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instance, several studies have hinted at a significant con-
tribution of oxidized uracil derivatives, such as 5-
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 (5mC) to thymine generates a
thymine mispaired with guanine (18). Mutations result-
ing from 5mC 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 111 (Endo
I1I), and Nei glycosylase, or endonuclease VIII (Endo
VIID), 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 o,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 Salmonella 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., nthsr and neisr,
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. typhimurium.
Nutrient broth (Difco, MI, U.S.A.) was used in the pre-
cultures for the reversion assay. Ampicillin (Ap, 50
ug/mL), kanamycin (Km, 25 ug/mlL), 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 lli-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 AafII 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
TA1535 hisG46, gal, A(chl, uvrB bio) rfa (32)
YG3001 The same as TA1535, but deficient in mutMgp, Km® (29)
YG3201 The same as TA1535, but deficient in neigy, Cm® This study
YG3203 The same as TA 1535, but deficient in nthsy This study
YG3206 The same as TA1535, but deficient in nths; and neigy, 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
pYG432 derivative of pBR322, carrying neig; at the Aarll site, Tck This study
pYG434 derivative of pBR322, carrying neigr disrupted with caf-replacement, Cm¥, T} This study
pYG433 derivative of pBR322, carrying nthg; at the Aarll site, Tck This study
pYG437 derivative of pKO3, subcloning the Scal-EcoRV fragment, including nthgy from pY G433, into the This study

Smal site, Cm
pYG438 derivative of pKO3, carrying nthgr which has a four-base deletion, Cm? This study
pBR322 vector plasmid, ApR, TR Laboratory stock
pKO3 vector plasmid with temperature-sensitive replication origin, Cm* (33)

Km®, kanamycin resistant; Cm®, chloramphenicol resistant; Ap®, ampicillin resistant; Tc, tetracycline resistant.
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Fig. 1. Disruption of the nthsr and neigy genes. Partial restriction maps of nthsy (A) and neigy (B) and the surrounding chromosormal 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 nthsy 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, Aarll; (A), missing Aatll site; B,
Bglll; Ec, EcoRI; Ev, EcoRV; Ha, Heell; 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 nthgy at the Aarll 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 Aneigy 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 Aar1l (Takara Bio, Ootsu, Japan) (Fig.
1A). The cleaved plasmid was treated with Klenow frag-
ment (New England Biolabs) to make both ends blunt
(Fig. 1C). After ligation of the ends, four bases (ACGT)
were deleted, which generated a TGA at the 46th codon
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of nthgr. The obtained plasmid, pYG438, was in-
troduced into TA1535, and Cm-resistant colonies were
selected at 43°C to identify clones in which the plasmid
was integrated into the chromosome. Then, the Cm-
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 AafIl 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.,
TA1535 Anthsr. The set of primers used for amplifica-
tion were the same as for cloning.

Construction of the Endo VIil-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 AafII site of the pBR322 vector. Us-
ing the resultant plasmid, pYG432 (Table 1), neisr was
disrupted by the pre-ligation method (34). Briefly,
pY G432 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 Cﬁ;irr;g;try M‘?,le?g}llltar 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 Hpydrogen 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 (KBrO;) 7158-01-2 167.00 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 Benzola]pyrene (Bla]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 Phenylthydrazine 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 Durogquinone 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) 83-72-1 174,15 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 TCl
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 t-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.IN 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 148-79-8 201.3 DMSO Wako

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

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 neisr
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.,
TA1535AnthstAneisri:cat, was constructed using
YG3203 instead of TAI1535 (Fig. 1D). Introducing
pKM101 into YG3206 resulted in YG3216, i.e.,
TA1535AnthsrAneisr::cat/pKM101 (Table 1).

DNA cleavage assay: Crude lysate was prepared

from a 40-mL culture at an ODggy 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’, Tg s
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-HCIl (pH 7.5), 1
mM EDTA, 100 mM NaCl, 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, 10 mM EDTA, 20
mg/mL blue dextran). The samples were then heated at
95°C for 5 min 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, abbreviations, 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, V-
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

73

Novel Salmonella 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 (Bl[a]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 1,000 1x 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 examined in
this manner.

Results

Establishment of S. typhimurium strains deficient
in Endo Il and/or Vill: Our aim was to develop a sys-
tem to identify chemicals that cause mutations via oxi-
dized pyrimidines. The gene encoding Endo III (nths*)
was disrupted by recombination and confirmed by PCR
and restriction-enzyme digestion. Aafll digestion
cleaved the 2-kb DNA fragment containing the nthsr
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
from the nthsr-disrupted strain was not cleaved, which
is consistent with the expected loss of the Aatll 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 neisy in TA1535 (Fig. 1B)
to generate YG3201. EcoRI digestion did not cleave the
fragment from the parental strain (Fig. 1D, Lane 5),
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. typhimurium 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 AnthstAneist, there were 82 &+ 16 revertants per plate;
TA1535 and ABI1157 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 pKMI101-harboring strains produced more
newly constructed strain YG3206, AnthsrAneisy, and revertants than their respective non-pKM101 strains.
five reference strains: the TAI1535 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
pKM101-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 S. typhimurium strains deficient in mutMgy or neigy/nthgy

TAI1535 YG3001 YG3206 . TA100 YG3008 YG3216 ,
Chemicals Group* Induced His* revertants per umol w]g)/(])aslgtc) Induced His* revertants per gmol Uzlg)/c;’)SI;te)
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 + 89 +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 C 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 -t —_ 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 induced His" 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.
II: 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-HCl, phenazine methosulfate (PMS), and
H,0, exhibited significant mutagenicity in Endo
I11/VIII-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[¢]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
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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-
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. fyphimurium 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. typhimurium 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 pKM101 (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, ®. 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
41).

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
of GSH and L-cysteine is oxidative in nature and in-
volves ROS and/or other free radicals (43). Stark ef 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,0, (43). Interestingly, H,O, exhibited a similar pat-
tern of mutagenicity with the tester strains as cysteine

‘under our experimental conditions (Table 3). Both
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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), H2O, 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 pAQl. H,O, 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 Sal/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[4]P usually requires metabolic activation to
be mutagenic in Salmonella, 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 Ill-type glyco-
sylases that recognize oxidative lesions. One of these,
NTHI1, 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 NEIL1 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 nthst/neisy 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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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 epidemiclogical study such as aldehyde dehydrogenase 2 gene (ALDHZ2) 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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Fig. 1. Degradation pattern of DNA adducts in LC/
MS/MS analysis. This figure shows the struc-
ture of N%-ethyl-dG as an example of DNA ad-
ducts. In many cases, the glycoside bond, which
links deoxyribose and DNA base, is easily
broken in CID (collision-induced dissociation)
cell.
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Fig. 2. Formation of acetaldehyde-dG adducts. 1: N2
ethylidene-dG, 2: N%-ethyl-dG, 3: a-Me-y- OH-PdG
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Table 1. Acetaldehyde-derived DNA Adducts in ALDHZ2-deficient Alcoholics?

ALDHZ Genotype

Acetaldehyde-derived DNA adducts

(*1/*1) [n=19]

(*1/*2) [n=25]

(Normal type) (Deficient type) b-Value
N2-Ethyl-dG 17.8%+159 130+52 0.03
a-S-Me-7-OH-PdG 429+6.0 9244129 0.01
a-R-Me-7-OH-PAG 61.3+£64 114%15 0.02

Values are means-tstandard error of the mean (fmol/uM dG).

p-Values were calculated by the Wilcoxon—-Mann-Whitney test (V?-ethyl-dG) and #-test (z-Me-7-OH-PdG),

Table 2. Stomach DNA Adduct Levels in Control and Alcohol-treated Mice Having Different

Aldh2 Genotypes®

Aldh2 Genotype

N2Ethylidene dG level
(adducts/107 bases)

B

+/+ 5 31%x23

Water +/— 5] 2.0X06

-/— 5 22+04

/4 6 48126

20% Ethanol + /- 5 7.9%1.1
-/— 4 48.6+12.0

Values are means*standard error of the mean.

Mice were fed with water or 20% ethanol for 5 weeks.
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Fig. 3. An example of parameter-setting of precursor
ion and product ion in DNA adductome analysis.
Note that the difference of m/z between
precursor ion and product ion is always 116.

-—303—



T. Matsuda et al.

L Ts i s
. 4
Q450 riry
£ 2
350 -eeersenemreee :
|y 8o O
o .7
250 ] l°° i Al
5 10 15 20 25

Retention time (min)

Fig. 4. An example of adductome map of human colon
DNA. The horizontal axis is retention time of
LC/MS/MS and the vertical axis is m/z. The
size of the babble represent the area of detected
peaks. :
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