, followed by digestion with EcoRI (Fig.
1D). The resultant strain, TA1535 with Aneisr::cat, was
designated as YG3201. In the same way, YG3206, i.e.,
TA1535AnthsrAneisy::cat, was constructed using
YG3203 instead of TA1535 (Fig. 1D). Introducing
pKM101 into YG3206 resulted in YG3216, i.e.,
TAI1535AnthsrAneist::cat/pKM101 (Table 1).

DNA cleavage assay: Crude lysate was prepared
from a 40-mL culture at an ODgy of 0.6-0.7 as previ-
ously described (35). One picomole of each Cy3-labeled
duplex oligonucleotide (5’-Cy3-CTC GTC AGCATCT
TgC ATC ATA CAG TCA GTG-3’ and 3'-GAG CAG
TCG TAG AAG TAG TAT GTC AGT CAC-5', Tgis
thymine glycol) were incubated at 37°C for 30 min with
various amounts of the crude lysate derived from
TA1535, YG3201, YG3203, or YG3206 in 10 uL reac-
tion mixtures containing 10 mM Tris-HCl (pH 7.5), 1

mM EDTA, 100 mM NacCl, and 0.1 mg/mL BSA. The

crude lysate was diluted to include 1, 3, or 10 ug of pro-
tein in each reaction. Strain AB1157 of E. coli was used
in the same way as a positive control of crude lysate be-
cause it has both glycosylase activities. After incuba-
tion, the reactions were terminated by the addition of
loading buffer (98% formamide, 10mM EDTA, 20
mg/mL blue dextran). The samples were then heated at
95°C for 5min and immediately cooled on ice. The
samples were loaded onto 15% polyacrylamide denatur-
ing gels containing 8 M urea. After electrophoresis at
2000 V, the gels were scanned by the Molecular Imager
FX Pro System (BioRad, USA) to detect Cy3 fluores-
cence. The intensity of each band was determined by
Quantity One software (BioRad). As a control, purified
Endo III (1 unit) and Endo VIII (10 units) (New En-
gland Biolabs, USA) were used.

Chemicals: The names, abbréviations, CAS regis-
try numbers, molecular weight, solvent to dissolve the
chemicals, and sources of the chemicals assayed in this
study are listed in Table 2. Phenazine ethosulfate, N-
nitrosotaurocholic acid, and 4-oxo-2-hexenal were kind-
ly provided by Drs. Toshihiro Ohta from Tokyo Univer-
sity of Pharmacy and Life Sciences, Yukari Totsuka in
National Cancer Center Research Institute, Tokyo, and
Kazuaki Kawai in University of Occupational and En-
vironmental Health Japan, Kitakyushu, respectively.

Mutagenicity assay: The mutagenicity assay was
carried out with a pre-incubation procedure (32). Brie-
fly, 0.1 mL of overnight culture was incubated with the
chemicals dissolved in 0.1 mL of solvent and 0.5 mL of
1/15 M phosphate buffer (pH 7.4) for 20 min at 37°C.
The S9 mix was added instead of the buffer for the assay
using methylene blue (MB). The mixture was then
poured onto agar plates with soft agar and incubated

Novel Salmonelila typhimurium Tester Strain YG3206 -

for 2 days at 37°C in the dark. Each chemical was as-
sayed with 4-7 doses on triplicate plates with six strains,
TA1535, YG3001, YG3206, TA100, YG3008, YG3216,
in parallel.

White fluorescent light irradiation: Methylene
blue, neutral red (NR), and benzo[a]pyrene (B[z]P)
were subjected to the assay with plates that were ir-
radiated with white fluorescent light, which was deli-
vered by a fluorescent lamp (15W, 370-750 nm
wavelength) during the 2-day incubation at 37°C. The
plates were placed upside down 50 cm from the light
source. The light intensity of 1,0001x was measured

~ with an Illumination meter (IM-1, Tokyo Kogaku Kikai

K.K., Tokyo, Japan). Plates not exposed to light were
covered with sheets of aluminum foil during the incuba-
tion. In addition, room lights were turned off during the
experiments to distinguish between the results with- and
without-irradiation conditions. Spontaneous mutagen-
icity in the irradiated-condition was also examlned in
this manner.

Results

" Establishment of S. typhimurium strains deficient
in Endo lll and/or VIlII: Our aim was to develop a sys-
tem to identify chemicals that cause mutations via oxi-
dized pyrimidines. The gene encoding Endo III (nthsr¥)
was disrupted by recombination and confirmed by PCR
and restriction-enzyme digestion. AafII digestion
cleaved the 2-kb DNA fragment containing the nthgr
from the parental strain, TA1535, into two fragments
1.3kb and 0.7 kb in size (Figs. 1A and D, Lane 1),

" whereas the fragment amplified with the same primers
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from the nthsr-disrupted strain was not cleaved, which
is consistent with the expected loss of the AafIl site in
the disruptant (Figs. 1A, C and D, Lane 3). The nthgr-
disrupted strain was designated YG3203. A similar ap-
proach was used to inactivate neisr in TA1535 (Fig. 1B)
to generate YG3201. EcoRI digestion did not cleave the
fragment from the parental strain (Fig. 1D, Lane 35),
whereas the same fragment from the neisr-disrupted
strain was cleaved into two fragments 1.5 kb and 1.1 kb
in size (Fig. 1D, Lane 6). This finding is consistent with
the expected addition of the EcoRI site derived from the
insertion of caf in the disruptant (Fig. 1B). The
nthsr/ neist double mutant, designated YG3206, was ob-
tained by introducing neisr::caf into YG3203 (Fig. 1D,
Lanes 4 and 8).

We examined whether the strains appropriately lost
the endonuclease activities for the substrates (Fig. 2).
The endonuclease activities were detected in the crude
extracts of parental strain TA1535 and E. coli strain
AB1157, which possesses counterparts to Endo III and
VIII. The positions of nicked products I and II (35)
formed by treatment with the crude extracts of TA1535
and AB1157 (Fig. 2, Lanes 4-6 and 16-18) were identi-
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Fig. 2. PAGE analysis of the reaction products formed by the incubation of oligonucleotide substrates containing thymine glycol with Endo III
and Endo VIII or crude lysates. The annealed oligonucleotides were incubated with different amounts of the indicated enzymes or crude lysates at
37°C for 30 min. Nicked products were separated by 15% denaturing PAGE. The image of the gel is shown. Lane 1, primer without reaction; lane
2, Endo III; lane' 3, Endo VIII; lanes 4-6, TA1535; lanes 7-9, YG3201; lanes 10-12, YG3203; lanes 13-15, YG3206; lanes 16-18, AB1157. Three
arrows indicate, in order starting from the top, the position of substrate, product I for Endo III activity, and product II for Endo VIII activity.
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Fig. 3. Spontaneous mutagenicity in S. fyphimurium strains deficient in DNA glycosylases. The assay was carried out in the dark (A) and under
irradiation with a fluorescent light (B) as described in Materials and Methods. Strains are indicated at the bottom of the graphs. The height of bars
represents the numbers of spontaneous His* revertants per plate and the standard deviations.

cal to the bands generated by the treatment of the sub- bypasses of DNA lesions caused by chemicals. These
strate with purchased Endo III and VIII (Fig. 2, Lanes 2 results are summarized in Fig. 3. For YG3206,
and 3). Comparing nicked product I in the lanes for AnthsrAneisy, there were 82 + 16 revertants per plate;
TA1535 and AB1157 with those of YG3203 and for YG3001 and TA1535, the values were 19 & 4 and 6
YG3206, it is clear that strains YG3203 and YG3206 lost + 2, respectively (Fig. 3A). To further validate these
.Endo III activity (Fig. 2, Lanes 10-15). Comparing the strains, we determined the effect of fluorescent light on
bands at the position of nicked product II, YG3206 also their spontaneous mutation frequencies. In the absence
lost Endo VIII activity (Fig. 2, Lanes 13-15). Thus, we of any other exogenous DNA-damaging treatment, ir-
conclude that YG3206 lost both Endo III and VIII activ- radiation alone enhanced mutation by more than 10-
ities. fold in YG3001, roughly two-fold in YG3206, and 10-
Spontaneous mutagenesis: The number of spon- fold in TA1535 (Fig. 3B). Irrespective of irradiation,
taneous His* revertants per plate was examined in the the pKMI0l-harboring -strains produced more
newly constructed: strain YG3206, AnthsrAneisr, and revertants than their respective non-pKM101 strains.
five reference strains: the TA1535 parent strain, its Specificity and sensitivity of YG3206: The muta-
AmutMsr derivative, YG3001, and their respective genicity of 40 chemicals (Table 2) was compared among
pKMI101-harboring strains, TA100 and YG3008. We - the six strains mentioned above (Table 1). Two-thirds of
also included YG3216, the pKM101-harboring version the tested chemicals were not mutagenic in any of the
of YG3206. The plasmid pKM101 works for efficient strains and exhibited neither dose responses nor 2-fold
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Table 3. Mutagenic sensitivity to the chemicals in §. typhimurium strains deficient in mutMgy or neisy/nthsr

TA1535  YG3001  YG3206 TA100 YG3008 - YG3216
Chemicals Group® Induced His* revertants 1 (,uD/OSleft ) Induced His* revertant 1 Dose
per umo. g/plate nduced His™ revertants per umo (ug/plate)
chemical chemical

L-cysteine A ND* ND 6.5 2500 11 17 130 500
L-penicillamine A ND 1.1 57 2000 8.3 12 170 1000
Dopamine-HCl A ND ND 21* 500 ND ND 230 100
PMS A ND ND 3,400° 5 ND ND 9,800 5
H,0, A ND ND 238,000 0.02 116,000 252,000° 1,153,000 0.01
PES A’ ND ND ND ND ND 3,700 25
KBro, B ND 1.2 ND 2500 ND ND ND
MB + S9 +light B 400 5,700 ND 25 7,200 14,000 ND 25
NR +light B 8,200 51,000 19,000 1 - 22,000 51,000 64,000° 1
Bla]P +light B 1,600 8,900 1,300 10 14,000 39,000 11,000 10
2-Nitrofluorene [ ND ND ND 36,000 23,000 66,000 5
Glyoxal C ND ND ND 510 510 1,000 50
Kethoxal C ND ND ND 24,000 2,900 7,400 10
Methylglyoxal c ND ND ND 13,000 800 2,500 10
N-NTCA D 11,000 11,000 10,000 50 - - 10,000 50

These results were confirmed at least three times. The numbers are the mean values of induced His* revertants per umol chemical in triplicate

plates or three independent assays with a single plate.
*: The definition is in the text.

T: Dose used for calculation of the numbers of ﬂinducedHis* revertants in the category.
+: ND: No mutagenicity was detected, which means no dose response and less than 2-fold increase in the number of induced His* revertants per

plate.

§: These values were not 2-fold more than those for the solvent control, but the results indicated a clear dose-response in the number of induced

His* revertants per plate. ;
[l: The dash indicates that the value was not examined.

increases in the number of His* revertants per plate (da-
ta not shown). The chemicals listed in Table 3 were
mutagenic in some or all of the strains tested. Based on
the order of strain sensitivity, we classified the chemicals
into Groups A to D as follows.
- Group A compounds: L-cysteine, L-penicillamine,
dopamine-HCI, phenazine methosulfate (PMS), and
H;0, exhibited significant mutagenicity in Endo
I11/VI1lI-deficient strains, i.e., YG3206 and YG3216,
but not in the Endo III/VIII-proficient and FPG-
deficient strains, i.e., YG3001 and YG3008 (Fig. 4).
Phenazine ethosulfate (PES) exhibited mutagenicity
only in YG3216 but not in YG3206 or the other strains.
Thus, we categorized it into Group A’ (Table 3).
Group B compounds: Potassium bromate, MB plus
visible light with the S9 mix, NR plus visible light, and
B[a]P plus visible light (Table 3, Fig. 4) were more
mutagenic in YG3001 than TA1535 and YG3206. The
presence of pKM101 enhanced the mutagenicity of all
Group B compounds except potassium bromate (Table

3, Fig. 4B). .
Group C compounds: The mutagenicity of Group C
compounds was dependent on the presence of pKM101

. (Table 3). In these cases, the mutagenicity appeared un-
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related to glycosylase deficiency; some were more muta-
genic in YG3216 and others were more mutagenic in
TA100. ‘

In addition, N-nitrosotaurocholic acid (N-NTCA)
was significantly mutagenic independent of DNA
glycosylase status and without pKM101. This chemical
was placed in a separate group, Group D (Table 3).

Discussion

Genetically engineered Ames tester strains are useful
tools in environmental genotoxicology because they
provide both extreme sensitivity and mechanistic infor-
mation (36,37). For example, S. typhimurium strains
YG7104 and YG7108, in which the repair systems for
DNA damage by alkylating agents are disrupted, are
hypersensitive to alkylating agents such as methyl
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Fig. 4. Mutagenic responses of new S. {yphimurium strains in the Ames test. The typical results for the test chemicals categorized into Groups A
and B are indicated in (A) For the strains without pKM101 and (B) for the strains with pPKM101 (Table 3). The number of His* revertants per plate
was plotted against chemical dose in ug per plate. Symbols in (A): TA1535, O; YG3001, A; YG3206, ., Symbols in (B): TA100, ®; YG3008, A;
YG3216, 8, The arrows show the plot used for the calculation of the numbers shown in Table 3.

methanesulfonate and dimethylnitrosamine (38), and
are used to investigate the mechanisms of chemical
mutagenesis by this class of compounds (39,40). To ex-
pand the range of this research approach, we also estab-
lished S. typhimurium strain YG5185, which can detect
genotoxic PAHs with high specificity and sensitivity
“1).

In the present study, we constructed strains YG3206
and YG3216, both of which lack two DNA glycosylases
active on oxidized DNA pyrimidines. During the
characterization of these strains, we noted that YG3206
exhibited specific sensitivity to the mutagenicity of L-
cysteine; L-penicillamine; that is, dimethy L-cysteine;
and dopamine-HCI. It is interesting that such naturally
occurring compounds in organisms showed positive
responses in the Ames tester strain. Similar findings
have already been reported (42-44). Glatt reported the
mutagenicity of L-cysteine and glutathione (GSH) in
‘TA97, TA92, and TA104 with metabolic activation
(42). Because the strains are not particularly sensitive to
ROS, and catalase and superoxide dismutase did not in-
hibit the mutagenicity of GSH in TA92, Glatt concluded

that ROS are not the cause of the L-cysteine and GSH
mutagenicity. Our finding that YG3001 is not sensitive .
to the L-cysteine. mutagenicity also suggests that high
levels of 8-OH-G were not induced by cysteine. On the

- other hand, it has been reported that the mutagenicity
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of GSH and L-cysteine is oxidative in nature and in-
volves ROS and/or other free radicals (43). Stark et al.
proposed a mechanism for thiol mutagenesis: cysteine is
converted to thiyl compounds, which react with transi-
tion metals and molecular oxygen and lead to produce
H,O; (43). Interestingly, H,O, exhibited a similar pat-
tern of mutagenicity with the tester strains as cysteine
under our experimental conditions (Table 3). Both
chemicals displayed mutagenicity in strain YG3206 but
not TA1535 and YG3001, and the mutagenicity was en-
hanced by the introduction of pKM101. Therefore, it
may be possible that cysteine generates H,0,, thereby
oxidizing pyrimidines in DNA, which leads to muta-
tions. Because we examined the mutagenicity of cysteine
in the absence of S9 mix, the mechanism of mutation in-
duction by cysteine may be different from those
proposed by Glatt, who used S9 mix for the mutagenici-



ty assays of cysteine and GSH. Obviously, further work
is needed to fully understand the mechanisms under-
lying the mutagenicity of cysteine and other chemicals in
Group A. ‘ ’

As previously reported (29), H,O, was not mutagenic
in YG3001, a mutMsr-deficient derivative of strain
TA1535, but it was mutagenic in YG3003, a mutMsr-
deficient derivative of strain TA102. The reason that
H,0, was mutagenic in strain YG3003 is, perhaps, that
the strain has an A:T base pair as its reversion target on
multi-copy-number plasmid pAQIl. H,0, exhibited
mutagenicity in YG3206, which lacks both Endo III and
Endo VIII activities (Table 3). Therefore, we suggest
that H,O, mainly induces oxidized pyrimidines in DNA.
It may be interesting to construct a strain deficient in
nthsr and neisr and has an A:T base pair as a target for
sensitive detection of H,O, mutagenicity. Another noted
result for H,O, is that the introduction of pKM101 en-
hanced mutagenicity, even in the backgrounds of
TA1535 and YG3001 (Table 3). The plasmid pKM101
encodes DNA polymerase, pol R1, which bypasses a
variety of DNA lesions, including an abasic site, in
efficiency (45). It may be possible that H,O, induces le-
sions in DNA, for example an abasic site, which needs

pol R1 to bypass it for mutagenesis. Collectively, our

results suggest that H,O, induces at least two types of le-
sions in DNA; one is oxidized pyrimidines that can be
bypassed by endogenous Sa/monella DNA polymerases
for mutagenesis, and the other is abasic-site-like lesions
that require the participation of pol R1 for mutagenesis.

The effect of visible light on chemical mutagenicity
was observed for MB and NR. These chemicals have
been reported to be more mutagenic in YG3001 than
TA1535 (29). In this. study, MB and NR, as well as
B[a]P, exhibited higher mutagenicity in FPG-deficient

strains than other strains, confirming the previous

results. B[a]P usually requires metabolic activation to
be mutagenic in Se/monella, but visible light activates it
without metabolic activation (29). In the absence of ir-
radiation, none of these chemicals was detectably muta-
genic, even in YG3001 (data not shown). This observa-
tion is consistent with the proposed photodynamic
generation of 8-OH-dG in DNA (46).

Our nth mutants exhibited a mild mutator phenotype,
whereas the nei mutants had a spontaneous mutation
frequency similar to wild-type cells. The nth nei double
‘mutant, YG3206, exhibited a 20-fold increase in spon-
taneous mutation frequency (Fig. 3). This frequency is
consistent with reports for analogous strains of E. coli
(47,48). Considering the results shown above, L-
cysteine and/or H,O, may be candidates for increasing
the spontaneous mutation frequency in YG3206. In ad-
dition, exposure to fluorescent light enhanced the muta-
tion frequency. There may be certain endogenous chro-
mophores that generate 8-OH-dG in DNA via pho-
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todynamic action.

Mammalian cells encode two Endo IIl:type glyco-
sylases that recognize oxidative lesions. One of these,
NTHI, removes a wide variety of oxidized pyrimidine
derivatives, including thymine glycol and Fapy-dG
(49-52). Knockout Nthl mice are reported to remain
healthy (53,54). Three human genes, designated NEILI,
NEIL2, and NEIL3, encode proteins that contain se-
quence homologies to Endo VIII and FPG of E. coli
(55-58). Inactivating mutations in NEILI have been
reported to correlate with human gastric cancer (59). In
addition, RNA interference knockdown experiments in
which a nearly 80% reduction in the NEILI mRNA lev-
els was achieved significantly sensitized cells to the kill-
ing effects of ionizing radiation (60). These data empha-
siZe the importance of persistent oxidized pyrimidines in
DNA. Taking into consideration the mutagenic effects
of endogenous substances such as L-cysteine and H,0,,
a possible critical role for NEILI can be the exclusion of
such endogenous mutagenic lesions, i.e., oxidized
pyrimidines, for the long-term maintenance of genetic
integrity.

In summary, we constructed a novel S. typhimurium
strain, YG3206, by introducing nthsy/neisr deficiencies
into the standard TA1535 Ames tester strain. The newly
constructed strain exhibited higher specific sensitivity
against chemicals that can be the cause of oxidized DNA
pyrimidines. In particular, the strain detected the muta-
genicity of naturally-occurring substances, such as L-
cysteine, and suggested a possible involvement in spon-
taneous mutagenesis. We propose the combined use of
YG3206 and YG3001 strains as a useful approach for
mechanism-directed research of oxidative DNA
damage.
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4-Oxo0-2-hexenal (4-OHE), which forms a 2’-deoxyguanosine-(dG) adduct in a model lipid peroxidation
system, is mutagenic in the Ames test. It is generated by the oxidation of w-3 fatty acids and is commonly
found in dietary fats, such as fish oil, perilla oil, rapeseed oil, and soybean oil. 4-OHE also forms adducts
with 2’-deoxyadenosine (dA), 2’-deoxycytidine (dC), and 5-methyl-2’-deoxycytidine (5-Me-dC) in DNA.
In this study, we characterized the structures of these adducts in detail. We measured the amounts of
4-OHE—DNA adducts in mouse organs by LC/MS/MS, after 4-OHE was orally administered to mice. .
The 4-OHE—dA, 4-OHE—dC, 4-OHE—dG, and 4-OHE—5-Me-dC adducts were detected in stomach
and intestinal DNA in the range of 0.25—43.71/108 bases. After the 4-OHE administration, the amounts
of these DNA adducts decreased gradually over 7 days. We also detected 4-OHE—dC in human lung
DNA, in the range of 2.6—5.9/10° bases. No difference in the 4-OHE adduct levels was detected between

smokers and nonsmokers. Our results suggest that 4-OHE—DNA adducts are formed by endogenous as

well as environmental lipid peroxides.

Introduction

The oxidation of unsaturated fatty acids generates toxic
reactive aldehydes, such as 4-hydroxy-2-nonenal, malondial-
dehyde, acrolein, and crotonaldehyde (1—3). These aldehydes
directly react with DNA and are considered to contribute to
mutagenesis and carcinogenesis (4—6). Unsaturated aldehydes
are generated not only as pollutants by heat decomposition of
fat (7), cigarette smoking (8), and other environmental factors
but also as oxidation products of membrane lipids in vivo (9).
Although the exact mechanism is not clear, these environmental
and endogenous aldehydes may play a role in tissue toxicity
and carcinogenicity. Recently, we found a novel mutagenic

oxidation product, ‘4-oxo-2-hexenal (4-OHE),' in the lipid

peroxidation model reaction (10—13). Namely, when dG was
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electrospray ionization mass spectrometry; ESI-MS, electrospray ionization
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ORTEP, Oak Ridge Thermal Ellipsoid Program; COSY, correlation
spectroscopy; HMQC, heteronuclear multiple quantum correlation; HMBC,
heteronuclear multiple bond correlation; NOESY, nuclear Overhauser effect
spectroscopy.
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reacted with linolenic acid methyl ester and Fe-containing
hemin, as a catalyst for lipid peroxidation, six dG adducts were
detected by an HPLC analysis. One of them was the 4-OHE—dG
adduct (dG*), and thus 4-OHE was considered to be a new
mutagen produced by w-3 lipid peroxidation. 4-OHE is mu-
tagenic in the Salmonella typhimurium strains TA 104 and TA
100, and it covalently modifies dC, dG, and 5-Me-dC to form
substituted etheno type adducts. Our new results revealed that
4-OHE could also modify dA to produce an etheno-dA
derivative. These 4-OHE adducts were detected after DNA was
treated with 4-OHE in vitro. These results are basically similar
to those from structural studies on adduct formation by 4-oxo-
2-nonenal with DNA or nucleosides in vitro (I14—17).

Because the diet plays a pivotal role in the development of
human cancer (I8), it is important to identify whether this novel
mutagen, 4-OHE, exists in foods. Actually, 4-OHE was present
in commercial perilla oil, the edible part of broiled fish, and
various fried foods in the range of 1—70 ug/g (12). Furthermore,
4-OHE was detected by a GC/MS analysis of the ethyl acetate
trap of the smoke released during the broiling of fish. Some
epidemiological and experimental studies have demonstrated that
cooking oil vapors may be related to cancer risk (19, 20). In
general, these types of DNA adducts are considered as promu-
tagenic lesions and can lead to the initiation of carcinogenesis.
The detection and quantitation of these adducts as markers for
the initiation of cancer may be useful for cancer risk assessment.
The in vivo formation of the DNA adducts of 4-OHE has not

© 2010 American Chemical Society
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previously been demonstrated, except in our previous brief report
(10). In the present study, we report the detailed structural
characterization of the 4-OHE—dA, 4-OHE—dC, and 4-OHE—5-
Me-dC adducts and the detection of 4-OHE adducts in the organ
DNA from 4-OHE-exposed mice and in human lung DNA by
an LC/MS/MS method.

Materials and Methods

Materials. Deoxycytidine hydrochloride and deoxyadenosine
were obtained from Yoshitomi Pharmaceutical Co., which is
presently Yoshitomiyakuhin Co. (Osaka, Japan). 5-Methyl-2'-
deoxycytidine and 2’-deoxycytidine 3’-monophosphate sodium salt
were purchased from Sigma Chemical Co. (St. Louis, MO). Stable
isotope-labeled compounds, 2’-deoxyadenosine (U-15Ns, 98%) and
2’-deoxycytidine (U-1N3, 96—98%), were obtained from Cambridge
Isotope Laboratories, Inc. (MA). 4-OHE was synthesized according
to a previously described method (11).

Spectra Measurements. The mass spectra of the adducts were
recorded with JEOL JMS-DX-303 (fast atom bombardment mass
spectrometry, FAB-MS), JEOL JMS-T100LC (electrospray ioniza-
tion mass spectrometry, ESI-MS), and Thermo Fisher Scientific
LTQ Orbitrap (ESI-MS/MS) mass spectrometers. 'H and *C NMR
spectra were measured with a JEOL JNM-ECAG600 spectrometer,
using tetramethylsilane (TMS) as an internal reference.

X-ray Crystallography of 4-OHE-dC (dC*). A colorless
prismatic crystal of dC*, with approximate dimensions of 0.40 mm
x 0.10 mm x 0.05 mm, was chosen for X-ray crystallography.
“The crystal data are as follows: empirical formula, C;sH;oN;Os;
FW, 321.33; crystal system, orthorhombic; lattice parameters: a =
8.4034 (13) A, b =34.9581 (18) A, ¢ = 5.1410 (17) A, and V =
1510.3 (6) A space group, P2,2,2;; Z value, 4; Degiea, 1.413 glem®;
and #(Cu Ko, 9.027 em™. X-ray crystallographic measurements
were performed on a Rigaku AFC7R diffractometer, with graphite
monochromated Cu Ka radiation and a rotating anode generator.
Data processing was performed using CrystalStructure 3.8.2
(Rigaku).

Preparation of 8-(2-Oxobutyl)-3,N4-etheno-dC (dC*). Deoxy-
cytidine hydrochloride (52.8 mg, 0.200 mmol) and 4-OHE (67.2
mg, 0.599 mmol) were dissolved in 24 mL of 50 mM sodium
phosphate buffer (pH 7.4) containing 10% ethanol and incubated
for 5 days at room temperature. The product (retention time,
42.5—43.6 min) was separated by repeated rounds of HPLC
[column: CAPCELL PAK C18, 5 um, 10 mm x 250 mm, Shiseido
Fine Chemicals, Japan; elution: 0—40 min, linear gradient of
methanol (15—30%); 40—60 min, 30% methanol; flow rate, 3 mL/
min]. The yield was 20.5 mg (32.0%). .

‘Preparation of 8-(2-Oxobutyl)-3,N4-etheno-5-methyl-dC (5-
Me-dC#), 5-Methyl-2'deoxycytidine (50.3 mg, 0.209 mmol) and
4-OHE (25.8 mg, 0.230 mmol) were dissolved in 25 mL of 50
mM sodium acetate (pH 5.0) containing 10% ethanol and incubated
for 5 days at room temperature. The product (retention time,
52.4—54.2 min) was separated by repeated rounds of HPLC (the
same conditions as above). The yield was 28.8 mg (41.0%).

Preparation of 11-(2-Oxobutyl)-1,N6-etheno-dA (dA*). Deoxy-
adenosine (100 mg, 0.398 mmol) and 4-OHE (126 mg, 1.124 mmol)
were dissolved in 100 mL of 5% aqueous ethanol and incubated
for 15 h at 50 °C. The product (retention time, 33.7—35.5 min)
was separated by repeated rounds of HPLC (column: CAPCELL
PAK Ci18, 5 um, 10 mm x 250 mm; elution: 12% aqueous
acetonitrile; flow rate, 3 mL/min). The yield was 20.0 mg (14.5%).

“Preparation of Isotope-Labeled dC* and dA*. Stable isotope-
labeled dC* and dA* were prepared from 2’-deoxyadenosine (U-
. N5, 98%) and 2’-deoxycytidine (U-"N3, 96—98%) by a similar

procedure as described above. Briefly, 1°N-deoxycytidine (5 mg)
and 4-OHE (8 mg) were dissolved in 1 mL of 50 mM sodium
phosphate buffer (pH 7.4) containing 10% ethanol and incubated
for 3 days at room temperature. The product N-dC* (retention
time, 27.2 min) was separated by repeated rounds of HPLC
[column: CAPCELL PAK C18, 5 um, 4.6 mm x 250 mm; elution:

Chem. Res. Toxicol., Vol. 23, No. 3, 2010 631

0—30 min, linear gradient of methanol (15—30%); flow rate, 1 mL/
min]. For the preparation of "N-dA*, "N-deoxyadenosine (5.8 mg)
and 4-OHE (10 mg) were dissolved in 1 mL of 10% aqueous
ethanol and incubated for 10 h at 50 °C. The product (retention
time, 20.6 min) was separated by repeated rounds of HPLC
(column: CAPCELL PAK C18, 5 um, 4.6 mm X 250 mm; elution:
12% aqueous acetonitrile; flow rate, 1 mL/min).

Reaction of 4-OHE with Calf Thymus DNA in Vitro. 4-OHE
(5 puL) was added to calf thymus DNA (1 mg, heat denatured in
boiling water for 10 min) in 1 mL of phosphate buffer (50 mM,
pH 7.0) containing 17% ethanol. The reaction mixture was
incubated at 37 °C for 16 h. The DNA was precipitated by adding
2.4 mL of cold ethanol and 20 mL of cold 2 M sodium acetate.
After the solution was centrifuged, the supernatant was removed,
and the DNA pellet was washed with 1 mL of cold 70% ethanol.
The DNA pellet was dried under reduced pressure.

Hydrolysis of 4-OHE-Modified Calf Thymus DNA. The
modified DNA was dissolved in 0.3 mL of water. A 100 xL aliquot
of 0.5 M Tris-HCl (pH 8.0) and 5 mM MgCly, 3 uL of snake venom
phosphodiesterase I (100 units/mL, Funakoshi Co., Ltd., Tokyo,
Japan), and 4 mL of alkaline phosphatase (1 u/uL, Roche
Diagnostics Gmbh, Mannheim, Germany) were added to the DNA
solution. The DNA was hydrolyzed at 37 °C overnight and filtered
through a 0.45 um filter before analysis by HPLC.

Treatment of Animals. Five week old female ICR mice were
obtained from SLC Japan Inc. (Shizuoka, Japan). Animals were
maintained in a temperature- and photoperiod (12 h/day)-controlled
room. The animals were fed with the standard diet CE-2 from CLEA
Japan Inc. (Tokyo). Oral doses of 3 mg 4-OHE/mouse dissolved
in corn oil were administered i.g. to 6 week old female ICR mice.
Control animals were treated with corn oil only. The mice were
sacrificed under deep ether anesthesia at different times, ranging
from 24 h to 7 days. Harvested were the following organs:
esophagus, stomach, liver, kidney, small intestine, and large
intestine. The digestive tract organs were washed with 70% ethanol
and a sodium chloride solution. The organs were stored at —80
°C. All of the animal experimental procedures were performed in
accordance with the guidelines for the care and use of laboratory
animals at our university.

Preparation of Human Lung Tissues. Lung samples were
obtained during surgery for 10 lung cancer patients at the Niigata
Rosai Hospital (Niigata, Japan). After resection, noncancerous lung
tissues were removed, frozen immediately in liquid nitrogen, and
stored at —80 °C.

DNA Extraction. The nuclear DNA of the mouse tissue and
the human lung was isolated by the sodium iodide method, using
a DNA Extraction WB Kit (Wako Pure Chemical Industries, Ltd.,
Osaka, Japan). To avoid oxidative DNA artifacts, 1 mM desferal
(deferoxamine mesylate, Sigma Chemical Co.) was added to the
lysis solution for the tissue homogenization and DNA extraction.
A 50 mg portion of tissue was homogenized with a Teflon glass
homogenizer, in 1 mL of ice-cold lysis solution. Subsequent DNA
isolation was performed according to the manufacturer’s instructions.

DNA Hydrolysis. The isolated DNA was enzymatically digested .
as follows: Each DNA sample (50 ug for the mouse tissues and 25
ug for the human lung samples) was mixed with 36 4L of digestion
buffer (17 mM sodium succinate and 8 mM calcium chloride, pH
6.0) containing 45 units of micrococcal nuclease (Worthington,
United States), 0.15 units of spleen phosphodiesterase (Worthing-
ton), and two stable isotope internal standards, [*N3]-dC* (20 fmol)
and [*N5]-dA* (20 fmol). After 3 h of incubation at 37 °C, 3 units
of alkaline phosphatase (Sigma, United States), 10 uL of 0.5 M
Tris-HCl (pH 8.5), 5 uL of 20 mM zinc sulfate, and 49 uL of

. Milli-Q water were added, and the mixture was incubated for 3 h

at 37 °C. After this incubation, the mixture was concentrated to
1020 uL by a Speed-Vac concentrator, and 100 L of methanol
was added to precipitate the protein. After centrifugation, the
methanol fraction (supernatant) was transferred to a new Eppendorf
tube. The precipitate was extracted with 100 L of methanol, and
‘the methanol fractions were combined and evaporated to dryness.
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Figure 1. Structures of 4-OHE—DNA adducts.

Samples were resuspended in 50 yL of Milli-Q water before LC/
ESI-MS/MS analysis.

LC/ESI-MS/MS Analyses. The LC/MS/MS analysis was per-
formed using a Quattro Ultima Pt triple stage quadrupole mass
spectrometer (Waters-Micromass, United States) equipped with a
Shimadzu LC system (Shimadzu, Japan). An aliquot of each sample
(40 pyL) was injected and separated by a Shim-pack XR-ODS
column (3.0 mm x 75 mm, Shimadzu, Japan). The column was
eluted with a linear gradient of 15—80% methanol in water from 0
to 15 min at a flow rate of 0.2 mL/min and then was switched
back to the initial condition of 15% methanol in water from 15 to
27 min. Mass spectral analysis was performed in the positive ion
mode, using nitrogen as the nebulizing gas. Experimental conditions
were set as follows: ion source temperature, 130 °C; desolvation
temperature, 380 °C; cone voltage, 35 V; desolvation gas flow rate,
700 L/h; and cone gas flow rate, 35 L/h. Argon was used as the
collision gas. The collision energy and characteristic reactions (base
ion—product ion) monitored for the different DNA adducts are as
follows: dC* (10eV, 321.8—205.8), [*N3]-dC* (10eV, 324.8—208.6),
5-Me-dC* (20 eV, 335.9—220.0), dA* (10 eV, 345.8—229.8),
['*Ns]-dA* (10 eV, 351.0—234.8), and dG* (20 eV, 362.0—245.9).

The amount of each DNA adduct was quantified by calculating
the peak area ratio of the target DNA adduct and its specific internal
standard ([*N3]}-dC* was used for dC* and 5-Me-dC*, and ['*N;]-
dA* was used for dA* and dG¥*). Calibration curves were obtained
using authentic standards spiked with isotopically labeled internal
standards. The concentration of 2’-deoxyguanosine (dG) in each
DNA sample was also monitored by the SPD-10Avp UV —visible
detector in the Shimadzu LC system, and the adduct levels in each
sample were calculated using the amount of dG. The number of
DNA adducts per 10° bases was calculated by the following
equation: number of DNA adducts per 10° bases = adduct level
(fmol/umol dG) x 0.218(umol dG/umol dN), as described previ-
ously (21).

The signal-to-noise ratio (S/N: peak to peak) of the adduct peak
was calculated by using the Masslynx V4.0 software. The detection
limits of the adducts, for which the peaks were expected to have
an S/N of 3, were 0.13 (dG*), 0.35 (dA*), 0.41 (Me-dC*), and
0.08 fmol (dC*). This sensitivity was sufficient to detect 0.5—2.7
adducts per 10° bases when using 50 g of DNA. The quantification
limits of the peaks that were expected to have an S/N of 10 were
also estimated to be 0.26 (dG*), 0.92 (dA*), 0.87 (Me—dC*) and
0.23 fmol (dC*).
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Table 1. NMR Data of dC* in DMSO-d¢*

position dc (ppm) Ou (ppm) multiplicity, J (Hz)

2 146.8

4 1451 -

5 98.9 6.62 d,81

6 127.8 7.61 d, 8.1

7 132.6 7.11 s

8 123.0

g 84.7 6.30 t,6.8

2 40.0 2.14 m

3 70.4 4.26 m

3-OH 5.26 br

& 87.6 3.81 9,37

5 61.2 3.56 dd, 3.7, 12.2
3.60 dd, 3.7, 12.2

5-OH 5.13 br

17 387 4.11 d,17.7
4.15 d,17.7

2" 206.7

3” 345 2.54 q,73

4" 7.6 0.95 t,7.3

¢ Chemical shifts in ppm from TMS as an internal standard.

Results

Structure Confirmation of 4-OHE Adducts with dC,
5-Me-dC, and dA. 4-OHE reacts not only with dG but also
with dC, 5-Me-dC, and dA to yield adducts (dC*, 5-Me-dC*,
and dA*). The structures of dC¥, 5-Me-dC*, and dA* were
determined as shown in Figure 1, mainly by the MS, NMR,
and X-ray crystallography data. 'H and *C NMR data for these
synthetic compounds are provided in Tables 1-3.

The molecular formula of dC* is consistent with C;sH;gN3Os,
as determined by high-resolution electrospray ionization mass
spectrometry (HRESI-MS) [positive ion mode, m/z 344.1192
(M + Na)* 344.1222 caled for C;sHsN3OsNa]. The HRESI-
MS/MS spectrum of m/z 322.1 revealed product ions at m/z
206.0923 (A —0.11 mDa as C;oHoN;Oy: base + Hy), m/z
150.0659 (A —0.31 mDa C;HgN;O: base + Hy — GHsCO),
and m/z 121.0631 and m/z 57.0332 (A —0.25 mDa C;H;O:
etheno ring side chain). The UV A, in H,O was 277 nm (¢
11460). The 'H and *C NMR spectra showed additional
characteristic signals: CH, (dg 4.11 and 4.15, ¢ 38.7), C=0
(O¢ 206.7), CH, (0n 2.54, 8¢ 34.5), and CHs (g 0.95, d¢ 7.6),
as compared with those of dC (Table 1). dC* generated a highly
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Figure 2. Crystal structure of dC*,
Table 2. NMR Data of 5-Me-dC* in DMSO-d¢*

position d¢ (ppm) Oy (ppm) multiplicity, J (Hz)
2 146.7
4 146.0
5 107.2
5-CH; 12.8 2.14 brd, 1.0
6 1242 7.42 brg, 1.0
7 1324 7.11 N
8 123.5 ‘
1’ 84.4 6.30 t, 6.8
2 39.8 2.12 m
3 70.4 4.26 m
’-OH 5.26 ©d, 43
4’ 87.5 3.79 dd, 3.7
5 61.3 3.56 dt, 4.3, 12.1
3.62 ddd, 3.7, 5.0, 12.1
5-OH 5.06 t,5.2
1” 38.7 4.10 d, 17.7
4,15 d, 17.7
27 206.7
3” 345 2.53 q,7.3
47 7.6 0.95 t, 7.3

" “Chemical shifts in ppm from TMS as an internal standard.

crystalline product, and thus, further structure elucidation was
performed by X-ray crystallography. The compound was
recrystallized by an ethanol:water (1:1) solvent system and
yielded colorless prisms. An Oak Ridge Thermal Ellipsoid
Program (ORTEP) drawing of dC* is shown in Figure 2. The
sugar of dC* adopts the C(3’)-endo conformation, and the
glycosidic torsion is in the anti form.

The molecular formula of 5-Me-dC* is consistent with
Ci6H21N;OsNa, as determined by HRESI-MS [positive ion
mode, mfz 358.1372, (M -+ Na)* 358.1379 caled for
CisHigN3OsNa]. The HRESI-MS/MS spectrum of m/z 336.2
revealed product ions at m/z 220.1079 (A —0.15 mDa as
C1HisN3O;: base + H,), m/z 164.0816 (A —0.26 mDa as
C3H|0N301 base -+ Hz - C2H5CO), and m/z 1350788, miz
108.0679, and m/z 57.0333 (A —0.23 mDa as C3Hs0: etheno
ring side chain). The UV A, in H,O was 278 nm (e 11930).
The 'H and ®C NMR spectra showed almost the same additional
characteristic signals of dC*: CH, (g 4.10 and 4.15, d¢ 38.7),
C=0 (0¢ 206.7), CH; (dg 2.53, d¢ 34.5), and CH; (Jg 0.95, d¢
7.6), as compared with those of 5-Me-dC (Table 2). Further
structure determination was accomplished by various two-
dimensional NMR techniques, such as correlation spectroscopy
(COSY), heteronuclear multiple quantum correlation (HMQC),
and heteronuclear multiple bond correlation (HMBC), as sum-
marized in Figure 3. The 2-oxo-butyl side chain was attached
to C-8 of the imidazole ring, as confirmed by 'H—N HMBC,
where cross-peaks were observed between H-1" and N-3.

The molecular formula of dA* is consistent with CigH;oNsO., ‘

as determined by HRESI-MS [positive ion mode, m/z 368.1320,
(M -+ Na)™ 368.1329 caled for CiH;oN5O4Na]. The UV Apux
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N >= Ny Hng

5-Me-dC* . dA*
. H-®CHMmBC
2T 'H-SNHMBC
U « NOE
Figure 3. Selected 2D NMR results of 5-Me-dC* and dA*.

Table 3. NMR Data of dA* in DMSO-d*

position dc (ppm) Oy (ppm) multiplicity, J (Hz)
2 135.8 . 898 s
4 137.8 :
5 123.1
6 140.7
8 139.8 8.51 s
10 131.8 7.34 s
11 118.5
1 84.0 6.47 t, 6.5
2’ 39.7 2.36 ddd, 3.4,6.5,13.4
275 dt, 6.5, 13.4
3 70.7 444 m
3’-OH 535 d, 4.1
4 88.0 3.89 dt, 3.1,5.0
5 61.7 3.54 dt, 5.0, 11.7
. . 3.63 dt, 5.0, 11.7
-OH 4,96 t, 5.0
17 36.8 4.33 s
27 206.7
kit 345 2.65 q,7.3
4" 75 0.97 t,7.3

“ Chemical shifts in ppm from TMS as an internal standard.

values in H,O were 232 (& 25800), 270 (¢ 5980), and 279 nm
(e 6080). The HRESI-MS/MS spectrum of m/z 346.2 revealed
product ions at m/z 230.1035 (A —0.18 mDa as C;;H;,NsO:
base + Hj) and m/z 173.0694 (A —0.17 mDa as CsH;Ns;: base
+ H; — C;HsCO). The 'H and *C NMR spectra showed
additional characteristic signals: CH, (g 4.33, ¢ 36.8), C=0
(6¢ 206.7), CH, (0y 2.65, ¢ 34.5), and CH; (5 0.97, d¢ 7.5),
as compared with those of dA (Table 3). Further structure
determination was accomplished by various two-dimensional
NMR techniques, such as COSY, HMQC, HMBC, and nuclear
Overhauser effect spectroscopy (NOESY), as summarized in
Figure 3. The 'H—!*C HMBC spectrum of dA* is shown in
Figure 4. The 2-oxo-butyl side chain was attached to C-11 of
the imidazole ring, as confirmed by a NOE observed between
H-2 and H-1”, and the cross-peaks observed between H-1” and
N-1 by 'H-"N HMBC.

Reaction of 4-OHE with Calf Thymus DNA in Vitro. The
4-OHE—DNA adducts formed by the reaction of 4-OHE and
calf thymus DNA in vitro were analyzed by HPLC (Figure 5).
They were efficiently formed in heat-denatured calf thymus
DNA (ss DNA). The yield of the 4-OHE—DNA adducts was
about 50 times higher in ss DNA than in ds DNA (data not
shown). At a physiological pH, the efficient formation of dC*
and 5-Me-dC* was observed (Table 4). This may be due to the
higher reactivity of 4-OHE with dC and 5-Me-dC than with
dG and dA, rather than steric reasons. «
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Figure 5. Analysis of 4-OHE—DNA adducts formed in vitro by HPLC.
Inset, the chromatogram (20—32 min) was expanded. Column: Inertsil
ODS-3, 3 um, 4.6 mm x 250 mm (GL Sciences Inc., Japan); elution:
0~—40 min, linear gradient of acetonitrile (5—30%); elution speed: 0.7
mL/min. '

Table 4. Adduct Levels in 4-OHE-Treated Calf Thymus

DNA in Vitro
dCc* dA* dG* 5-Me-dC*
adduct/10° each 41.5/10°dC  6.38/10° dA 5.58/10° dG  61.5/10°
parent base 5-Me-dC
ug adduct/100  0.88 0.18 0.12 0.08
g DNA

LC/MS/MS Analysis of 4-OHE Adducts in Organ DNA
from 4-OHE-Treated Mice. The 4-OHE—DNA adducts in vivo
were detected by an LC/MS/MS method. Figure 6 shows typical
. ion chromatograms of dG*, dA*, 5-Me-dC*, and dC* in DNA
isolated from the stomachs of control- and 4-OHE-treated mice.
Quantification of the 4-OHE—DNA adducts was achieved using
["*Ns]-dA* and [*N;]-dC* as internal standards. Some uncer-
tainty remained in the analyses of dG* and 5-Me-dC*, since
isotopically labeled dG* and 5-Me-dC* were not used. The
results of the DNA adduct formation in mouse stomach and
large intestine at 24 h after the oral administration of 4-OHE
are summarized in Table 5. Only background levels of the
adducts were present in the organ DNA of the vehicle-treated,

T T T
38 e R U “w

control mice. In the stomach and large intestine DNA of 4-OHE-
treated mice, dC* was detected in the range of 43.71 and 5.57
adducts per 10% bases, respectively. dA* was detected at a
comparable level to dC* in these organs. In addition, lower
amounts of dG* and 5-Me-dC* were detected in these organ
DNAs. The amounts of these DNA adducts were decreased at
72 h after administration (Table 5), and no DNA adduct was

“detected after 7 days in these organ DNAs (data not shown).

Additionally, with intragastric administration, no 4-OHE—DNA
adducts were detected in the liver and kidney DNA (data not
shown). In separate, independent mice experiments with the
same 4-OHE dose, dC*, dG*, and 5-Me-dC* were also detected
in the esophagus DNA in the range of 5.1 £ 5.9, 2.7 + 0.7,
and 1.0 & 1.2 adducts per 10 & bases (n = 3—4), respectively.

4-OHE Adduct Analysis in Human Lung DNA. An LC/
MS/MS method was used to detect 4-OHE adducts in human
lung DNA (Figure 7). dC* was detected in all lung tissues, in
the range of 2.6—5.9/10° bases, while dA* was detected in three
samples (Table 6). dG* and 5-Me-dC* were not detected. The
mean dC* and dA* levels in DNA were 4.04 and 1.75/10° bases,
respectively. The levels of dC* and dA* did not significantly
correlate with cigarette smoking or aging. These results sug-
gested that 4-OHE—DNA adducts are commonly present in
human lung tissue and may be useful as endogenous biomarkers
of oxidative stress. However, to establish its presence in human

~ lung tissue unambiguously, the peak attributed to dC* in the

chromatogram should be confirmed by monitoring a second
product ion and carefully confirming the retention times and
the relative peak heights of the two products ions, as compared
to a dC* standard.

Discussion

This is the first report of the in vivo detection and quantifica-
tion of 4-OHE—DNA adducts using an LC/MS/MS method.
As described in the introduction, 4-OHE is mutagenic and is
commonly present in our food, as a lipid oxidation product.
Because dietary habits are a major factor in human carcino-
genesis (18), the relation between the intake of 4-OHE via food
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Figure 6. (A) LC/MS/MS analysis of 4-OHE—DNA adducts formed in mouse stomach. LC/ESI-MS/MS chromatograms of 4-OHE adducts and
internal standards detected in mouse stomach DNA isolated from control- and 4-OHE-treated mice. Retention time (upper) and peak area (lower)
are shown above each peak. (a) dG*, (b) dA*, (c) 5-Me-dC*, and (d) dC*. (B) Calibration curves for dG*, dA*, 5-Me-dC*, and dC*,

and carcinogenicity must be examined. So far, long-term
carcinogenicity studies on 4-OHE have not been reported;
however, as described in the Results, 4-OHE, like other
carcinogenic a,f-unsaturated carbonyl compounds, such as
acrolein or crotonaldehyde, forms DNA adducts in vivo.

The oral administration route of 4-OHE in mice resulted in
DNA adduct formation in the digestive tract, for example,
esophagus, stomach, and large intestine, but not in liver and
kidney. It seems that the 4-OHE was directly absorbed after
the i.g. administration by the esophageal, stomach, and large

intestine tissues but was not distributed into the liver. The adduct
distribution in the organs demonstrates a tendency of formation
at the site of first contact with 4-OHE. The adduct levels
decreased continuously during 7 days after administration (data
not shown). The 4-OHE—DNA adducts might be repaired to a
certain extent; however, the decrease in the adduct level can
also be explained, at least in part, by cell turnover.

The formation of 4-hydroxy-2-nonenal and 4-oxo-2-nonenal (4-
ONE) by w-6 lipid peroxidation in biological systems and their
adduct formation with proteins and DNA have been well-studied,

Table 5. Levels of 4-OHE—DNA Adducts in Mouse Organs®

. adducts/10® bases
dc* dA* dG*

mg/mouse h after treatment 5-Me-dC*

stomach control 0 24 ND 03407 02403 ND
4-OHE 3, 24 43.7 £24.7 30.2+£33.2 55432 34+55

) 4-OHE . 3. 72 23+26 0.6 £0.6 ND

large intestine control -0 24 ND 02404 0.1£03 ND
4-OHE 3 24 56+65 3.0+£34 1.0£12 03+0.7

'4-OHE 3 72 05+12 02403 ND

¢ Data represent the mean =+ SD; n = 6—8.
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1 ‘/ [25N,] dC* Base:
A m/z 324.8-> 208.6 CHa miz=205.6
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321.8-205.6=116.2
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Figure 7. LC/MS/MS analysis of 4-OHE—DNA adducts in human lung
DNA. (A) Analysis of "N-dC*. The transition m/z 324.8—208.6 was
monitored. (B) Analysis of dC*, The transition m/z 321.8—205.6 was
monitored. A smoothing method was employed to improve the S/N value.

dc*
m/z 321.8 -> 205.6

Retention time (min)

Table 6. Levels of 4-OHE—DNA Adducts in Human Lung

DNA“

adducts/10° bases

patient sex age smoking (B1) dc* dA*
1 male 52 . 1280 3.6 ND
2 male 65 585 4.9 4.6
3 male 77 1500 37 ND
4 male 79 1160 59 39
5 female 56 0 33 ND
6 female 65 0 3.8 ND
7 female 70 0 4.4 ND
8 female 70 25 2.6 9.0
9 female 71 0 4.7 ND
10 female 76 0 35 ND

4 dG* and S-Mc»dC;E were not detected. BI, Brinkman index.

as markers of endogenous oxidative stress in relation to lipid
peroxidation (4, 22). For example, 4-hydroxy-2-nonenal—protein
adducts have been found in the lung tissues from patients with
chronic pulmonary disease (23). Blair and his collaborators detected
a 4-ONE adduct with glutathione and suggested that it is a good
marker of cellular oxidative stress (24). Our discovery of 4-OHE
has two important implications: (1) It may be a food mutagen
produced during-cooking or storage; for example, fried fish and
old cooking oil contain large amounts of 4-OHE; and (2) it may
also be an endogenous mutagen produced by lipid peroxidation in
membranes in vivo. Protein-bound forms of an w-3 lipid peroxi-
dation product, 4-hydroxy-2-hexenal, were detected in the liver
tissues from patients with chronic hepatitis C (25). In the present
study, we detected dC* clearly in all of the human lung DNA
samples. Therefore, 4-OHE—DNA adducts may be useful markers
of environmental exposure to 4-OHE and endogenous oxidative
stress in relation to cancer induction.
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Quantiﬁcation of DNA Adducts by Using Liquid
Chromatography/Tandem Mass Spectrometry
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Formation of DNA adducts is a crucial step for carcinogenesis and aging. However, until recently, it was
difficult to quantify trace amount of DNA adducts in living organisms. Development of liquid chromatography/
tandem mass spectrometry (LC/MS/MS) equipments enables us to quantify DNA adducts at practical sensitiv-
ity. Molecular epidemiological study such as aldehyde dehydrogenase 2 gene (ALDH?2) genotypes and risk of
alcohol-related DNA damage has been conducted by using LC/MS/MS. Furthermore, we developed “DNA
adductome” analysis which can display comprehensive picture of DNA adducts in living organisms. These

techniques may contribute to understand mechanisms of carcinogenesis and aging.
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