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T MR KRWNIKOHYE L LT, BibkAFLy, MY ZmuxF L (TICE) 7
N7 F LU SOWRBARMKFEERH Y, 2 &2 EIBERE, SOV 30t - BEk X
H LB OBERED N TS, Y

WHRETH ., HEGHARLEDZ R 50 T CHAS X 2L =8k Y (Fe,0,)
&L RIRICHEET 2BWXFHEZRR L L, BRCHEET 2N TV TR EDMAEMIT L -
TR E ZBALRFICE THENME (BEFENM) SnDHRUIE Y (PLLA) Z2MAADLE, Hix i
BTHALSE T, HALLEDENREISOMREL, BEASE D2 LD TE HREH LM
BLOBRZED Tz, ™7 b EBERKOAEME L THATLHA, KOBBERKE L
T—IC 100 uwm BA EOHIFLA M & S0 508, — 61 & % P HIE PLLA O 2 A % ¥ U IRIEIC Fey0,
DF IR FE S, TR EBEARTRE, WiE A, BURERIEDO S FIEIC X > THERS
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8)

AWFFETIE, ZHE TOMRRL =8I X T Mk k& T oM 2 1R 2 e o
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Z 77,

2. EE
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EHRFFPAT CTHAEE (M) - AKFa# (1.081 g, 4mmol) & Hi{k#k (1) - PUKFa4y (0.3976
g, 2 mmol) Z#iZk (150 mL) IZ¥EMES 7=, ZHICET E=T7K (28 wt=%) (15 mL) %I
25 EEBICRAIZEN L, 2 E 50C T 30 & IBE T Fe,0, DIRBIR AR L7, Zh
Zoim Dy BE L TR L, K T 2 [IVES - 00 HE L 7-% . 100°C T 5 BRfEREE L T Fe,0, 7/
WL ¥ 2157, IUE @ 0.2794 g,
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F (0.05 g) ZMZT 30 mEBEREH Lz, MElEICANT 1 BERE I, ZhaedE
DAKKFICFTERMREESE, HERETOAI Y U 2aH S8 T, SILEEAKREE,
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W X8 C, ZHAEEAKEZSET-, 22 ClL. TthovotHR o it LT, &
DRKEZTRM LT bD (F1) &, FNFhOPIFH &K LT, PLLA REETX HIRED
FiAkEMz7=2b0 (F2) O THI L,

Table 1 FNEFNOIAFV U EIIH LT, —EEOMAKEZRMLEZL D

A XY 8.37 g 10.00 g 12.00 g
FUTIN 0.63 g 0.63 g 0.63 g

Table 2 ZNENDOIVAFH 2 &ICx LT, PLLA BNEMRTE HREOMAKZMZIZEH D

A XY 8.37 g 10.00 g 12.00 g
FUTIN 1.50 g 2.00 g 2.50 g

INOOMEEFLE LT, FREOBEZEZ CHAEESREER L1,

2-3. TCE (X % Fe,0,F / HF D5 R RED FH

50mL XA 7 UMEICHA (30 mD) . TCE (1.0 pL), Xy (1.0 uL) & Fe,0,F / k¥ (0.90
g) HAAATE®RL, BIRTHZEEE, TEHMOBICAL TIABAD~Ny RAR—ZH
A (1.0 ul) ZvA27ud P TEMHICRIRL, TAZr~ 777 4— (6GC) I2&-T
FREE T TCE MM & WIET 5 2 & C Fe,0, F /KT O O fRAE & 74l L 72,
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L7cbDxHWo, JAfA XHREHT (WAXD) X, U AF 2 RINT2500VHF % W CHIIE L7z, GC I,
XY TV —HT L&A S GC-8A Z H W THIE L7z, HIEIX, FID B#z v, ¥ v
U7 —H A (E#H) MESRE, KBEHARESRIE, A >V =7 v a ViRESC, 7T AR
BE 50°C, K BRIE B 250°C T1T - 72,
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3-1. Fe, 0,7+ / HiFDFAH

SCHR P ICREV, Fe,0,F R FAFREL LT, WAXD IC X W RIE L7z, ZoEEFd#E <. /Al
N5 30, 36, 42, 53, 57, 62, 72, 75° fIUTIZ Fe 0, Il @B T A —7 NSz &I
X0, SRR LZWED Fe,0, THDH I & DR TE T,

3-2. Fe,0;F/ FIF/PLLA ZFHEHEEHRDER
3-2-1. REBHEIZLHHEH

Fe,0, 7 / KiF (0.05 g, PLLA (1.00 g, A FH > (8.37 g &EiffiK (0.63 9 ZHNT
ERL L7 AR O SEMEE % Fig. 11Zn7,

BEKRNBEE LTS LEEREEZAE L TS ENERTEZ, BREEDL S —DDFH &
LT, RE—THIRIZT  F L FANTIRD > T O R E DD vz, MIFLEITIR E RERH 23
FEVWbDIFEEREL THRELZLO TR 10un LT (BEEA), 3 HT30~65um ([AB),
5 HT50~75umfRE ([ C) &AL b,




Fig. 1 BEEBHAICE > THER LT-Fe03/PLLAZFLEHEEHRDSENEER.

3-2-2. BIEHIBEEICKDHEHR
Fe,0, 7 / KiF (0.05 9, PLLA (1.00 9 &#fi/K (0.63 9 IZxf LT, VA FH L DEA 8.37,
10.00, 12.00 g A X CER L=EAKD SEMEE % Fig. 2I/R7,

Fig. 2 HHE2IREITE o> TR L 7=Fe03/PLLAZ AL BB S ADSENE E.

EOBEEWRIZHLZIERRENIT > X VR CE /2, M., BREEHEZ AW TERL
TbDOLVETH-T-, MARIL., VAT OENRDRWIEIZ 30~60um (BEHA), [F
< 30~60um (A B), 80~150umFREE ([ C) & RES b,

Fe,0,7 / ki 7 (0.05 @, PLLA (1.00 @ &tZzNnZEhd A x+ & (8.37, 10.00, 12.00 o
(2% LT, PLLA NIRRT E HIREDHIK (ZDIEIZ 1.50, 2.00, 2.50 g) Mz TER L7
HO SEMBEE % Fig. 31277,

Fig. 3 HFEEIRIAICE > THER L F-Fe03/PLLAZFLEHEEARDSENEER.

AIREDORERLE—FH LT, VAT O0ENRZVHEDIEE, MARITIKRE o7, TD—
FTC ARKOBZH U2 L TOMILITERIZ 22 > 7=, fIALEIT . F DJEIC 50~60 um (BH A) .



140~190 um ([7 B), 700 um FEEE ([FC) & RS bz,
3-3. TCE (X % Fe,0,F / HF D5 MR RED FH

INA T IOVIBIZFTE B OMIAK, TCE, WHIEEME &R 5 NP L Fe,0yF /Wi A2 HAALT
B L. BETHXEE, 0. 24, 48 B% . SA TAHHND~y RAR—2AH A~ AV
) sV TIEREICERIL . GC 2 VT4 TCEIREZJET H 2 & TFO0, 7/ KL F-05)
MRk %3G L7- (Fig. 4), M. = 2 C= 555 TCE 0 H TR0 ERITHiE - 7,

TCE #2 & (%) =(1-T,+ Ty / T,+T,) X 100 i S
92. 44
_ 85. 5%
= = . T,=TCE O ZE3RBR O fi e T
Ty=_ ¥ v DZERBR O ‘fg 60—
T4=TCE 43 fit ik B > =
T B DA AR O B
3
20
TCE 1. 24 H[IC 7. 6%, 48 BER T 14. 5%A3 4y
0
i L7z, 2 *
BERE (h)

Fig. 4 Fo037F / HIFIZ & BTCED D FEEE).
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4. '-EI:EHH

WAXD 75 . Fe,0, 1T B T X 2K 2 BH ©°— 27 R &4, Fe,0,F 2 i3 aiflcx /-
TR T ET,

SEM M 5 . WASAIE L WA wEIED 2 SO FIETER LGS EOTRTT, BE
LIEZAEREBZAL TS ZENHERTEL, —ER (0.63 9 OKEZWMLIZSGE. B
WHIE, BSERIEDO B 5 ThH, PLLADO VA IV UIRIEOREN TN DI1E L, BAKOMIL
BNREL RAEmN R b=, LrL, 1.00 g ® PLLA & 12.00 g LA LoD 27 35 L (Z g
LN DI, + g s b o EA RIS O hoTz, Fig. 200 C & Fig. 30 C i3,
PLLA # % (PLLA: 1.00 g P AF ¥ 12.009 2[FE—T, 2o~ KkD&E (Fig. 2:0.63 g
Fig. 3: 2.50 g) ZIFRML T, BEZBREZHOTERLEZEAAKRO SENEETHLIN, b
LbLZIEREZRE L TEBY, MIALEIE Fig. 2 T80~150um, Fig. 3 T 700um FRE & A fE
b o, 77205, PLLARENRFER U ChiLE, KEZMADIEEMARNKREL 2D &
Bomole, TDO—FT, K& Mz 2 EMILNBRIZRDZ L, £/ 2.50 ¢ FVZWED
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Freshwater fish and river environment in Kanagawa prefecture
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To analyze translesion DNA synthesis (TLS) across lesions derived from the air pollutant
3-nitrobenzanthrone in Escherichia coli, we constructed site-specifically modified plasmids con-
taining single molecule adducts derived from 3-nitrobenzanthrone. For this experiment, we
adopted a modified version of the method developed by Fuchs et al. [29]. Each plas-
mid contained one of the following lesions in its LacZ gene: N-(2'-deoxyguanosin-8-yl)-3-
aminobenzanthrone (dG-C8-N-ABA); 2-(2'-deoxyguanosin-N2-yl)-3-aminobenzanthrone (dG-N2-C2-
ABA); 2-(2'-deoxyguanosin-8-yl)-3-aminobenzanthrone (dG-C8-C2-ABA); 2-(2'-deoxyadenosin-N6-yl)-
3-aminobenzanthrone (dA-N8-C2-ABA); N-(2'-deoxyguanosin-8-yl)-3-acetylaminobenzanthrone (dG-
C8-N-AcABA); or 2-(2'-deoxyguanosin-8-yl)-3-acetylaminobenzanthrone (dG-C8-C2-AcABA). All of the
adducts inhibited DNA synthesis by replicative DNA polymerases in E. coli; however, the extent of the
inhibition varied among the adducts. All five dG-adducts strongly blocked replication by replicative DNA
polymerases; however, the dA-adduct only weakly blocked DNA replication. The induction of the SOS
response increased the frequency of TLS, which was higher for the dG-C8-C2-ABA, dG-C8-N-AcABA and
dG-C8-C2-AcABA adducts than for the other adducts. In our previous study, dG-C8-N-ABA blocked DNA
replication more strongly and induced mutations more frequently than dG-N?-C2-ABA in human cells. In
contrast, in E. coli the frequency of TLS over dG-N2-C2-ABA was markedly reduced, even under the SOS*
conditions, and dG-N2-C2-ABA induced G to T mutations. All of the other adducts were bypassed in a less
mutagenic manner. In addition, using E. coli strains that lacked particular DNA polymerases we found
that DNA polymerase V was responsible for TLS over dG-C8-N-AcABA and dG-C8-C2-AcABA adducts.

© 2013 Elsevier B.V. All rights reserved.

Keywords:
3-Nitrobenzanthrone
Site-specific modified plasmid
DNA adducts

Translesion DNA synthesis

1. Introduction

3-Nitrobenzanthrone (3-NBA, 3-nitro-7H-benz[de]anthracen-
7-one, CAS#: 17117-34-9, Fig. 1) is a mutagenic nitrated polycyclic
aromatic hydrocarbon (nitro-PAH) that is found in diesel exhaust
fumes and airborne particles [1]. 3-NBA has also been found in
domestic coal-burning-derived particulates, surface soil and rain-
water, presumably due to atmospheric washout [2-6]. In addition,
3-aminobenzanthrone (3-ABA), a metabolite of 3-NBA, has been
detected in the urine of underground salt mine workers, who are
occupationally exposed to diesel emissions [7].

In the Ames Salmonella typhimurium (TA98) assay, 3-NBA was

3-NBA, 3-nitrobenzanthrone; ABA, aminobenzanthrone;
dA-N6-C2-ABA,  2-(2'-deoxyadenosin-N®-yl)-3-aminobenzanthrone;  dG-C8-
C2-ABA, 2-(2'-deoxyguanosin-8-yl)-3-aminobenzanthrone; dG-C8-C2-AcABA,
2-(2'-deoxyguanosin-8-yl)-3-acetylaminobenzanthrone; =~ dG-C8-N-ABA, N-(2'-
deoxyguanosin-8-yl)-3-aminobenzanthrone; dG-C8-N-AcABA, N-(2'-deoxyguano-
sin-8-yl)-3-acetylaminobenzanthrone;  dG-N2-C2-ABA, 2-(2’-deoxyguanosin-
N2-yl)-3-aminobenzanthrone; DISL, damage-induced strand loss; N-Aco-ABA,
N-acetoxy-3-aminobenzanthrone; N-Aco-N-Ac-ABA, N-acetoxy-N-acetyl-3-
aminobenzanthrone; NER, nucleotide excision repair; TLS, translesion DNA
synthesis; AF, 2-aminofluorene; AAF, 2-acetylaminofluorene; dG-C8-N-AF,
N-(2'-deoxyguanosin-8-yl)-2-aminofluorene; dG-C8-N-AAF, N-(2'-deoxyguanosin-

Abbreviations:

8-yl)-2-acetylaminofluorene.
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demonstrated to display similar mutagenicity to 1,8-dinitropyrene,
which is the strongest mutagen reported so far [1]. 3-NBA also
induces micronucleus formation in mouse peripheral blood retic-
ulocytes, human B-lymphoblastoid cells and human hepatoma
cells [1,8-12] and exhibits DNA strand-breaking activity in human
B-lymphoblastoid, hepatoma and lung cells [8,10,12,13]. Further-
more, 3-NBA has mutagenic effects on the hprt and tk loci in human
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Fig. 1. Chemical structures of 3-NBA and its DNA adducts.

B-lymphoblastoid cells [9,12] and induces lung tumor formation
in experimental animals [14]. Therefore, 3-NBA is regarded as an
environmental risk factor for human lung cancer in urban areas
[12].

The metabolic activation of nitro-PAH occurs through their
N-reduction to form N-hydroxy arylamines, which can bind
directly to DNA or undergo further activation by esterification to
produce species that are highly reactive with DNA [15-18]. The
reactive intermediates of 3-NBA, N-acetoxy-3-aminobenzanthrone
(N-Aco-ABA) and N-acetoxy-N-acetyl-3-aminobenzanthrone (N-
Aco-N-Ac-ABA), form adducts with the N2 and C8 positions of
guanine and the NS position of adenine in vitro [6,19-26]. In
mammalian cultured cells and rodents exposed to 3-NBA, N-
(2’-deoxyguanosin-8-yl)-3-aminobenzanthrone (dG-C8-N-ABA),
2-(2'-deoxyguanosin-N2-yl)-3-aminobenzanthrone  (dG-N2-C2-
ABA) and 2-(2’-deoxyadenosin-N6-yl)-3-aminobenzanthrone
(dA-N6-C2-ABA) were identified as major adducts [6,20]. In
our previous study using the LC/MS/MS, 3-NBA formed more
dG-C8-N-ABA and dG-N2?-C2-ABA than dA-N6-C2-ABA in human
hepatoma HepG2 cells [21]. It has also been reported that reac-
tions of the 3-NBA reactive metabolites to DNA in vitro yield
2-(2'-deoxyguanosin-8-yl)-3-aminobenzanthrone (dG-C8-C2-
ABA), N-(2’-deoxyguanosin-8-yl)-3-acetylaminobenzanthrone
(dG-C8-N-AcABA) and 2-(2'-deoxyguanosin-8-yl)-3-
acetylaminobenzanthrone (dG-C8-C2-AcABA). These adducts
were minor or have not been identified so far in vivo [20-26].

The nucleotide excision repair (NER) pathway is the major
mechanism by which bulky PAH-DNA adducts are removed, and
the efficiency of adduct removal depends on the chemical struc-
tures of the adducts involved [27]. In proliferating cells, residual
adducts arrest progression at replication forks, induce the forma-
tion of replication gaps, and cause DNA strands to separate, which
can lead to apoptosis [27]. Thus, cells perform translesion DNA
synthesis (TLS) to prevent replication being blocked [27]. TLS is per-
formed by low stringency DNA polymerases, each of which displays
a different specificity for adducted DNA bases. In Escherichia coli,
DNA polymerases II, IV and V (Pol II, Pol IV and Pol V), which are
encoded by the polB, dinB and umuDC genes, respectively, are con-
sidered to play a major role in TLS, which is regulated by the SOS
response [27]. These SOS-inducible TLS polymerases allow cells to
cope with various DNA lesions; however, they frequently induce
mutations at the lesion sites. Among the TLS polymerases, Pol V
was found to be essential for TLS over base substitution mutations
induced by UV light, and Pol Il was demonstrated to be responsible
for TLS over N-2-acetylaminofluorene (AAF)-induced -2 frameshift
mutations [28].

Fuchs et al. developed a sophisticated method for analyzing cel-
lular strategies for accommodating replication-hindering adducts
in DNA [29]. To study the effects of single adducts on DNA replica-
tion, they constructed heteroduplex plasmid molecules containing
a two-base insertion in one strand, which was located opposite
the adduct site of the other strand. The insertion functioned as a
strand marker, and the color of the colony carrying the progeny
plasmids depended on the outcome of replication since the marker
was located in the LacZ' gene.

In this study, based on Fuchs’ method we constructed site-
specifically modified plasmids containing single molecule adducts
derived from N-Aco-ABA or N-Aco-N-Ac-ABA. Each plasmid
contained a single molecule of dG-C8-N-ABA, dG-N?-C2-ABA, dG-
C8-C2-ABA, dA-N6-C2-ABA, dG-C8-N-AcABA or dG-C8-C2-AcABA
inits LacZ’ gene (Fig. 1). To evaluate the efficiency of bypasses across
these adducts, the mono-modified plasmids were introduced into
and replicated in E. coli. Furthermore, to determine which poly-
merases were responsible for TLS over each adduct, the plasmids
were also propagated in E. coli strains lacking one of the TLS poly-
merases.

2. Materials and methods
2.1. Materials

General chemicals, which were essentially of analytical grade, were purchased
from Sigma-Aldrich, Japan (Tokyo, Japan). Acetic anhydride was obtained from
Nacalai Tesque (Kyoto, Japan). Acetonitrile (MeCN) was purchased from Merck KGaA
(Darmstadt, Germany). [y-32P]ATP (3000 Ci/mmol) was obtained from Amersham
Biosciences Ltd. (Buckinghamshire, UK), and T4 polynucleotide kinase was pur-
chased from Toyobo, Co., Ltd. (Osaka, Japan). Nuclease P1 was obtained from Yamasa
Shuzo Co. (Chiba, Japan). Thirteen-mer deoxyoligonucleotides (HPLC grade) were
purchased from Sigma-Aldrich, Japan. The restriction enzyme Bglll and calf intes-
tine alkaline phosphatase were obtained from New England Biolabs, Inc. (Beverly,
MA, USA).

2.2. Preparation of ABA adduct-containing oligonucleotides

N-Aco-ABA and N-Aco-N-Ac-ABA were synthesized as described previously
[20,23]. Deoxyoligonucleotides with the sequences 5-CCTTCCGTCTCCC and
5'-CCTTCCATCTCCC (the target positions for adduct formation are underlined) were
reacted with N-Aco-ABA or N-Aco-N-Ac-ABA in limited conditions in order to favor
the formation of mono-adducted species [20,21]. In brief, to modify the oligonu-
cleotides with N-Aco-ABA, N-Aco-ABA solution (50 wL) was mixed with 100 pL of
each oligonucleotide (1 nmol/pL in 1 mM Tris-HCl, pH 8.0), 10 mM sodium-citrate
buffer (pH 7.0, 40 p.L) and H,O (50 pL). The resultant mixtures were incubated at
55°C for 24h in an argon atmosphere. Then, the N-Aco-ABA-modified oligonu-
cleotides were purified using high performance liquid chromatography (HPLC;
Agilent 1100 series HPLC system equipped with an Agilent G1315B photodiode
array detector; Agilent Technologies, Waldbronn, Germany). The oligonucleotide
reaction mixtures were eluted at a flow rate of 1mL/min for 60 min using the
Cosmosil-AR Il column (¢4.6 mm x 250 mm, Nacalai Tesque) along a linear gradient
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from 0% to 25% MeCN in 100 mM triethylamine acetate (TEAA, Sigma-Aldrich,
Japan) (pH 7.0). Oligonucleotides containing the dG-C8-C2-ABA, dG-C8-N-ABA
and dA-N®-ABA adducts were eluted at retention times of 37.6, 39.6 and 40.9 min,
respectively. Oligonucleotides containing the dG-N?-C2-ABA adduct were prepared
using the previously described procedure with slight modifications [24]. Briefly,
the corresponding amidite without the OS-nitrobenzyl protective group, which
was prepared by direct aryl amination, was used for oligonucleotide synthesis
[25]. To modify the oligonucleotides with N-AcO-N-Ac-ABA, N-AcO-N-Ac-ABA
solution (50 pL) was mixed with 50 L of the oligonucleotide (5-CCTTCCGTCTCCC,
1 nmol/pL, in TE buffer), 40 wL of 10 mM sodium citrate buffer (pH 7.0) and 60 p.L
of H,0. Each mixture was incubated at 55°C for 16 h under an argon atmosphere,
before being washed with diethyl ether 3 times and separated using HPLC with
a Shield RP18 5pum column (¢4.6 mm x 250 mm; Waters Co., Milford, MA, USA)
at a flow rate of 1 mL/min. The mixture was then eluted with isocratic 5% MeCN
for 0-5min, before being eluted along a linear gradient from 5% to 80% MeCN
over 5-105min in 100 mM triethylammonium acetate (TEAA; pH 7.0). In these
conditions, 13-mer deoxyoligonucleotides containing single dG-C8-C2-AcABA or
dG-C8-N-AcABA adducts were eluted at 21.2min and 23.6 min, respectively. To
confirm that the correct modifications had been induced, samples (10 L) of the ABA
adduct-containing oligonucleotides were digested to nucleotides. Each adducted
oligodeoxynucleotide was digested to the nucleoside level with nuclease P1 (1 unit)
and alkaline phosphatase (10 units) and then subjected to HPLC. The identification of
each adduct was performed by comparing their UV spectra with those of chemically
synthesized nucleoside standards, as described previously [19,20,23]. For further
purification, these site-specifically modified 13-mer deoxyoligonucleotides were
labeled with [y-32P]ATP and then separated by denaturing 20% polyacrylamide
gel electrophoresis. The corresponding bands were cut out from the gel, and the
modified oligonucleotides were eluted with 0.5M sodium acetate (pH 8.5) buffer
containing 1mM EDTA. The modified oligonucleotides were precipitated with
ethanol.

2.3. Construction of mono-modified plasmids

Site-directed modified plasmids were prepared by the previously described pro-
cedure with slight modifications [29]. In brief, the pUCNarH + 15mer plasmid is
identical to the pUCNarH plasmid [29] except that it contains a 15-mer oligonu-
cleotide (5'-CCTTCCAGATCTCCC) insert in its Hincll site. The linear forms of the two
parental plasmids were mixed in equal quantities, heat-denatured, and incubated
at 55°C in buffer (10 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA (pH 7)) to allow the
formation of gapped-duplex structures. The crude gapped-duplex mixture was incu-
bated at 16°C with a 2-fold molar excess of a 32P-labeled 13-mer oligonucleotide
that was complementary to the gap except for a 2-nucleotide bulge that formed
in the middle of the gap in the presence of ATP (1 mM) and T4 DNA ligase (New
England Biolabs) for 3 min. As a negative control, we also constructed non-modified
plasmids that possessed normal dG or dA bases instead of the adducts using the
non-modified oligonucleotides. The covalently closed circle plasmids were purified
by equilibrium centrifugation along a CsCl gradient.

2.4. Bacterial strains and SOS induction

The E. coli strains used in this study were derivatives of the MGZ strain con-
structed by Napolitano et al. [28]. The null allele of uvrA6 was introduced into MGZ
strain chromosomes lacking one of the TLS polymerases (polB, dinB or umuDC) using
the standard P1 transduction method. To induce the SOS response, exponentially
growing bacteria in MgSO,4 (10 mM) solution were treated with UV irradiation at a
dose of 5]/m?2. After the irradiation but prior to the transformation, the cells were
incubated in lysogeny broth (LB) under aerated conditions for 30 min at 37°C in
order to allow the SOS response to occur.

2.5. TLS assay in E. coli

Each plasmid (1 ng) was introduced into E. coli using an electroporation appa-
ratus (Gene Pulser; BioRad Laboratories, Hercules, CA, USA). The E. coli were
plated onto LB agar plates containing ampicillin, 5-bromo-4-chloro-3-indoyl-3-p-
galactoside (X-gal) and isopropyl-B-p-thiogalactopyranoside (IPTG). As shown in
Fig. 2A, in this system if the ABA-modified strand is used as a replication template
(i.e., TLS occurs), the progeny plasmids will possess functional lacZ gene reading
frames, and hence, their colonies will be tinged blue. When the opposite strand is
used as a replication template (i.e., damage-induced strand loss occurs; DISL), the
progeny plasmids will possess dysfunctional lacZ gene reading frames; thus, their
colonies will appear white. If TLS causes a frameshift during replication, the LacZ
reading frame becomes dysfunctional, which also results in white colonies. How-
ever, frameshifts can be distinguished from DISL because the complementary strand
of the adducted strand contains a recognition sequence for the restriction enzyme
Bglll. In the present study, portion of the progeny plasmids displayed frameshifts was
low enough to be considered negligible (less than 1%, data not shown). Therefore,
blue colonies were considered to have been caused by TLS, while white colonies were

considered to have been produced by DISL. Thus, the TLS frequency was calculated
using the following equation:

TLS frequency (%) — { Number of blue colonies } . 100.

Total number of colonies

We counted more than 30 thousand colonies for each adduct. The relative TLS
frequency value was calculated as the ratio (%) of the TLS frequency of the modified
plasmid to that of the non-modified plasmid; i.e.,

Relative TLS frequency value (%)

B TLS frequency of ABA modified plasmid 100
~ | TLS frequency of unmodified control plasmid ’

In order to determine which TLS polymerases were responsible for the
replication of the adducts (dG-N?-C2-ABA, dG-C8-C2-ABA, dG-C8-N-AcABA and dG-
C8-C2-AcABA), statistical comparisons between the results obtained in the SOS-
and SOS* conditions were carried out using the Student’s t-test for one-tailed com-
parisons. The plasmids in which TLS occurred were purified from the blue bacteria
cultured in 2 mL of LB medium and sequenced with the ABI 3130 genetic analyzer
(Applied Biosystems, Foster City, CA, USA) to identify any mutations. The blue bacte-
ria contain progeny plasmids from both the adducted strand and its complementary
strand. Therefore, identification of a nucleotide sequence of progeny plasmid from
the adducted strand was carried out after subtraction of the fluorescence of the
other strand that had a two-base insertion. When the fluorescence of the progeny
plasmids from the adducted strand was feeble, the isolation of the plasmid was
performed by retransformation of E. coli before sequencing.

3. Results
3.1. TLS analysis

Using the site-directed mono-modified plasmids (Fig. 2A), we
analyzed TLS across the adducts in E. coli. To prevent the adducts
being excised, we used NER-deficient E. coli strains (uvrA~) in every
experiment. In E. coli, the replicative DNA polymerases Pol I and
Pol Il replicate DNA in SOS~ conditions, whereas TLS polymerases
such as Pol II, Pol IV and Pol V participate in DNA replication in
SOS* conditions. The relative frequencies of TLS across the adducts
in E. coli (MGZuvrA~ strain, which does not lack any TLS poly-
merases) under the SOS*/~ conditions are shown in Fig. 2B. In the
SOS~— conditions, the relative frequencies of TLS across the dG-
C8-N-ABA, dG-N?-C2-ABA, dG-C8-C2-ABA, dG-C8-N-AcABA and
dG-C8-C2-AcABA adducts were 12.8%, 2.2%, 0.23%,0.28% and 0.25%,
respectively. Meanwhile, the relative frequency of TLS across the
dA-N6-C2-ABA adduct in the SOS~ conditions was 68%, which indi-
cates that all of the adducts inhibited DNA replication by replicative
DNA polymerases; however, the extent of the inhibition varied
among the adducts. All five dG adducts strongly blocked replica-
tion by the replicative DNA polymerases; however, the dA adduct
only weakly blocked replication. Among the dG adducts, the dG-
C8-N-ABA adduct blocked DNA replication by replicative DNA
polymerases less strongly than the other dG adducts. After SOS
induction, the relative frequencies of TLS across the dG-C8-N-ABA,
dG-N2-C2-ABA, dG-C8-C2-ABA dG-C8-N-AcABA, dG-C8-C2-AcABA
and dA-NS-C2-ABA adducts increased to 25.8%, 3.6%, 17%, 23.3%,
14.1% and 75.1%, respectively. The increases in these values after
SOS induction were due to DNA replication by the TLS polymerases.
The dG-C8-C2-ABA, dG-C8-N-AcABA and dG-C8-C2-AcABA adducts
displayed greater increases in their relative TLS frequencies than
the other adducts.

3.2. Mutation frequency per TLS event and type of mutation

The progeny plasmids in which TLS occurred over the adducts
under the SOS* conditions (around 100 plasmids were exam-
ined for each adduct) were sequenced to reveal their mutation
frequencies and the types of mutations that they possessed. As
shown in Table 1, the proportion of mutagenic TLS events among
all TLS events was 13% for the dG-N2-C2-ABA adducts, whereas
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Fig. 2. Replication efficiency across the adducts in E. coli (uvrA-). The site-specifically mono-modified plasmids were replicated in nucleotide excision repair-deficient E. coli.
(A) Structure of the mono-modified plasmids and the principle behind the assay system. X-ABA represents the adducted base shown in Fig. 1. (B) Replication efficiency
across the adducts in the host E. coli (uvrA~) cells under the SOS~ or SOS* conditions. Relative TLS frequency value was calculated as the ratio (%) of the TLS frequency of the
modified plasmid to that of the non-modified plasmid. The TLS frequency (%) of each plasmid was calculated using the equation: ((number of blue colonies)/(total number of
colonies)) x 100. We examined more than thirty thousand colonies for each adduct (see Section 2). The mean results of at least three independent experiments are plotted

together with the S.D.

the other adducts induced fewer mutations during TLS. The dG-
C8-C2-ABA, dA-N6-C2-ABA and dG-C8-N-AcABA adducts did not
display any TLS-induced mutations. G to T transversions were
the most frequent TLS-induced mutations in the dG-N2-C2-ABA
adducts.

3.3. TLS frequency in E. coli strains lacking one of the TLS
polymerases

In order to determine which TLS polymerases were responsible

for the replication of each adduct, we measured the relative TLS
frequencies of each adduct in E. coli strains that lacked one of the

Table 1

Types of mutation induced by the adducts in E. coli (uvrA~) under the SOS* conditions.

TLS polymerases. In the E. coli strain that possessed all of the TLS
polymerases, an increase in the frequency of TLS over the dG-N2-
C2-ABA adducts was observed after SOS induction, whereas no such
increase was detected in the APol IV or APol V strains (Fig. 3). This
indicates that in addition to the replicative DNA polymerases, both
Pol IV and Pol V participate in TLS over dG-N2-C2-ABA adducts.
Furthermore, the frequencies of TLS across dG-C8-N-AcABA and
dG-C8-C2-AcABA adducts did not increase after SOS induction in
the APol V strain, which indicates that Pol V is responsible for
TLS across these adducts. There was no significant decrease in the
frequency of TLS across the dG-C8-N-ABA, dG-C8-C2-ABA or dA-
N6-C2-ABA adducts under the SOS* conditions.

Adduct dG-C8-N-ABA dG-N2-C2-ABA dG-C8-C2-ABA dA-N6-C2-ABA dG-C8-N-AcABA dG-C8-C2-AcABA
Proportion of mutagenic TLS events (%) 1(1/96) 13 (13/96) <1(0/96) <1(0/96) <1(0/113) 3(4/119)
(number of mutant colonies/number
of TLS (blue) colonies sequenced)
Type of mutation (number of GtoT(1) GtoT(7) GtoT(3)
mutations)
GtoC(3)
Other (3)2

2 Mutations at unadducted sites were classified as “other”.
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Fig. 3. Replication efficiency across the adducts in E. coli lacking one TLS polymerase. Replication efficiency across the adducts in host E. coli strains that lacked both uvrA
and one of the TLS polymerases (Apol I, Apol IV, or Apol V) in the SOS- or SOS* conditions. “wt” indicates the strain that only lacked uvrA. Relative TLS frequency value
was calculated as the ratio (%) of the TLS frequency of the modified plasmid to that of the non-modified plasmid. We examined more than thirty thousand colonies for each
adduct. The mean results of at least three independent experiments are plotted together with the S.D. Asterisks indicate a significant difference (p <0.05 in Student’s t-test).

4. Discussion

In E. coli, DNA polymerases I, IV and V are considered to play a
major role in TLS, and the expression levels of these polymerases
are upregulated by the SOS response. However, the ability of a par-
ticular polymerase to perform TLS over an adduct and the fidelity
of the results depend on the chemical structure of the DNA lesion
involved and the DNA sequence in which the lesion occurs [27]. In
the present study, when E. coli replicated DNA templates contain-
ing dA-N6-C2-ABA adducts, replication was barely affected (Fig. 2B),
suggesting that the replicative polymerases (Pol I and Pol III) carried
out TLS over the adducts since the induction of the SOS response in
the host cells did not affect the relative TLS frequency value of the
dA-N6-C2-ABA adducts (Fig. 2B). However, all of the other adducts
markedly inhibited DNA replication, and the increases in their rel-
ative TLS frequencies induced by the SOS response indicated that
TLS polymerases facilitate the bypassing of these lesions (Fig. 2B).
Note, that the TLS frequencies of the dG-C8-N-ABA and dG-N2-C2-
ABA adducts under the SOS~ conditions were not low enough to be
considered negligible, indicating that some of the progeny plasmids
were replicated by replicative DNA polymerases.

The results obtained using E. coli strains lacking one of the TLS
polymerases indicated that Pol V carries out TLS over dG-C8-N-
AcABA and dG-C8-C2-AcABA adducts (Fig. 3). In the SOS* condition,
the TLS frequencies across dG-C8-N-AcABA in APol Il and APol IV
strains were higher than those in the wild type strain. Since Pol V
performs markedly efficient bypass across the adduct, lack of Pol II
or Pol IV might increase a chance for Pol V to access the replisome
at the damaged site, and result in more efficient TLS across the
adduct in APol Il and APol IV strains. In TLS over dG-C8-C2-ABA

adducts, Pol I, Pol IV and Pol V might be functionally redundant
since similar increases in the frequency of TLS across dG-C8-C2-
ABA adducts were found in all of the single polymerase knockout
strains after SOS induction (Fig. 3). In the case of dG-C8-N-ABA
adducts, in addition to replication by replicative DNA polymerases
in the SOS~ conditions, Pol II, Pol IV and Pol V also participate in
TLS over these adducts since SOS induction increased their relative
TLS frequency value, and the TLS frequency of the dG-C8-N-ABA
adducts displayed similar increases in all of the single TLS poly-
merase knockout strains after SOS induction (Fig. 3). In the case of
dG-N2-C2-ABA adducts, besides the replicative DNA polymerases,
Pol IV and Pol V also carry out TLS across these adducts (Fig. 3).
The dG-N2-C2-ABA adducts displayed a low TLS frequency, even
under the SOS* conditions (about 3%, Figs. 2B and 3).In addition, TLS
across dG-N2-C2-ABA adducts resulted in G to T mutations, whereas
all the other adducts were bypassed in a less mutagenic manner
(Table 1). These findings indicate that among the ABA adducts, dG-
N2-C2-ABA is the biggest obstacle in accurate DNA replication for
E. coli.

Comparing the present results to published data, some analo-
gies in the relationship between the chemical structures of
adduct and DNA replication are found. The chemical nature
of the adducts dG-C8-N-ABA and dG-C8-N-AcABA is similar to
that of the corresponding 2-aminofluorene (AF)- and AAF-dG
adducts: N-(2’-deoxyguanosin-8-yl)-2-aminofluorene (dG-C8-N-
AF) and N-(2’-deoxyguanosin-8-yl)-2-acetylaminofluorene (dG-
C8-N-AAF), respectively. The bypass manner of the AF and AAF
adducts is remarkably similar to that of the ABA and AcABA adducts,
respectively. Namely, dG-C8-N-AF and dG-C8-N-ABA are relatively
well bypassed under the SOS~ condition, presumably by Pol III
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without remarkable influence of SOS induction [29]. The bypass
properties of dG-C8-N-AAF and dG-C8-N-AcABA also appear to be
similar: i.e., the both adducts severely block DNA replication under
the SOS~ condition, and SOS induction markedly facilitates the
bypass that absolutely requires Pol V. dG-C8-C2-AcABA is also a
guanine-C8 adduct with an acetyl group on the aromatic amine,
and differs solely by the position where the guanine-C8 is linked
to ABA. TLS across dG-C8-C2-AcABA requires Pol V similarly to that
across dG-C8-N-AAF and dG-C8-N-AcABA. dG-N2-C2-ABA and dA-
N6-C2-ABA are adducts to extracyclic amino groups in dG and dA.
These two adducts behave differently from all other adducts: i.e.,
dA-N6-C2-ABA blocks replication weakly and is bypassed to the
high level presumably by Pol III, while dG-N%-C2-ABA is poorly
bypassed even under the SOS* condition. This weak SOS-mediated
bypass of dG-N2-C2-ABA appears to depend upon both Pol IV
and Pol V, and a similar genetic control was observed for the
adduct of benzo[a]pyrene to the same N2 position, (+)-trans-anti-
benzo[a]pyrene-N2-dG [28].

In our previous study, we evaluated the efficiency of TLS across
dG-C8-N-ABA, dG-N2-C2-ABA and dA-N6-C2-ABA adducts and the
mutagenic potential of these processes using mono-modified plas-
mids in human cells [21]. In human cells, the dG-N2-C2-ABA adduct
was not the utmost burden for accurate DNA replication (unlike in
E. coli). Instead, dG-C8-N-ABA markedly blocked DNA replication
in human cells, and caused mutagenic TLS events most frequently
among these three adducts. Furthermore, dA-N6-C2-ABA blocked
DNA replication in human cells, and its relative TLS frequency value
was 43.1%. The different host cells used in our previous and present
studies would have been responsible for the discrepancies between
their results. In fact, in a study comparing mutagenesis in E. coli
with that in simian kidney (COS-7) cells, Tan et al. reported that
the mutagenic potential of AAF-derived DNA adducts located in
the Narl restriction enzyme site depended on the host cells used
for the experiment [30].

We should also consider the DNA strand in which a DNA poly-
merase encounters a lesion. We used different mono-modified
plasmids in our E. coli and human cell studies. The plasmids used in
the present study carried a unidirectional ColE1 ori, whereas those
used in our previous human cell study possessed a bidirectional
SV40 ori. This disparity would have caused differences in the loca-
tion of TLS: i.e., in the leading or lagging strand, and might have
affected the mutation frequency [26].

In the Salmonella Ames assay, 3-NBA was found to be a strong
inducer of frameshift mutations [1]. In contrast, we did not detect
frameshift mutations in the present study. The sequence in which
a lesion occurs has been shown to affect the frequency of mutation
[30]. The tester strains used to detect frameshift mutations in the
Ames assay (TA98 and its derivatives) contain repetitive sequences
in their target genes. Repetitive sequences are likely to induce DNA
strand slippage, which results in deletion mutations; however, the
target sites in our mono-modified plasmids did not contain any
repetitive sequences. Thus, the inconsistent results would have
resulted from differences in the target gene sequences.

Usually, nitro-PAHs form several kinds of DNA adduct in
organisms. Conventional mutation assays can provide data on
the overall mutagenicity of compounds. However, the mutagenic
effects induced by particular compounds will differ between DNA
adducts. Furthermore, the sequence in which a lesion occurs is
known to affect the risk of mutagenesis. In fact, Vaidyanathan and
Cho reported that aminofluorene in different sequences induced
conformational heterogeneity, which affects nucleotide insertion
efficiency in a conformation-specific manner during TLS [31].
Therefore, evaluating both the overall mutagenic potential of a
compound and its effects on individual adducts located in spe-
cific sequences is necessary to fully understand the mutagenic
potential of a compound. This study increases our understanding of

the molecular mechanisms of the mutagenesis and carcinogenesis
induced by 3-NBA.
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3-Nitrobenzanthrone (3-nitro-7H-benz[d,e]anthracen-7-one, 3-NBA) is a potent environmental muta-
gen that is found in diesel exhaust fumes and airborne particulates. It is known to produce several
DNA adducts, including three major adducts N-(2’-deoxyguanosin-8-yl)-3-aminobenzanthrone (dG-C8-
N-ABA), 2-(2'-deoxyadenosin-N¢-yl)-3-aminobenzanthrone (dA-N6-C2-ABA), and 2-(2'-deoxyguanosin-
N2-yl)-3-aminobenzanthrone (dG-N?-C2-ABA) in mammalian cells. In the present study, we measured
the quantity of the formation and subsequent reduction of these adducts in human hepatoma HepG2

IB(—e%‘iAt”r)(:gse:nzanthrone cells that had been treated with 3-NBA using LC-MS/MS analysis. As a result, dG-C8-N-ABA and dG-
DNA adduct N2-C2-ABA were identified as major adducts in the HepG2 cells, and dA-N®-C2-ABA was found to be
DNA repair a minor adduct. Treatment with 1 pg/mL 3-NBA for 24 h induced the formation of 2835+ 1509 dG-
Translesion DNA synthesis C8-N-ABA and 3373 + 1173 dG-N?-C2-ABA per 107 dG and 877 +330 dA-N6-C2-ABA per 107 dA in the
Mutation cells. The cellular DNA repair system removed the dG-C8-N-ABA and dA-N6-C2-ABA adducts more effi-

ciently than the dG-N?-C2-ABA adducts. After a 24-h repair period, 86.4+11.1% of the dG-N?>-C2-ABA
adducts remained, whereas only 51.7 + 2.7% of the dG-C8-N-ABA adducts and 37.8 + 1.7% of the dA-NS-
C2-ABA adducts were present in the cells. We also evaluated the efficiency of bypasses across these
three adducts and their mutagenic potency by introducing site-specific mono-modified plasmids into
human cells. This translesion DNA synthesis (TLS) assay showed that dG-C8-N-ABA blocked DNA repli-
cation markedly (its replication frequency was 16.9 +2.7%), while the replication arrests induced by
dG-N2-C2-ABA and dA-N6-C2-ABA were more moderate (their replication frequencies were 33.3 & 6.2%
and 43.1 +7.5%, respectively). Mutagenic TLS was observed more frequently in replication across dG-C8-
N-ABA (30.6%) than in replication across dG-N?-C2-ABA (12.1%) or dA-N6-C2-ABA (12.1%). These findings
provide important insights into the molecular mechanism of 3-NBA-mutagenesis.

© 2013 Elsevier B.V. All rights reserved.

nitro ketone that is found in diesel exhaust fumes and airborne
particles [1]. Its atmospheric washout by rainfall is associated
with the 3-NBA contamination of surface soil [2-4]. In the Ames
Salmonella typhimurium (TA98) assay, the mutagenicity of 3-NBA
was found to be as high as that of 1,8-dinitropyrene, the strongest
mutagen that has been reported so far [1]. 3-NBA induces micro-
nucleus formation in mouse peripheral blood reticulocytes [1,5]

1. Introduction

3-Nitrobenzanthrone (3-nitro-7H-benz|d,e]anthracen-7-one,
3-NBA, CAS 17117-34-9, Fig. 1) is a powerful mutagenic aromatic

Abbreviations: 3-NBA, 3-nitrobenzanthrone; ABA, aminobenzanthrone; dA-

N6-C2-ABA, 2-(2'-deoxyadenosin-N®-yl)-3-aminobenzanthrone; dG-C8-N-ABA,
N-(2’-deoxyguanosin-8-yl)-3-aminobenzanthrone; dG-N2-C2-ABA, 2-(2'-
deoxyguanosin-N?-yl)-3-aminobenzanthrone; MRM, multiple reaction monitoring;
NER, nucleotide excision repair; N-Aco-ABA, N-acetoxy-3-aminobenzanthrone;
N-OH-ABA, N-hydroxy-3-aminobenzanthrone; SI, stable isotope; XP, xeroderma
pigmentosum; XPA, XP patient who belongs to complementation group A.
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and causes DNA strand breaks in human cell comet assays [6-8].
Further studies have demonstrated that 3-NBA is mutagenic
in mammalian assay systems [5,9] and induces lung tumors in
experimental animals [10]. Therefore, 3-NBA is regarded as an
environmental risk factor for human lung cancer in urban areas
(see review [11]).

The covalent bonding of DNA to nitrated polycyclic aromatic
hydrocarbons (nitro-PAH) results in events that are critical
for mutation and cancer initiation [12]. Nitro-PAH acquires
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Fig. 1. Chemical structures of 3-NBA and its DNA adducts.

carcinogenicity by being metabolized into reactive electrophiles.
It has been shown that the metabolism of 3-NBA is primar-
ily mediated through cytosolic nitroreductases, followed by
activation by N-acetyltransferase and sulfotransferases, which
leads to the formation of reactive intermediates that can form
covalent bonds with DNA [13-18]. Using the 32P-postlabeling
and high performance liquid chromatography equipped with
tandem mass spectrometry (LC-MS/MS) method, a number of
bulky aromatic DNA adducts, including three major adducts, N-
(2’-deoxyguanosin-8-yl)-3-aminobenzanthrone (dG-C8-N-ABA),
2-(2'-deoxyadenosin-N6-yl)-3-aminobenzanthrone  (dA-N6-C2-
ABA), and 2-(2’-deoxyguanosin-N2-yl)-3-aminobenzanthrone
(dG-N2-C2-ABA), have been detected in cells and tissues treated
with 3-NBA (Fig. 1) [5,6,8,10,13-15,17,19-29].

The nucleotide excision repair (NER) pathway is the major
mechanism by which bulky adducts are removed, and the efficiency
of their removal is known to depend on the chemical structures
of the adducts [30]. In proliferating cells, residual adducts arrest
progression at replication forks, form replication gaps, or cause
DNA disconnection, leading to apoptosis [30]. To prevent replica-
tion being blocked, cells possess a translesion DNA synthesis (TLS)
mechanism [30]. TLS is performed by low stringency polymerases,
each of which displays a different specificity for adducted substrate
DNA bases. In mammalian cells, these polymerases include Poln, t,
K, and Rev1 in the Y-family and Pol{ in the B-family [31-37]. The
ability of TLS polymerases to extend a DNA strand over adducted
bases and their ability to insert the correct bases opposite the
adducted bases affect the risk of mutation. Human Polm inserts
incorrect bases opposite benzo[a]pyrene (B[a]P)-adducted guanine
(B[a]P-dG) residues; i.e., in an error-prone manner, whereas it effi-
ciently bypasses UV-induced cyclobutane pyrimidine dimers in an
error-free manner in vitro [38,39]. The efficiency of adduct bypasses
during TLS and the associated risk of mutagenesis depends on the
chemical structures of the DNA adducts involved.

To elucidate the molecular mechanism responsible for 3-NBA-
induced mutagenesis in human cells, we used LC-MS/MS to
quantify the formation of dG-C8-N-ABA, dG-N2-C2-ABA and dA-
N6-C2-ABA adducts in human hepatoma HepG2 cells that had been
treated with 3-NBA, as well as the subsequent reduction of these
adducts through the cellular repair process. We also evaluated
the efficiency of bypasses across these adducts and the frequency
of mutations induced by the adducts by introducing site-specific
mono-modified plasmids into human cells.

2. Materials and methods
2.1. Cell culture

Human hepatoma HepG2 cells obtained from the RIKEN Cell Bank (Wako, Japan)
and the SV40-transformed human fibroblast cell line XP20S(SV) [40] were cul-

tured in RPMI1640 medium (Sigma-Aldrich Japan, Tokyo) supplemented with 10%
fetal bovine serum (JRN BIOSCIENCES, KS, USA) in a 5% CO, atmosphere at 37°C.

The XP20S(SV) was originated from a xeroderma pigmentosum (XP) patient who
belonged to complementation group A (XPA) [40], and this cell line is incapable of
performing NER.

2.2. 3-NBA treatment and genomic DNA extraction

The cells were exposed to 3-NBA, as reported previously [28]. Briefly, HepG2 cells
(80% confluent) on a 75 cm? dish were washed with phosphate-buffered saline (PBS;
pH 7.5) (Takara Bio Co., Kyoto, Japan) and incubated in RPMI1640 containing various
concentrations of 3-NBA for the indicated time periods. 3-NBA was dissolved in
dimethyl sulfoxide (DMSO; Nacalai Tesque, Kyoto, Japan). The DMSO concentration
was not higher than 1% (v/v). Cellular DNA was extracted and digested with the
micrococcal nuclease/spleen phosphodiesterase method, as described previously
[41]. In order to evaluate the efficiency of adduct removal by the cellular DNA repair
mechanism, HepG2 cells were treated with 0.01 p.g/mL of 3-NBA for 1 h. The cells
were washed with PBS, and then, in order to allow the cells to repair their DNA,
they were cultured for the indicated time period in RPMI1640 medium without
fetal bovine serum to inhibit cell proliferation. To measure cell viability, HepG2
cells cultured in a 96-well microtiter plate were exposed to various concentrations
of 3-NBA for the indicated time periods. Living cells were stained with Neutral Red
(Wako Chemical Co., Osaka, Japan; 50 g/mL) and fixed with 1% formalin containing
1% CaCl, for 1h. The Neutral Red was extracted from the stained cells with 50%
ethanol containing 50% acetic acid, and their ODs4o values were measured with a
Model 680 microplate reader (Bio-Rad Laboratories, Hercules, CA, USA). Cell viability
was calculated as the ratio of the ODs49 of the 3-NBA-exposed cells to that of the
solvent control cells.

2.3. Adduct quantification with LC/ESI-MS/MS

The adduct quantification analysis was performed using the Shimadzu HPLC
system (Shimadzu, Kyoto, Japan), which consists of LC-10ADvp dual pumps, an
SIL-10ADvp autosampler, a Shim-pack FC-ODS column (4.6 mm x 150 mm, 3 pm,
Shimadzu), and an SPD-10 ADvp UV-Vis detector, as described previously [41]. The
HPLC mobile phases A and B were water and methanol, respectively. The HPLC flow
rate was set at 0.4 mL/min. The HPLC gradient started at 40% B, was increased lin-
early to 80% B over 20 min, and returned to the initial conditions over 1 min, which
were maintained for a further 20 min. The HPLC system was interfaced with a Quat-
tro Ultima Pt tandem quadrupole mass spectrometer with an electrospray interface
(Waters-Micromass, Milford, MA, USA). The temperature of the electrospray source
was maintained at 130°C, and the desolvation temperature was maintained at
380°C. Nitrogen was used as the desolvation gas (700L/h), and the cone gas flow
rate was set to 30 L/h. The capillary voltage was set at 3.5 kV. The collision cell pres-
sure and collision energy were set to 3.8 x 10~ mbar and 10eV, respectively. The
adducts were analyzed by MS/MS using multiple reaction monitoring (MRM). The
ion transition was set at [M+H]* to [M+H-116]*, and the [M+H] of dG-C8-N-ABA and
dG-N2-C2-ABA were set at m/z511.2, and that of dA-N6-C2-ABA was set at m/z495.2.
Fifty wL samples were injected in each experiment. The absorbance at 254 nm was
also monitored with a UV-Vis detector to monitor DNA digestion, and the peak areas
of dG and dT were used for peak normalization, as described previously [41]. The
adduct standards were prepared as described previously [29,42]. The stable isotope-
labeled (SI-labeled) internal adduct standards were also synthesized as described
previously [29,42] with 13C and 5N labeled 2'-deoxyguanosin (U-'3C; 98%, U-15Ns
96-98%; Cambridge Isotope Laboratories, Andover, MA, USA) and 2'-deoxyadenosin
(U-13C49 98%, U-15N5 96-98%; Cambridge Isotope Laboratories, Andover, MA, USA).
The Sl-labeled standards (1 nM) and the indicated concentrations of the non-SI-
labeled standards were mixed and injected into the LC-MS/MS system. The [M+H]
of the SI-labeled dG-C8-N-ABA and dG-N?-C2-ABA were m/z526.2, and that of the SI-
labeled dA-N®-C2-ABA was m/z 510.2. The standard curves for quantification were
drawn using the peak area of the SI-labeled adduct (a;s) and the peak area of the unla-
beled adduct (aas). To quantify the amount of the adducts, the SI-labeled adducts



M. Kawanishi et al. / Mutation Research 753 (2013) 93-100 95

were mixed with DNA extracted from the cells, and the mixture was digested with
enzymes, as described in the following section.

2.4. Preparation of oligonucleotides with ABA adducts

N-Hydroxy-3-aminobenzanthrone (N-OH-ABA) was prepared as described pre-
viously [28]. Oligonucleotides containing dG-N?-C2-ABA (5'-CCTTCCGTCTCCC-3/,
underlined G indicates dG-N?-C2-ABA) were prepared using a slightly modified ver-
sion of the previously described procedure [43]. Briefly, the corresponding amidite
without the O%-nitrobenzyl protective group, which was prepared by direct aryl
amination, was used for oligonucleotide synthesis [44]. To prepare oligonucleotides
containing dG-C8-N-ABA and dA-N®-C2-ABA, N-OH-ABA (1 mg) was dissolved in
100 L of tetrahydrofuran (Low water solvent, Nacalai Tesque), and then 5 mg of
TBD-methyl polystyrene (PS-TBD) (Merck KGaA, Darmstadt, Germany) and 0.6 L of
pyruvonitrile (Merck KGaA) were added to obtain a reactive derivative of 3-NBA, N-
acetoxy-3-aminobenzanthrone (N-Aco-ABA). To remove excess pyruvonitrile, 5 wL
of anhydrous methanol (Sigma-Aldrich Co., St. Louis, MO, USA) were added, and the
mixture was incubated for 10 min at room temperature. Then, the reaction mixture
was centrifuged to deplete PS-TBD. A sample of the reaction mixture (25 pL) contain-
ing N-Aco-ABA was then mixed with the oligonucleotides (5'-CCTTCCGTCTCCC-3'
or 5'-CCTTCCATCTCCC-3/, the underlined bases were targeted for modification;
Sigma-Aldrich Japan; HPLC-purification grade; 1nmol/pL in 1mM Tris-HCl (pH
8.0); 50 wL), 10mM sodium citrate buffer (pH 7.0, 40 wL), and H,O (135 pL), and
the mixture was incubated at 55°C for 24 h. Twenty-five pL of the aqueous layer
were subjected to HPLC (using an Agilent 1100 series system equipped with a
G1315B photodiode array detector, Agilent Technologies Inc., Santa Clara, CA, USA)
and eluted over 60 min at a flow rate of 1 mL/min using a Cosmosil 5C;g-AR-II col-
umn (¢4.6 mm x 250 mm, Nacalai Tesque) with a linear gradient from 0% to 25%
acetonitrile (Nacalai Tesque) in 0.1 M triethylamine acetate (pH 7.0). The oligonu-
cleotides containing the dG-C8-N-ABA and dA-N6-C2-ABA adducts were eluted at
retention times of 40.3 min and 39.5 min, respectively. The oligonucleotides con-
taining the ABA adducts were collected repeatedly to obtain sufficient amounts.
The collected fractions were freeze-dried and dissolved at 20 pmol/pL in 1mM
Tris—HCI (pH 8.0). To confirm that the correct modifications had been induced, a
sample (10 L) of the oligonucleotides containing the ABA adducts was digested
to nucleotides. The oligonucleotides were mixed with 1 unit (1 pL) of nuclease P1
(Yamasa Shouyu, Chiba, Japan), 0.3 wLof 3 M sodium acetate (pH 5.2), and H,O (up to
50 L), before being incubated at 37 °C for 2 h. Then, 5 wLof 1 M Tris—-HCI (pH 8.0) and
1 pL of alkaline phosphatase (New England Biolabs, Inc., MA, USA; 10,000 unit/uL)
were added and incubated for 2 h at 37 °C. The digestion mixture (50 L) was sep-
arated via HPLC at a flow rate of 1 mL/min using the Cosmosil 5C;g-AR-II column
with a linear gradient from 0% to 25% acetonitrile in 0.1 M triethylamine acetate
(pH 7.0) for 60 min, followed by isocratic elution of 25% acetonitrile in 0.1 M tri-
ethylamine acetate. The UV spectrum of each adduct was identical to those of the
chemically synthesized nucleoside standards [28]. The modified oligonucleotides
(70 pmol) were mixed with 0.5 pLof 1 mM ATP (Sigma-Aldrich Co.), 1 pLof 10x pro-
truding buffer (TOYOBO Co. Ltd., Osaka, Japan), 0.3 pL of T4 polynucleotide kinase
(TOYOBO Co. Ltd.; 10 unit/wL), 0.7 L of [y32P]-ATP (Perkin-Elmer Japan, Yokohama,
Japan; 111 TBq/mmol, 370 MBq/mL), and H,O (up to 10.0 uL) and incubated for
30min at 37 °C. After heat inactivation of the enzyme for 20 min at 65 °C, the phos-
phorylated oligonucleotides were purified by 20% denatured polyacrylamide gel
electrophoresis. The slice of gel containing the oligonucleotides was cut out, and
the oligonucleotides were eluted from the slice via incubation in 330 L of elution
buffer (pH 8.5) (0.5 M sodium acetate trihydrate and 1 mM EDTA) over 4h at 37 °C.
After being eluted, the oligonucleotides were purified with ethanol precipitation
and dried in air. The amount of each oligonucleotide was quantified with a liquid
scintillation counter (Tri-Carb 2500 TR; Perkin Elmer Japan). After being quantified,
the oligonucleotides were dissolved in 1 pmol/pL combined with 5mM Tris-HCl
(pH 8.0).

2.5. TLS assay using mammalian cultured cells

Fuchs et al. developed a single-strand segregation analytical method involv-
ing the introduction of a double-stranded plasmid with a single DNA lesion
into Escherichia coli [45], and we modified this system for mammalian cells.
The ABA-modified plasmid was constructed, and the TLS assay was performed
as described previously [46,47] with some modifications. Briefly, pUCSV40H and
pUCSV40H + Bglll were digested with EcoRV and Scal, respectively; mixed; and then
incubated in order to form a gapped duplex plasmid, as described previously [46].
The gapped duplex plasmid was incubated with a 2-fold molar excess of the purified
13-mer oligonucleotide, which was complementary to the gap sequence except for a
bulge in the middle, in the presence of ATP (1 mM) and T4 DNA ligase (New England
Biolabs) at 16 °C for 6 min. Unmodified 13-mer oligonucleotides were used to con-
struct the control plasmids. The covalently closed circular plasmids were purified
via equilibrium centrifugation on a CsCl gradient.

For the cellular TLS assay, XP20S(SV) cells were used to prevent the adducts from
being eliminated by NER. The cells were transfected with the plasmids (150 ng) using
a Qiagen Effectene Reagent kit (Qiagen GmbH, Hilden, Germany), as described pre-
viously [46]. Seventy-two hours after the transfection procedure, the plasmids were
extracted from the cells using the QIAprep spin miniprep kit (Qiagen), digested with

the restriction endonuclease Dpnl (New England Biolabs) to remove the unrepli-
cated plasmids, and introduced into E. coli strain DH5a. The E. coli was plated onto
LB agar plates containing ampicillin, 5-bromo-4-chloro-3-indoyl-f3-p-galactoside
(X-gal), and isopropyl-f3-p-thiogalactopyranoside (IPTG). In this system, when the
ABA-modified strand was replicated as a template (i.e., TLS occurred), the read-
ing frame of the lacZ gene of the progeny plasmids was functional, resulting in
the E. coli colonies becoming blue. When the opposite strand was replicated (i.e.,
damage-induced strand loss occurred; DISL), the progeny plasmids contained a dys-
functional reading frame in their lacZ genes; hence, the E. coli colonies were white.
When TLS caused a frameshift during replication, the reading frame of the LacZ gene
was dysfunctional, and the colony appeared white. However, frameshifts could be
distinguished from DISL because the complementary strand of the adducted strand
contained a recognition sequence for the Bglll restriction enzyme (5-AGATCT). In
the present study, few progeny plasmids carrying frameshifts were observed (1.6%
in dG-C8-N-ABA, 0.6% in dG-N2-C2-ABA, and 0.7% in dA-N®-C2-ABA). Therefore, the
blue colonies were simply considered to have been produced by TLS, while the white
colonies were considered to have been produced by DISL. Accordingly, the frequency
of TLS was calculated using the following equation:
number of blue colonies

TLS frequency = 100.
quency number of total colonies *

We examined at least 1500 colonies for each adduct. The relative TLS frequency
value was calculated as the ratio (%) of the TLS frequency of the modified plasmid
to that of the non-modified plasmid; i.e.,

The relative TLS frequency value

TLS frequency of ABA modified plasmid

= 100.
TLS frequency of unmodified control plasmid

Statistical comparisons between each mono-modified plasmid and the non-
modified control plasmid were carried out using Student’s t-test for one-tailed
comparisons.

The plasmids in which TLS occurred were purified from the blue bacteria cul-
tured in 2 mL of LB media and sequenced with the ABI 3130 genetic analyzer (Applied
Biosystems, Foster city. CA, USA) to identify any mutations.

3. Results
3.1. DNA adduct production in cultured human cells

The viability of the HepG2 cells after 3-NBA treatment varied in a
concentration- and duration-dependent manner. The HepG2 cells
displayed viability of greater than 85% after treatment with con-
centrations of 0.01 pg/mL or less for 24 h. However, their viability
decreased to 82.0+3.0%, 68.0 £4.5% and 35.0 & 3.2% after 1, 6 and
24 h treatment with 0.1 wg/mL of 3-NBA, respectively. After treat-
ment with 1 pg/mL of 3-NBA, the viability of the cells decreased
to 80.7+2.1%, 60.5+3.6% and 30.5+3.4% after 1h, 6h and 24h
treatment, respectively (data not shown). Using LC-MS/MS and SI-
labeled internal standards, we quantified adduct production in the
HepG2 cells treated with 3-NBA. The resultant standard curves are
shown in Fig. 2A. The dose-response relationship and time course
of the production of each adduct in the 3-NBA-treated HepG2
cells are shown in Fig. 2B-D. dG-C8-N-ABA and dG-N2-C2-ABA
were identified as major adducts in the 3-NBA-treated HepG2 cells,
and dA-N6-C2-ABA was found to be a minor adduct. Treatment
with 0.01 pg/mL 3-NBA for 15 min produced 123 +27 dG-C8-N-
ABA and 67 +5.7 dG-N2-C2-ABA per 107 dG, and treatment with
1 pg/mL for 24 h induced the production of 2835 + 1509 dG-C8-N-
ABA and 3373 & 1173 dG-N2-C2-ABA per 107 dG in the HepG2 cells.
Meanwhile, treatment with 0.01 pg/mL 3-NBA for 15 min produced
14 +4.2 dA-N5-C2-ABA per 107 dA, and treatment with 1 pg/mL for
24 hresulted in a dA-N6-C2-ABA frequency of 877 330 per 107 dA
in the HepG2 cells. The amount of dG-C8-N-ABA and dG-N?-C2-ABA
were larger and increased more rapidly than that of dA-N6-C2-ABA.
Despite treatment with a high concentration of 3-NBA (1 pg/mL),
the frequency of dA-N6-C2-ABA did not reach 1000 adducts per 107
dA even after 24 h exposure. After treatment with low (0.01 pg/mL)
and medium (0.1 pg/mL) concentrations of 3-NBA, reductions in
the levels of the adducts were observed in a treatment period-
dependent manner. This tendency was particularly marked for
dG-C8-N-ABA and dA-N6-C2-ABA, probably due to DNA repair.
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Fig. 2. Formation of DNA adducts in human hepatoma HepG2 cells treated with 3-NBA. (A) Standard curves for the adducts obtained by LC-MS/MS analysis using SI-labeled
adduct standards. The SI-labeled standards (1 nM) and the indicated concentrations of the unlabeled standards were mixed and injected into the LC-MS/MS system. “a;s” and
“aps” indicate the peak areas of the SI-labeled adduct and unlabeled adduct, respectively. (B-D) Dose-response relationship and time-course of adduct production in human
hepatoma HepG2 cells treated with 3-NBA. The cells were treated with the indicated conditions of 3-NBA, and then their genomic DNA was extracted. The amounts of the
dG-C8-N-ABA (B), dG-N2-C2-ABA (C), and dA-N®-C2-ABA (D) adducts per 107 dG or dA in genomic DNA were determined using LC-MS/MS. The mean values of at least three

independent experiments are plotted together with the S.D.

3.2. DNA adduct removal by DNA repair

After treatment with 3-NBA (0.01 pg/mL for 1h), the HepG2
cells were cultured for various periods to allow DNA repair to
occur. Then, the DNA was extracted, and the adducts were quan-
tified with LC-MS/MS, as described in the previous section. The
amount of residual adducts is shown in Fig. 3. The cellular DNA
repair system removed dG-C8-N-ABA and dA-N6-C2-ABA more
efficiently than dG-N2-C2-ABA. Six hours after the 3-NBA treat-
ment, 74.3 £ 14.5% of the dG-C8-N-ABA adducts and 77.0 +9.8% of
the dA-N6-C2-ABA adducts remained in the HepG2 cells, whereas
108 + 6.2% of the dG-N2-C2-ABA adducts were still present. After
a 24-h repair period, although 86.4 4+ 11.1% of the dG-N2-C2-ABA
adducts remained, only 51.7 +2.7% of the dG-C8-N-ABA adducts
and 37.8+1.7% of the dA-N6-C2-ABA adducts were present in
the HepG2 cells. Six hours later, similar amount of dG-C8-N-ABA
and dA-N6-C2-ABA remained, but the amount of dA-N5-C2-ABA
decreased more than that of dG-C8-N-ABA between 12 and 24 h. Of
the three adducts, the dG-N2-C2-ABA adducts were repaired least
efficiently.

3.3. TLS assay involving cultured human cells

Using site-directed mono-modified shuttle vector plasmids
(Fig. 4A), we analyzed TLS across DNA adducts in human

NER-deficient XPA cells. The relative TLS frequency values of the
dG-C8-N-ABA, dG-N2-C2-ABA and dA-N®-C2-ABA adducts were
16.9+2.7%, 33.3+£6.2% and 43.1+7.5%, respectively (Fig. 4B).
All of the adducts displayed significantly lower TLS frequen-
cies than the unmodified control plasmid (p<0.01). This result
indicates that all of the adducts inhibited DNA synthesis; how-
ever, replication (i.e.,, TLS) did occur to a certain extent (the
relative TLS frequency values of the dG-C8-N-ABA, dG-N2-C2-
ABA and dA-N6-C2-ABA adducts were 16.9%, 33.3% and 43.1%,
respectively). Among these adducts, the dG-C8-N-ABA adduct
blocked DNA replication to a significantly greater extent than
the other adducts (p<0.01). The TLS frequency of dA-N6-C2-
ABA was significantly higher than those of the other adducts
(p<0.05).

The progeny plasmids that displayed TLS were sequenced to
reveal the types of mutation that they contained and their frequen-
cies. As shown in Fig. 4C, the frequency of mutagenic TLS events
relative to all TLS events was 30.6% for the dG-C8-N-ABA adduct,
12.2% for the dG-N2-C2-ABA adduct, and 12.0% for the dA-NS-
C2-ABA adduct. TLS of dG-N2-C2-ABA and dA-N6-C2-ABA induced
mutations less frequently than TLS of dG-C8-N-ABA. The types of
mutation induced by TLS across the ABA adducts were revealed
by base sequence analysis of the sites opposite the adducts. The
types of base(s) incorporated into the sites opposite the adducts
are shown in Fig. 5. In the site opposite the dG-C8-N-ABA adduct,
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Fig.3. Removal of the adducts from cellular DNA by the DNA repair system of HepG2
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The mean values of at least three independent experiments are plotted together
with the S.D.
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the correct base (cytosine) was incorporated in most cases (69.4%).
Thymine (i.e.,, a G to A mutation; 15%), adenine (ie, a G to T
mutation; 8.8%), and guanine (i.e.,, a G to C mutation; 2.0%) were
incorporated as incorrect bases. Multiple mutations were also
found in 3.4% of TLS-positive progeny plasmids. Misincorporation
was also observed at the adjacent site (0.7%) and at positions 2 bases
away from the adduct (0.7%). At the site opposite the dG-N2-C2-
ABA adduct, the correct base (cytosine) was incorporated in most
cases (87.9%), and thymine (i.e., G to A mutation; 2.2%) and adenine
(i.e., G to T mutation; 10%) were incorporated as incorrect bases.
At the site opposite the dA-N6-C2-ABA adduct, the correct base
(thymine) was incorporated in most cases (87.9%). Cytosine (i.e.,
A to G mutation; 9.3%) and adenine (i.e., an A to T mutation; 0.8%)
were also incorporated as incorrect bases. Mutations at unadducted
sites and multiple mutations (i.e., plural base substitutions) were
rarely observed in the dG-C8-N-ABA and dA-N®-C2-ABA plasmids
and were categorized as “others” (Fig. 5).

4. Discussion

On the basis of the data obtained in the present study, we pro-
pose amodel that attempts to describe adduct formation and repair,
and TLS across such adducts, in human cells exposed to 3-NBA
(Fig. 6). Assuming that the mutagenicity of a mutagen is man-
ifested as the sum of the mutagenicity of various DNA adducts
caused by the mutagen, we also roughly determined the degree of
contribution of these 3-NBA-derived adducts to the mutagenicity
using a following equation: [adduct formation] x [1 — repair effi-
ciency] x [TLS efficiency] x [frequency of mutagenic TLS] (Table 1).
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Fig. 4. Replication efficiency across the adducts in human XPA cells. The site-specific mono-modified plasmids were propagated in nucleotide excision repair-deficient XP
cells. (A) Structure of the mono-modified plasmids. (B) Replication efficiency across the adducts. The relative TLS frequency value represents the ratio (%) of the TLS frequency
of the modified plasmid to that of the non-modified plasmid. The TLS frequency of each plasmid was calculated using the equation: [number of blue colonies]/[number of
total colonies] x 100. We counted at least 1500 colonies in each adduct. See Section 2. The mean values of at least three independent experiments are plotted together with
the S.D. Asterisks indicate a significant difference (p <0.05 in Student’s t-test). (C) Frequency of mutagenic TLS events relative to all TLS events. The TLS-positive progeny
plasmids (around 200 progeny plasmids were examined for each adduct) were sequenced, and the mutation frequency was calculated.
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Fig. 5. Types of mutations induced by the adducts in human XPA cells. The progeny
plasmids of the mono-modified plasmids obtained in Fig. 4C were sequenced.

LC-MS/MS analysis revealed that treatment with 3-NBA induced
the production of dG-C8-N-ABA and dG-N?-C2-ABA as major
adducts and dA-N6-C2-ABA as a minor adduct in HepG2 cells
(Figs. 2 and 6 and “Adduct formation” in Table 1). Cellular DNA
repair mechanisms efficiently removed both dG-C8-N-ABA and

dA-N6-C2-ABA; however, they were less efficient at removing dG-
N2-C2-ABA (Figs. 3 and 6 and “1 — (repair efficiency)” in Table 1).
The TLS assay indicated that the remaining dG-C8-N-ABA blocked
DNA replication markedly, while dG-N2-C2-ABA and dA-N6-C2-
ABA induced more moderate replication arrest (Figs. 4 and 6, and
“1—(TLS efficiency)” in Table 1). Mutagenic TLS occurred more
frequently during replication across dG-C8-N-ABA adducts than
during replication across dG-N%-C2-ABA or dA-N6-C2-ABA adducts
(Figs. 5 and 6 and “Frequency of mutagenic TLS” in Table 1). After
all, dG-C8-N-ABA adduct was the greatest contributor to both
the replication block and the mutagenesis followed by dG-N2-C2-
ABA adduct among these three adducts in human cells (Table 1
“Contribution to the replication block” and “Contribution to the
mutagenesis”, respectively).

The above estimation and the types of mutation induced by each
adduct indicate that 3-NBA induces primarily G to Aand Gto T
mutations in human cells (Table 1 and Fig. 5). According to the
[ARCTP53 Database (R16, November 2012), both G:Cto A:Tand G:C
to T:A are predominant mutations found in p53 tumor suppressor
gene in human lung tumor samples [48]. Although contribution of
3-NBA to human lung cancer development is unclear, our results
do not contradict these mutation signatures found in actual lung
cancers. Furthermore, G:C to T:A transversions were detected at
high frequencies in murine cells and Muta Mouse mice treated with
3-NBA [5,49].

Note that in the present study we assessed the adduct formation
and repair in human hepatocellular carcinoma HepG2 cells, and
TLS in human skin fibroblast cell line XP20S(SV). Although 3-NBA
is regarded as a risk factor for human lung cancer, we used HepG2
cells since the production level of the adducts was high enough due
to their metabolic activation capability. In fact, the level in a human
embryonic lung fibroblast cell line WI38VA13 was smaller than the
1/10-1/100 of that in HepG2 (data not shown). In addition, Arlt
et al. reported that the low level of DNA adducts in the lung of Muta
Mouse mice treated with 3-NBA, whereas they observed the high
level of DNA adducts in the liver [5]. In the cellular TLS analysis, the
cells thatlack NER should be used to prevent the adducts from being
eliminated before DNA replication. Since human lung and liver cells
that lack NER were not available, we used human skin XP20S(SV)
cells for the TLS assay. Therefore, the adduct production, repair and

Adduct Production Replication
1, 2 Repair Blocked
No, " b:le)—N
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o
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Fig. 6. Summary of the study. 3-NBA induced the formation of both dG-C8-N-ABA and dG-N?-C2-ABA as major adducts (the bold arrows) and dA-N6-C2-ABA as a minor adduct
(the fine arrow) in the human HepG2 cells. The cellular DNA repair system efficiently removed both dG-C8-N-ABA and dA-N°-C2-ABA, but was less efficient at removing
dG-N2-C2-ABA from DNA (the thicknesses of the curved and straight arrows symbolize the proportions of DNA adducts that were repaired and unrepaired, respectively).
The remaining dG-C8-N-ABA adducts markedly blocked DNA replication (the bold vertical line), while the residual dG-N?-C2-ABA and dA-N®-C2-ABA adducts induced more
moderate replication arrest (the dashed lines). Mutagenic TLS occurred more readily during replication across dG-C8-N-ABA (i.e., this process was error prone) than across
dG-N2-C2-ABA and dA-N®6-C2-ABA. See also Table 1.
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Table 1
Contribution of three 3-NBA-derived adducts to the mutagenesis.

Adduct 1 —(repair TLS efficiency® 1—(TLS Frequency of Contribution to®
formation? efficiency)? © efficiency®) mutagenic TLSY
(A) (B) (D) (E)
Replication block Mutagenesis
(AxBxD) (AxBxCxE)
dG-C8-N-ABA 99 0.52 0.17 0.83 0.31 43 2.7
dG-N?-C2-ABA 58 0.86 0.33 0.67 0.12 33 2.0
dA-N6-C2-ABA 13 0.38 0.43 0.57 0.12 2.8 0.25

2 The amounts [per 107 dG/dA] are from Figs. 2B-D at 1-h exposure with 0.01 pg/mL of 3-NBA, that is the dose applied in the DNA repair experiment (Fig. 3).

b The relative values are from Fig. 3 at 24-h repair time.

¢ The relative values are from Fig. 4B.
d

€ Relative values per 107 normal dG or dA.

TLS should be measured using human lung cells for more precise
evaluation of the risk for lung cancer.

Various studies have suggested that nitro-PAH do not react
directly with DNA but require metabolic activation by cellular
enzymes including cytochrome P450, nitroreductases, N- and O-
acetyltransferases, and sulfotransferases, to form DNA adducts.
Various enzymes that catalyze the oxidation and conjugation of
xenobiotics are expressed orinduced in the HepG2 cells [50]. There-
fore, HepG2 cells are frequently used in in vitro models for human
biotransformation studies [51]. Our previous study of adduct for-
mation, in which we used the 32P-postlabeling method, revealed
that the frequency (i.e., relative adduct labeling) of dA-N6-C2-ABA
was higher than that of dG-C8-N-ABA in HepG2 cells treated with
3-NBA [28]. The discrepancies between the results obtained with
LC-MS/MS and the 32P-postlabeling method might have been due
to our use of butanol extraction in the previous study, which was
not performed in the present study. Differences in the labeling effi-
ciency of T4 polynucleotide kinase might also have affected our
results since we assumed that the efficiencies were constant among
adducts in the 32P-postlabeling study.

Previously, we also studied DNA damage and mutations using a
supF shuttle vector plasmid that was treated with a reactive deriva-
tive of 3-NBA, N-Aco-ABA, and then propagated in human cells.
The previous study indicated that these ABA-induced adducts were
repaired, and that adenine adducts were particularly efficiently
repaired by the NER pathway [52]. This agrees with the present
result that dA-N6-C2-ABA was efficiently removed by the cellular
DNA repair system. Indeed, mutations at A: T sites were found more
frequently in XP cells than in wild type cells in the abovementioned
previous study [52]. Moreover, dA-N6-C2-ABA induced A to G base
substitutions in the present study (Fig. 5), which accords with the
fact that A:T to G:C transitions were frequently encountered in the
supF gene propagated in the abovementioned XP cells [52].

In the present study, dG-N2-C2-ABA mainly induced G to T base
substitutions (Fig. 5). The removal efficiency of dG-N2-C2-ABA by
NER was low (Fig. 3); therefore, the NER-proficient/deficient status
of a cell should not greatly affect mutagenesis by dG-N%2-C2-ABA
adducts within its DNA. In fact, in the abovementioned study using
shuttle vector plasmids, the frequency of G:C to T:A transversions
did not differ between NER-proficient WI38-VA13 cells and NER-
deficient XP2(0S)SV cells [52].

The dG-C8-N-ABA adduct, a potent inhibitor of DNA repli-
cation, induced mutations more frequently than dG-N%-C2-ABA
and dA-N6-C2-ABA, which are less potent inhibitors of replication
(Figs. 4 and 5). Correlations between DNA synthesis inhibi-
tion and mutation frequency have been reported for other DNA
adducts. The frequencies of mutations induced by B[a]P-dG and
4-hydroxyequilenin-dC (4-OHEN-dC) were revealed by Shachar
etal. using a TLS assay involving gapped plasmids [53]. Their results
showed that the DNA synthesis inhibition potency of an adduct

The relative values are from the frequency of mutagenic TLS events relative to all TLS events in Fig. 4C.

is correlated with its mutagenic potency; i.e., 4-OHEN-dC inhibits
DNA replication more strongly and induces more mutations than
B[a]P-dG. Different TLS pathways, that Shachar et al. proposed [53],
might be involved in these three adducts derived from 3-NBA.

Usually, nitro-PAH form several kinds of DNA adduct in orga-
nisms. Conventional mutation assays provide data on the overall
mutagenicity of a compound. However, the mutagenic effects of
the individual DNA adducts induced by a compound might differ.
Therefore, evaluations of both the overall mutagenic potential of a
compound and the individual mutagenic effects of each adduct that
it produces are necessary to understand the mutagenic potential of
a compound. This study increases our understanding of the molec-
ular mechanism of the mutagenesis and carcinogenesis induced by
3-NBA.
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B RIRGE/ 1 A,  DOE_(D:65kWHh&EE , NETL , $6.5M

E 7 DOE_@:3MWth: & , ALSTOM , $6.2M
= DOE_(3): 25k Wthi:® , Ohiok , $3.9M

Eri?*iﬂs, FP6_ ENCAP 10kWthiE &, IFP , €22M0)—3&p
RFCP_ ECLAIR: IMWthi#£& , Darmstadt T X+Alstom ,€6.4M

Bk
M " FP7.NOCO2:Pilot£& , Chalmersk , €2.5M
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2 BMAFE7OCz/rOHIE (Ao 4, EEIRE, 2HNE, HRESEE)

WkE
@ : Hybrid Combustion-Gasification CL Coal Power technology Development
@ : Chemical Looping Combustion Prototype for CO2 Capture from Existing Pulverized Coal-Fired Power Plants

@ : Pilot Scale Testing of Carbon Negative, Product Flexible Syngas Chemical Looping

L[|

@ ENCAP : Enhanced Capture of CO2

@ IFP : institut francais du pétrole (75> AE L B MBI

@ E'CLAIR : Emission Free Chemical Looping Coal Combustion Process 4
@ NOCO2 : Novel combustion principle with inherent capture of CO2 using combined manganese oxides that release oxygen
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1. IREEH R

RFE=E80A Y FHHEHE 191EFEH
B 55 B fiffi : 23,900 /ton
FRE RE, BRE. AN, 2. b=

2. BFRNRA (RIARZBER
BR5e=1,022H8b > FHiBHE 375(H
AR 5C B i : 36 70M/ton

ELRE LA EXHEM, S5

@/mEAR
High Pressure Gas (FRL234F)
H faf  Shipments
i H Hfr| £ E |= A # & Hr ¢ Sales o h E
Commodity Production Receipt Consumption §=R s . Others Inventory
Unit Quantity Quantity Quantity ’i;é( - ﬁié’ﬂf?fm? Quantity Quantity
Quantity Amount (¥ million)
& # E @ |10’ 13,670,088 646,334 4,090,857 9,935,179 63,820 285,471 37,082
Nitrogen
EE A 10°m* 11,858,995 614,211 4,048,985 8,181,672 37,506 239,997 234
Nitrogen, gas
= % (&) 10%m* 1,811,093 32,123 41,872 1,753,507 26,314 45,474 36,848
Nitrogen, liquid
T 10%m* 259,192 16,782 40,162 226,922 20,508 7,849 4,634
Argon
ko # @ | o'm? 501,028 8,921 287,737 220,417 9,470 1,805 278
Hydrogen
BRTEFLL (4) t 11,608 432 - 11,592 7,672 551 340
Dissolved acetylene
A =i B t 68,403 32,127 50,834 40,874 32,203 6,520 8,659
Fluoro carbon
24 F (5) t 888,061 50,898 129,556 799,061 19,102 6,123 9,183

Carbon dioxide

KRN A ERTIGRE

@ PR o235

zon

A IS RS

YEARBOOK OF
CHEMICAL INDUSTRY STATISTICS
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\ R

Casel : R DKE AT RAEXEDNEBENEESI—X  IRRF5I#E) 11.6%
(ikEgAH R - 30,000t/y. EFRH X :100,000t/y)

Case2 : HRAJ/EIKAAFTIr—X IRR (Fi51#%) 13.8%
(kB A R - 100,000t/y. XA X : 500,000t/y)

E(Eam
= o 1 2 3 4 5 & 7 g El 10 1 12 13 14 15 16 17 18 19 20
Fli
BH 92165 02165 G2165 02165 02165 02165 52165 02165 02165 81736 02165 02165 02165 02165 02165 00165 02165 02165 62165 GO2165
2 (G0 5000 | 5000 | 5000 | 5000 5000 5000 5000 5000 5000 5000 5000 5000 5000 5000 5000 5000 5000 5000 5000 | 5000
A (2 5000 | E000  BOOO | BOOO | BOOO | 5000 | 5000 | 5000 BOOO  BOOO 5000 5000 5000 BOOO  BOOO 5000 5000 | 5000 BOOO | BOOO
B 10217, 10217 10217 10217 10217 10217 10217 10217 10217 91796 10217 10217 10217 10217 10217 10217 10217 10217 10217 10217
Bl 23583
BN 254EEE, 155) 58958 14739 36849 92121 2303 57574 14394 03558 009 00225 00056 00014 00004 SE-05 SE-05
i 17687 44218 11065 27636 6001 17273 43182 10735 02630 00675 00163 00042 00017 00003 0
Case2 =
s 32552 32552 32552 32552 | 32552  3955.2 | 39552 | 32552 39552 28990 32552 32552 32552 92552 32552 30552 32552 32552 30552 32552
- BIEH (FH0 210 210 210 210 210 210 210 210 210 187 210 210 210 210 210 210 210 210 210 210
ﬁ jﬁ ll‘i E—I— BlEH (BRE) a3 43 43 4.3 4.3 6.3 6.3 6.3 6.3 55 6.3 6.3 53 63 53 53 53 63 63 63
MR 2001 | 2001 | 2007 | 2001 20007 | 2001 | 2007 2000 | 2001 1796 20001 2001 2001 2001 2000 2000 20001 | 20001 | 2001 2001
% Sy IN IR A 06 08 08 08 08 0 048 048 048 05 08 08 04 04 )] 2] 2] 2] 06 06
/ HIEE (FH1H < 2.2%) 5424 | 5424 | 5424 | 5424 5424 5424 | 5424 5424 5424 23583 5424 5424 5424 5424 5424 BAZ4 5424 5424 5424 | 5424
FHE o7k | 075 G7E | GFE | G75 | O7E | G75 | Go75 | GYE  G7E G075 G775  G7E  G878  G75  GFE  07E| 075 075 O7E
AHEE (EEE 2w 825 825 @25 | 825 825 825 825 | 825 825 1108 825 825 825 925 825 825 825 | 825 @25 | 925
42056 | 42056 42056 | 42055 40066 | 42056 42056 | 42056 42056 G65S1 42056 42058 42066 42056 A2056 42056 42056 | 42056 42056 | 42056
EEEEHCEE 1 2%) 2476 618 155 39 10 02 0.1 00 00 00 00 00 ] 00 00 00 00 00 00 00
w3z 57633 58400 59954  GO0T.0 | GO0S5 | G010 | 60108 | 50105 60105 35215 40108 &0109 60108 60108 60109 60105 60108 60108 60109 | 60108
JEA R CA0%)8 |21 34580 | 35604 35573 36042 38080 | 35064 36065 36065 | 36065 21125 36065 36065 36065 36065 36055 36055 35065 35055 | 36065 36085
Fivia70- -23553 34580 35694 35973 | 36042 | 36060 | 36064 | 36065 36065 36065 21128 36065 36065 96065 36065 36065 36065 36065 36065 36065 36085

T105F BICH RBRIEEL TRIEETI0NE T2

\ FR=| 138%
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REEAA(COQ) DRI ETFZE

R EEH A (CO2) DA A B Xt I

2012.3.JBAL KB RERRT 7o E=ZT7HEEFL
2013.7. R ER ;AR H B MAT FAH

2014 3. FHEERTIE 7OoE_T7IiGELE
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HEL

FaA - TubEd
HipT CASE1 __ GASEZ
B
WERIL—A~<—Z, F@0OH) 236 236 &M
SEM B R E Eeal| BO% 80%
=T
EREEAM Hifh 7,980 7080 At
XK 438% AR 1,397 1,397 t/d
HHV=5300kcal kg EEE 407,924 4075924 t
AR 3,255.2 32852 HHM
Bl#EH . F5BES
F+ I THRTR Hifh 12,000 12000 A/t
mEE 500 t b 8.00 600 t/d
A-bTaTE 22352 tiy b 1,752 1,752 t
270 EFA RAR 21.0 210 BEAR
RS
R HiE 1,000 1,000 A/t
L aiTh 21.60 2160 t/d
Ldh 6,306 6306 t
BmAR 6.3 63 EAM
EEER
AR = 5529 HiE 8,000 8000 A/t
FEH 6.00 el 85.65 8565 t/d
W 276 Lk 25,008 25009 t
EEE 21.60 AR 200.1 2000 HAM
B’ R
a0 W e E HiH 40 40 At
AR 50 50 t/d
mAE 14,600 14,600 t
AR 06 06 EAR
HER
Bifl B5 65 BAAA
3laE B 3 3 A
-} 12 12 A
15 15
HER 975 75 EAH
FrokFulk
| o R
ET-F 1 2784 td HiE 5000 5000 A/t mREEZE4FH
BISS4E vy = % 37% ERE 30,000 100,000 t/y
ERE 150 500 BRAE
|SEEH R
ET-S | 6,688 t/d HifH 1000 1000 A/t milEEIFTER
1952896 vy = % G&i1% ERE 100,000 500,000 t/y
ERE 100 500 ERA Y
|
15 AkW
AREER 138 HkW
Hifl 9.53 853 A/ BEIPPAH LR
EMEER 56,710 Hkwh HER 96,710 86,710 FHkWh
W 9.216.5 92165 BHRMY

10 HEXAEEE DA LLTRBESINSCTINET S

ERBEHRBERSL THR. A AEERZEER IV LGV EHERFLERELLTS

EMIBRE 40%
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AREIR

Items

PT Energi Batubara Lestari

Moisture (ar)

38%

Inherent Moisture (adb)

Approx 14%

ASH (adb)

6 %

Volatile Matter (adb)

Approx 43%

Fixed Carbon (adb)

By difference

Sulfur (adb)

0,3%

Gross Calorific Value (adb)

5,400 - 5,200 Kcal/Kg

Hard Grove Grind ability index

Approx 55

Size 0-50 mm

>85%
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Casel1 &%

ju|

B —h

= =Pl e
F| 0 1 2 3 4 = & 7 8 =l 10 11 12 13 14 15 16 17 18 19 20
E 1573
BH 92165 22165 02165 02165 92165 02165 02165 02165 02165 81706 02165 02165 02165 02165 92165 02165 02165 02165 02165 02165
A A (COon 1800 1800 1800 | 1500 | 1500 1800 1500 | 1800 | 1800 1500 1500 | 1800 1800 1800 1500 | 1800 1800 1800 1500 | 1500
Eiha ERAEY, 1000 1000 1000 | 1000 | 1000 1000 1000 | 1000 | 1000 1000 1000 | 1000 1000 1000 1000 | 1000 1000 0 1000 1000 | 1000
Eil 04655 B4665 04665 04565 D4655 DI665 04665 04665 D4665 B4206 04665 4665 04665 04665 04665 DAE65 04665 04665 04665 S4665
iR 23583
{BEN 258 E, 1558) 58058 14730 36048 092121 2303 57576 14304 03808 000 00225 0O00S& 00014 00004 OE-0S  SE-OS
i 17687 44218 11085 27636 65051 17273 43182 10795 02690 00675 00163 00042 00011 00003 o
2k
prit ) 32552 | 32552 | 32552 | 32552 | 32552 | 32552 | 32552 | 32552 | 32552 | 28800 | 32552 | 22552 | 92552 | 32552 | 32552 | 925572 | 92552 | 32552 | 32552 | 92552
B (a0 210 210 210 210 210 210 210 210 210 187 210 210 210 210 210 210 210 210 210 210
Ell=ts ==y} [3e] ] 53 3] 3] 3] 53 53 53 & ] 53 3] &3 6.3 63 63 &3 63 6.3
RS 20000 | 2001 | 2001 2001 2000 20001 | 2001 2001 2001 | 1776 2001 2001 | 2001 | 20001 | 2001 2000 | 2001 | 2001 | 2001 2001
FEB () o] 06 05 05 (o] 06 05 05 0g 05 06 05 05 06 06 0.6 06 06 06 06
TR (ERIR > 2.3%) 5424 | 5424 | 5424 B424 | 5424 5424 5424 BA24 | 5404 | 23583 B424 | 5424 5424 5424 BA24 | 5424 5424 B424 | E42d | 5424
HIEE 975 975 975 | 075 | 975 975 975 O75| ©OF75 975 975 075 975 975 975 975 G975 975 075 975
RHEEEES x2% g25 g25 825 25 g2E a25 25 825 825 | 1100 g25 825 25 BZE 825 825 8285 BZE BZE 825
it 42056 42056 42056 42055 42058 42056 | 42056 42055 42058  SE5E1 | 42056 42056 42056 42056 | 42056 420565 42056 420565 | 42055 42054
BIEE ERE T a%) 2476 619 155 35 10 02 0.1 a0 [a]s} oo 00 00 (o Ys] 0.0 0.0 0.0 0.0 0o 0.0 0.0
W=z 50132 51990 52454 52570 52500 52607 | 52600 52600 52600 27715 | 52600 52600 52600 52600 | 52600 52600 52600 52600 | 52600 52600
AR 4065 | R 30080 31194 | 31473 31542 31560 31564 | 31565 21565 31565 | 16620 31565 21565 31565 31565 | 21565 21565 31565 31565 | 21565 21565
Fpyadl- -235E3 30080 | 31134 21472 31542 31560 31664 21665 31565 31565 | 16620 21865 31565 | 31565 | 31665 31565 31565 | 31565 | 21665 31565 31565
T10EB A RBES L THIEET10%: T2
| FR= | 116%
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Case?2

ERETTEY—

BHA(ahM)
o 1 2 3 4 & g 7 = 5 10 11 12 12 14 15 16 17 18 15 20
ki
BN 52165 52165 02165| 02165 02165 B2165 02165 02165 52165 B1796 02165 02165 G2165 22165 02165 02165 02165 22165 02165 G2165
A 2 (o0, BOO0 | BOOO | BODO | BOOO | BOOO | BOOO | OO0 | BOOO  BODGO | BOOO | OO0 | BOOO  BOOO | BOOO | 5000 BOOD | BOOO | BOOO | BOOO OO0
FAH 2N EOO0 | BOOO | BODO | BOOO | BOOO | BOOO | 00O | 5000 BODO | BOOO | 00O | BOOO  BODO | BOOO | 5000 BOOD | BOOO | BOOO | BOOO  BOOO
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p fi# A A (11) Carbon dioxide
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£ A £ OE .(1} = /’\ (t) WO i FE  Sales £ vr’ fitt, (©) £ HE () Year and
Production Receipt Consumption & (1) LHE(FAM) Others Inventory Month
Quantity Quantity Quantity Quantity Amount (¥ million) Qluantity Quantity
TRt 19 £ 877,605 95,346 151,841 811,381 19,525 3,934 8,875] C.v. 2007
20 887,046 117,627 118,407 877,515 19,592 4,435 9,566 2008
21 905,716 97,436 119,035 875,783 20,169 5,157 9,575 2009
22 917,952 47,207 119,437 836,487 19,463 5,265 9,451 2010
23 888,061 50,898 129,556 799,061 19,102 6,123 9,183 2011
FrE 21 &g 914,017 82,715 123,959 864,440 19,720 5,196 10,077] F. Y. 2009
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23 4g 1 A 63,872 3,098 7,948 57,136 1,307 396 10,664] Jan. 2011
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+ 68,272 3,646 14,273 57,341 1,574 692 9,564] Apr.
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6 84,484 4,156 14,919 73,572 1,787 606 8,717] Jun.
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9 80,942 4,641 12,711 72,819 1,730 559 8,310] Sep.
10 76,434 4,346 10,366 69,801 1,593 419 3,102 Oct.
11 68,460 4,863 4,388 68,155 1,602 390 8,077] Nov,
12 77,514 5,310 11,176 69,549 1,633 611 9,183] Dec.
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T~ 9 3,484,042 145,514 1,062,075 2,605,327 16,449 74,270 29,927] Q3
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8 1,180,764 52,125 358,054 848,423 5,479 23,120 32,312] Aug.
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11 1,130,269 53,999 334,633 828,087 5,592 21,263 33,852] Nowv.

12 1,141,213 54,340 329,637 840,713 5,545 21,561 37,082] Dec.
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Relation between surface orientation and photocatalytic activity of rutile TiO,
single crystal
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Photocatalytic decomposition reaction of linoleic acid and oleic acid on rutile TiO, single
crystals were studied by measuring the weight of acid. UV light with maximum intensity at the
wavelength of 366 nm was used as light source.

(101) and (001) surfaces.

unstableness of (001) surface.

Single crystals were oriented at (100), (114),
For both acids, decomposition at (001) surface was the fastest and the
decomposition at (114) surface was the slowest.

The difference might be related to

The decomposition of linoleic acid was faster than that of oleic

acid. This difference in reaction rate is related to the number of unsaturated bond in the acid

molecule.

Key words:  Rutile TiO, (001) surface, Linoleic acid, Oleic acid, Coordination number, Decomposition

1. INTRODUCTION

Titanium dioxide (TiO,) is known to exhibit
photocatalytic activity under ultra violet (UV) light
irradiation. The first study [1] of the photocatalytic
activity of TiO, was performed on rutile TiO, (001)
surface. Since this discovery, many studies on TiO,
have been reported. In most of the studies, the
photocatalytic activity is mainly discussed in terms of
band gap energy of the oxide, because UV light of
certain energy activates electrons in TiO, from valence
band to conduction band and resultant electron-hole
pairs are used to reduce and oxidize chemicals on the
surface of photocatalyst. ~However, there is other
aspect of the photocatalytic activity, especially when
oxygen is involved in the photocatalytic reaction.
Since photocatalytic reaction takes place at the surface
of oxide, orientation and/or structure of the surface
could be important for the performance of photocatalytic
reaction.

Wilson and Idriss [2, 3] have shown that the
oxygen of TiO, participates in the decomposition
reaction of acetic acid. Lowekamp et al. [4] have
reported the orientation dependence of photocatalytic
reactions on TiO, film surfaces. They used the
reduction of Ag® to Ag with the help of photocatalyst.
Recently we [5] demonstrated that for the oxidation of
salad oil by photocatalytic activity, the orientation of
rutile TiO, surface plays an important role. The
photocatalytic activity of (100) and (114) surfaces was
little or almost non-existence. However, (101) surface
showed higher activity and (001) surface was the best
surface among the crystalline surfaces studied in the
report.

Salad oil increases its weight in normal oxidation.
However it loses its weight during the decomposition by
photocatalytic activity of TiO,. It is relatively stable at
room temperature. These are the reasons why we have
chosen salad oil as a material to be decomposed by
photocatalytic activity [5]. Salad oil is a mixture of
several organic acids. Therefore details of
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decomposition are not known. In this study, we
studied the decomposition of two components of salad
oil in order to understand more about the decomposition
reaction on the surface of TiO,.

2. EXPERIMENTAL

The crystallographic orientation effect of rutile
TiO, single crystals on the photocatalytic activity of
TiO, was studied by investigating the decomposition (or
oxidation) of linoleic acid and oleic acid. The crystals
used in this study were TiO, single crystals with (001),
(100), (101) and (114) surfaces (Shinkosha Co.,
Yokohama, Japan). These crystals were polished by
the supplier to have a flat surface with a difference of
633 nm (the difference between the highest and lowest
points) within an area of 10 mm x 10 mm. The crystals
were first submerged in 1 mol/L hydrochloric acid
solution. They were placed in ethanol and
subsequently in water. Finally, they were dried by
exposing to UV light. These treatments ensured that
the surface was not reconstructed.

First, the weight of single crystal was measured.
For the decomposition (or oxidation) experiment,
approximately 3.0 x 10 g of linoleic acid and oleic acid
were placed on the surface of TiO, single crystals. The
combined weight was measured. The sample was
placed in an UV light apparatus (Ushio, SP9-250,
maximum intensity at the wavelength of 366 nm) for 60
min to expose the surface of single crystal TiO, to UV
light, and then the combined weight was measured again.
The crystal was subsequently placed in the UV light
apparatus for UV irradiation.  This process was
repeated for different radiation durations.

Optical microscopic observation and IR
spectroscopic analysis of the linoleic acid and oleic acid
before and after UV irradiation on the TiO, crystals
were conducted. For this experiment, the (001) and
(101) surfaces were chosen, respectively.

3. RESULTS AND DISCUSSION
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The results of linoleic acid weight measurement
are shown in Figure 1. The results obtained on the
different surfaces of rutile TiO, are included in the
figure. Mass ratio of linoleic acid is the mass of
linoleic acid at time, t, divided by the same quantity at
t=0. The weight of the linoleic acid on the (114)
surface is almost constant. The weight of the linoleic
acid on the (100) surface decreases slightly. The
weight of the linoleic acid on the (101) surface changes
almost in the same way as the weight of linoleic acid on
(100) surface. The weight of the linoleic acid on (001)
surface decreases significantly.

[-]

0.9

Mass ratio of linoleic acid

—0—100)
——(101)=(011)

—0001)
. | L 1 . | ' 1
- 0 200 400 600 800
UV irradiation time [min]
Figure 1. Weight change of linoleic acid expressed by

the mass ratio as a function of UV irradiation time.
The linoleic acid was on the surfaces of rutile TiO, (114),
(100), (101) and (001) surfaces.

The optical microscopic observations of linoleic
acid on (001) surface are shown in Figure 2. Figure 2
(a) shows a droplet of linoleic acid (round darker part)
on the surface of TiO, (001) surface (brighter part)
before UV irradiation. At this moment, nothing has
happened to linoleic acid yet and the edge of linoleic
acid droplet is very distinct. The edge of the linoleic
acid on the (001) surface after UV irradiation for 22 hrs
is shown in Figure 2 (b). It is obvious that the edge of
linoleic acid droplet has changed. The edge of linoleic
acid is not clear. The edge forms a band where the
darkness is not uniform. The existence of bubble may
be noticed. This indicates that some kind of gas has
formed and trapped in this region.

Combining the results shown in Figure 1 and 2, it
is safe to say that linoleic acid has decomposed to form
some kind of gas or low boiling point liquid and
evaporated. This resulted in the weight loss of linoleic
acid and the formation of bubbles at the edge of linoleic
acid.

In order to see the effect of different kind of fatty
acid, oleic acid was also studied. The results of oleic
acid weight measurement are shown in Figure 3, in
which the results obtained on the four different surfaces
of rutile TiO, are included. In this case, the weights of

oleic acid on both (114) and (100) surfaces are almost
constant. The weight of the oleic acid on the (101)
surface decreased slightly and the weight of the oleic
acid on (001) surface decreased most.

Linoleic
acid
TiO,
67772811 2:37:84 P
Xi47549.0 ¥:-10.174 2:-2.99

(@)

TiO,
—'_J

Linoleic
acid

(b)

Figure 2. Optical microscopic images of linoleic acid

on the surfaces of rutile TiO, (001). (a) Before UV
irradiation and (b) after UV irradiation for 22 hrs.

Mass ratio of Oleic acid [-]

09 - -
—2(114)
—0—(100)
—7—(011)=(101)
—-0001)

B R R )

UV irradiation time [min]
Figure 3. Weight change of oleic acid expressed by the

mass ratio as a function of UV irradiation time. The
oleic acid was on the surfaces of rutile TiO, (114), (100),
(101) and (001) surfaces.
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Comparing Figures 1 and 3, we notice several
features. (1) Decomposition curve is not smooth. In
these experiments, we measured a standard weight and
TiO, with fatty acid. The value of standard weight did
not change very much. It changed only at the last digit
(0.02 x 102 g). Therefore we believe that most of the
fluctuation of the data in Figure 1 and 3 are not
experimental error. As we discuss later, oxidation of
fatty acid involves addition of oxygen and loss of gas.
The process might not be continuously progressed. (2)
In both acids, the (001) surface is the most effective
surface as photocatalyst among the crystal surfaces
studied. (3) Decomposition of linoleic acid is faster
than decomposition of oleic acid on (001) and (101)
surface. (2) and (3) will be discussed later.

100 T T T

80F — uv 0 hour
60

40

80 — UV 20 hours

Transmittance (%)

100} - : :

8oL — UV 40 hours
60

N

L~

2000 1000
Wavenumber (cm™)
Figure 4. IR spectrum of linoleic acid before and after

UV irradiation on the rutile TiO, (101) surface.

4300 3000

In Figure 4 and 5 the results of IR study are shown.

For both linoleic acid (Figure 4) and oleic acid (Figure
5), absorption peaks due to cis-CH=CH, C=0, erc. are
detected before the UV irradiation. IR spectra of oleic
acid are almost the same after UV irradiation for 20 hrs
and 40 hrs on TiO, crystal. However, IR spectra of
linoleic acid have changed, especially absorption peak
due to cis-CH=CH has decreased. @We see fewer
changes in other parts, such as C=0, C-H, etc.
Unsaturated fatty acids with two double bonds,
such as linoleic acid, generally undergo changes shown
in Figure 6 at room temperature in air. In the first step,
hydrogen is detached from carbon between two double
bonds, forming free radical. In the next step, oxygen is
added to this molecule and form peroxide radical
(ROO * ). And finally it will change to linoleic acid
hydroperoxide. This change in linoleic acid will lead
to weight gain but not the weight loss. The change in
linoleic acid by normal oxygen involves normal oxygen
and is shown in Figure 6. However, the change in
linoleic acid by photocatalytic reaction will be different

Transmittance (%)
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because radical oxygen may be involved in this case and
breaking the chain of carbon might take place. The
product of this has short carbon chain and will easily be
vaporized.

100 T T T
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80F — UV 0 hour
60+
40t
20+

C=0,
cls-CH=CH- —> \
cc

O-H

100 - T " T y T

A RA‘ cc ;I_\ W Cis-CH=CH-
cc ]

o]
(=]

[ — UV 20 hours

N B O
o O O

100

801
60
40
20

2000

Wavenumber (cm'?)

4300 3000

Figure 5. IR spectrum of oleic acid before and after
UV irradiation on the rutile TiO, (101) surface.

Linoleic acid
NN NN OO
¢ i
2 l_ H [0}
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00 - l 2
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I
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/\/\/‘__\\/=\/\/\/\/C—OH
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Figure 6. Oxidation reaction of linoleic acid at room
temperature in air (without photocatalyst).

Oleic acid, on the other hand, has only one double
bond in the carbon chain. Therefore the formation of
free radical would be more difficult than the case of
linoleic acid.  Further investigation is needed to find
out the kind of products of these reactions.

The photocatalytic decomposition reaction of
linoleic acid and oleic acid involves oxygen on the
surface of TiO,. The side view of (100), (114), (101)
and (001) planes of rutile TiO, are shown in Figure 7.

Large spheres are oxygen and small spheres are titanium.

These figures are made simply by cutting the bulk
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crystal at (100), (114), (101) and (001) planes. No
reconstruction of surface was made in these figures. If
we just count the number of surface titanium, ng;, and
the number of surface oxygen, np, then we can calculate
oxygen concentration at the surface, no/(nr; + no). The
results are shown in Table 1. Obviously oxygen
concentration at surface, no/(nt; + no), does not correlate
with the photocatalytic activity of these surfaces.

Ti O

Figure 7. Side views of rutile (100), (114), (101) and
(001) surfaces. Large spheres are oxygen and small
spheres are titanium.

Table 1. Oxygen concentration at rutile surfaces and
coordination number of Ti at the surface.

Rutile surface (100) | (114) | (101) | (0O1)
(no/(ng; + np))x100 50 67 50 67
Coordination number 5 4,6 5 4
of Ti at surface

Coordination numbers of Ti at (100), (114), (101)
and (001) surfaces are shown in Table 1. The data
were obtained from literature [6, 7). Ti on the (001)
surface has the lowest coordination number, four. This
is very low compared with the coordination number of
Ti in the bulk which is six. This implies that Ti at
(001) surface is unstable. The unstableness of rutile
TiO, (001) surface is probably responsible for the high
activity of the surface.

4. CONCLUSIONS

Studying the decomposition reaction of linoleic
acid and oleic acid on rutile TiO, surface with several
different crystallographic orientations, we found:

(1) Rutile TiO, (001) surface showed the highest
photocatalytic activity among the crystal surfaces
studied in this work. Unstableness of rutile TiO,
(001) surface might be responsible for the high
activity of the surface.

(2) The photocatalytic decomposition of linoleic acid is
faster than that of oleic acid. The difference is
related to the number of unsaturated bonds in the
acid molecule.
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Answers to Questions You Were Afraid to Ask(44)

Q73 : RAE/—=F L@ EEab, MNP THERIDDh.
What is spinodal decomposition?

A73:

A¥ ) =T VR 2 A RICBWTHET 5 FEHE
DB 2 OOFEHEMICHET 2 L EOFFHBBED 1 OTH
b, MOSFBARICHER - RRBE D2, Zhom2
TRBREOEBVOBETZTCHALL Y,

ZIT, WMESPBALBLOLLE L 2RO %EER D,
HHEODHIZ, Z02RFSRIIELEBEOBBE KT D
K5E35 (B1), FHREN (HR) X7 AHHT
AINF—DPRNODREZRLEDDTH S, B OEBHK
FERTIXALBORARDEHHI A VF—AG,IE

AG,=AH, - TAS, (1)
LEITD, RPOEBAT VI VE—AH BEDELADE
FRNED, TIT, ASFRAT Y PO —, Ti3#Ex
BETHD. BWICAH,<0L%2%R%%E2 L9, Thid
ARFEBEFHFEVIIFIEIEMICH D Z L2 BWRT 5,
T>0, AS,>0% DT, - TAS,<0TH5%, &oT, AG,
BERRRTAHEE2 LAY, AGIEEBEBTEICTICN
b, BENIIIEEBHEKER (0<X<1) T

d*(AG,)/dX*>0 (2)
Thb, 22T, XIZBOENVFERTH B,

liq.

BB

a

Bt BBz DO 3 28 RORRNGIRER

—%, AH, >0k % 5% Tid, AEFEBEFFEVIZR
RLHIEMIH B, AH,>0, —TAS,<0% DT, KR
2o TIRAG,IEEB &% %, Thbb, d(AG,)/dX*<
0DFERAH N5,

AH . S0DBFEEZ DIV LHLIRTAL ). BRTI,
| = TAS|>|AH | % DT, AGLizd (AG,)/dX*>0L % 2,
COREXEI@DT\T, TORETHAG, % (b) THE

AH,

AG,

0 X 1

2 AH,<ODEBE®EE DL BROAG,, AH, & —TAS,
DR IETEY

AH,

— = NH

—TAS,

0 X 1

X3 AH,>0DEBE#*%E D<K 3RDAG,, AH,&—TAS,
DR TFYE, 2 BIBREVHFEET S
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To M2LALT, FTIXMThd, L L, EETIE|I-
TASI<IAH & %Y, AGLIZ13d*(AG,)/dX*< 0D EIRA
HHET2, COREZR4(@NDT, T, ZORETHAG,
B4 (©)IIRT. d(AG,)/dX*<0DFEBA TN B DI,
BA4@OTUTORETH S,

4@)D F—LRDOERIZI2HSTBBEBTHY, BF

=]

AGm (Ti) \_/

A%UQ\\\«////\\\\\&Q7//
|
Lo I

Xi X X3 Xo' X,

(d)

M4 2189 8RENIFET S (a) KEBRE (b) RBET,
(c) BET, (d) BETICHT3AG, DHEKEEFNY

55

E¥ ¥ v 7 (miscibility gap) & dFFEN B, T, T, 0
<X<X,D B LX<X<LIDB TAGLIF TICATH Y,
Xp<X<X; DB TAG W BTN iR e 2 5,
4(@)D&HIZ, FHEARX,DESWHIRE TR
SNPEHRBIIE o %, RICBETICRG ShAZL
2ERL ) BET T —LEBRKTH Y, BETAN
BHLICEROBHIANVF—IIR4 (C)DX, THMEL %
5, 2%, COREYRIBETICEE ENDEAREE
TREBIZR D, TNhiE, ADSZVREWLBIZVEEY
FELBLIREBEOLI oL LAESLEICLY, ROA

Xfp — — — — — — — — —

X — _ U

1

(d) d

E5 ZRE/—4IL9RICHTBIHERTL, BREIE (a),
(), (c), (d) MIBI#EB



Ty, ey

FREREE AE ) — VoL A%, WA TIER 50h,

Xf—— — - — — — — -

(d) d

6 MER - RRICLIDBICH T HHERE(L, BREE
(@), (), (c), (d) MIRICHE:A

HIANVF—ETT2 (B4 (C)DXfHEDER) 5
Thb, HITHE, MRABEICH S o 7238 (up-hill
diffusion& V29 ) FEL S (B5). HHFDdiZBEWHD
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Herein we report a facile method for the synthesis of N-doped crystalline mesoporous titanium
dioxide (NMT) with ordered structure. Structural characterization and HR-TEM studies revealed that
NMT exhibits pure anatase phase with highly crystalline ordered mesoporous structure in NMT.
The N, isotherms are of type IV with an H1 hysteresis loop and a pronounced capillary condensa-
tion step at high relpiiyg,ereeseie FAbNSAIngUBaesinadhy riesensaref|kehardered mesoporous
structure. The refIecwncgzmqcﬁmr}*s@MT@hpga@gmmy@@mt'@a;Mtlz@visible region above
400 nm, owing to the subs@afigrigthAtatiteznxRreie miyficitRaglelis¥é8 results proved the doping
of nitrogen in to oxygen in TiO, lattice, which confirmed by the presence of peak at 401 eV for
N1s. The efficiency of photocatalyst was evaluated by the degradation of Rhodamine-B and anti-
bacterial activity against E. coli under visible-light irradiation. N-doped mesoporous TiO, shows
superior photocatalytic and anti-bacterial activity compared to pure TiO, under visible-light irradia-
tion. The enhanced photocatalytic activity of NMT is attributed to synergistic effect of NMT that is
N-doping and well ordered crystalline mesoporous structure with high surface area of NMT. These
findings suggest that N-doped mesoporous TiO, has potential application in many areas such as
degradation of hazardous pollutants, anti-bacterial agents, fuel cells, battery electrode, sensors,
opto electronic devices, photo active self-cleaning surfaces.

Keywords: Nitrogen Doped TiO,, Photocatalysis, Degradation, Anti-Bacterial Activity.

1. INTRODUCTION

Semiconductors are a popular topic because it has var-
ious functionalities and application in the field of pho-
tocatalysts and photo-electricity. Among them, titanium

However, its use is limited due to its wide band-gap
(~3.2 eV), which means that it can only utilize ultravio-
let light (A < 385 nm). Doping of cations (transition met-
als) and anions (nitrogen, sulfur, carbon, or boron) into

dioxide (TiO,) possessed the highest reported photocat-
alytic efficiency to date, has been used in various practi-
cal applications such as air purification and self-cleaning
building materials' due to its extraordinary physico-
chemical characteristics. However, the photocatalytic effi-
ciency of pure TiO, is quite limited, mainly due to lack
of visible-light absorption, and rapid recombination of
photo-generated electron-hole pairs within TiO, particles.

*Author to whom correspondence should be addressed.
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semiconductors have been extensively studied to enhance
the activity of photocatalysts under visible-light irradia-
tion. Transition metal ion doping has proved to be partially
successful because it may induce the thermal instabil-
ity of TiO,, and the dopant sites, also serving as car-
rier recombination centers, led to reduce the photocatalytic
efficiency.” It has been reported that doping with anion
elements such as N, S and C in to TiO, extended the light
absorption of TiO, in to visible-light region. A consid-
erable number of materials have been reported®® on the
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basis of this strategy. Especially, Asahi et al.® reported
that the photocatalytic activity and the hydrophilicity of
TiO, could be enhanced by nitrogen doping into TiO,.
However, in spite of such extensive studies, most systems
are still not satisfactory from the viewpoint of practical
purposes. This is because, for example in the cation-
doped semiconductors, the metal dopants introduced deep
impurity levels in the forbidden band of the photocata-
lysts, which act as recombination centres, and thus impair
the photocatalytic activity.!® The efficiency of visible-light
photocatalysts are not satisfactory compared to the perfor-
mance demanded by the practical application, and hence
the preparation of more efficient visible-light photocata-
lyst is anticipated. On the other hand mesoporous mate-
rials have been paid much attention in both scientific
and various practical applications. Very recently, Ariga
et al.!! reported the recent developments of various meso-
porous materials including mesoporous metal oxides and
their related functions for sensing and controlled release
of target molecules. Mesoporous metal oxides with regu-
lar geometries have found application in catalysis, medical
diagnosis, environmental remediation, sensor application,
separation technology, Li-ion battery, hydrogen storage
and bio-materials engineering.'>?' Among these metal
oxides, mesoporous TiO, is particular interest as it can
be used as an efficient photocatalyst for various pho-
tocatalytic applications includigg

By FSEEHIAG Techisostabet

Industries Ltd.) was used as the model pollutant for degra-
dation study.

2.2. Preparation of N-Doped Mesoporous
TiO, Photocatalysts

The synthesis of N-doped mesoporous TiO, (NMT) was
carried out as reported previously,2* with the silica source
as SBA-15 instead KIT-6. In a typical synthesis of NMT,
0.5 g of calcined SBA-15 was added to 1.757 g of
ethylenediamine and mixed thoroughly. To this mixture,
4 g of titanium tetra-isoprpoxide dissolved in 1-propanol
was added and the resultant mixture was heated in an
oil bath at 90 °C for 5 h. The obtained solid mixture
was dried at 150 °C and ground into a fine powder.
Then, the materials were heat-treated in the presence of
nitrogen/oxygen flow at various temperatures to obtain
N-doped crystalline highly ordered mesoporous TiO,.
After calcinations, the silica was completely removed from
N-doped mesoporous TiO,/silica composite nanoparticles
as reported previously?” by dispersing the composites in
aqueous NaOH solution (2 M) at 80 °C for 24 h contin-
uous stirring, since TiO, is highly stable under alkaline
condition. The particles were collected by filtration and
washed three times with ethanol-water mixture. The XRD
results reveal that the pattern of silica removed N-doped
TiO, is similar to standard TiO,, suggesting that TiO,
aluviagusdituramoval. Pure TiO, was prepared

and hydrogen production efficigpep20HadereR L0210 SatuddeMayilQ bA§H1A%RE] conditions without the addition
studies fail to make a crystalline meSgyrightTiimeritan SeiealifjtRuhliaigss

ordered structure as it is highly pre-requisite for several
of the technologically demanding applications particularly
for photocatalysis. Herein we made an attempt to fab-
ricate a novel TiO, photocatalysts which exhibit strong
visible-light absorption as well as ordered crystalline meso-
porous structure with high surface area by a simple process.
Inorganic templating method has been developed to pre-
pare mesoporous N-doped TiO, using SBA-15 as the tem-
plate, and ethylenediamine and titanium tetra-isopropoxide
as the source for nitrogen and TiO, respectively. N-doping
induced visible-light absorption in mesoporous TiO, by the
formation of N 2p impurity state above the valence band of
TiO,. The enhanced photocatalytic activity of NMT can be
elucidated on the account of synergistic effect of N-doping
and highly crystalline mesoporous structure of NMT.

2. EXPERIMENTAL DETAILS

2.1. Materials

Titanium (IV) isopropoxide (97%, Sigma-Aldrich) and
ethylenediamine (99%, Wako Pure Chemical Industries
Ltd.) were used as the sources for Ti and N respectively.
1-propanol (99.5%, Wako Pure Chemical Industries Ltd.)
was used to disperse titanium (IV) isopropoxide before it
adds into ethylenediamine. All the reagents and chemicals
were analytical grade and used as such without further
purification. Rhodamine-B (99.5%, Wako Pure Chemical
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2.3. Characterisation

The powder X-ray diffraction (XRD) pattern of NMT was
collected using a Rigaku diffractometer with Cu Ka (A =
0.154 nm) radiation. The diffractograms were recorded in
the 26 range of 0.8° to 10° with a 26 step size of 0.01°
and a step time of 10 s. Specific surface area, pore vol-
ume and pore size distributions of materials were deter-
mined from N, adsorption—desorption isotherms at 77 K
using a Belsorb mini II sorption analyzer. The sample mor-
phology was observed using a high-resolution transmis-
sion electron microscope (HRTEM-JEOLJEM2000EX2).
To determine the presence of elements such as Ti, O and
N on NMT, X-ray photoelectron spectroscopy analysis
(XPS) was carried out. X-ray photoelectron spectroscopic
(XPS—Thermo Electron Corporation Theta Probe) instru-
ment equipped with ultrahigh vacuum chambers was used
to evaluate the presence of elements in NMT. Mg K-alpha
X-rays (100 W) was used as the source at a takeoff angle
of 5-75° and vacuum pressure of 107°~10~7 Torr. The
energy of monochromatic Mg K-alpha X-rays used for
analysis is 1486.6 eV.

2.4. Photocatalytic Degradation Studies and Analysis
The photochemical reactor was made up of quartz glass
with dimension of 22 x 5 cm (height x diameter). The

J. Nanosci. Nanotechnol. 14, 3181-3186, 2014
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top portion of the reactor was constructed with ports for
sampling and water circulation. The photocatalytic degra-
dation was carried out with 100 ml aqueous Rhodamine-B
(2 x 10~° M) solution and 100 mg of pure TiO, or NMT.
The experiments were performed at room temperature. The
halogen lamp emitting wavelengths above 400 nm was
used for the irradiation. The reactor was covered in black
to avoid light scattering, causing leakage and harmful
effects in the neighborhood. Prior to irradiation, the slurry
was stirred for 30 min to reach adsorption equilibrium fol-
lowed by irradiation with halogen lamp for degradation.
Aliquots were withdrawn from the suspension at specific
time intervals and immediately centrifuged at 1500 rpm.
The filtrate was analyzed by UV spectrophotometer to find
the extent of degradation of Rhodamine-B.

2.5. Anti-Bacterial Activity
Escherichia coli (E. coli, DH5 a) was used for the anti-
bacterial activity test of the photocatalysts. A bacterial
suspension of E. coli was prepared by cultivating the bac-
teria for one night, and then diluting the solution so that
the initial bacterial content was from 1 x 10° to 5 x 10°
colony forming units (CFU)/ml. The photocatalytic reac-
tor used for the anti-bacterial activity was sterilized and
then dried. 30 ml phosphate buffer solution and 50 mg of
either pure TiO, or NMT was added to photocatalytic reac-
tor and 0.5 ml of E. coli suspengipfetis

Intensity (a.u)

20 40 60 80
20 (degree)

Figure 1. High angle XRD patterns of N-doped mesoporous TiO,
before calcinations (a) and calcined at 400 °C (b), 600 °C (c), and pure
TiO, (d).

doping of nitrogen does not influence the crystal structures
of TiO,. Moreover, there is no change in the d space val-
ues, which implies that in NMT, nitrogen has been intro-
duced into the lattice without changing the average unit
cell dimension.” The low angle powder X-ray diffrac-
tion patterns of NMT along with pure TiO, are shown in
Figure 2. A well resolved (100) reflection is obtained in

&fliHYoTectmiblogystowMashrodiftasion peaks being characteristics

el
the above solution. The sample [Pa20aditG:d SBr26R 1@n: Sabf3hdvap mﬂ%ﬂﬁaﬁﬁaﬁm symmetry. The peak intensity

and 120 min under a halogen lamp whicipyright-aAiperictin Sgienlifig, By

wavelength above 400 nm. After illumination, the bacterial
solutions recovered from the TiO, related substrates, and
an aliquot of fresh culture medium was used to collect the
residual bacteria on the substrates. The samples withdrawn
at regular intervals were diluted (6 x 10%) and collected on
a petri dish to cultivate the bacteria for 24 h at 37 °C, so
that the bacterial colonies would form. The percentage of
survival bacteria was quantified to determine the efficiency
of pure TiO, and NMT photocatalysts.

3. RESULTS AND DISCUSSION

3.1. Structural and Morphological Studies

Figure 1 shows the high-angle XRD patterns of pure
TiO, and NMT photocatalysts. The XRD pattern of as-
synthesized NMT is also included in Figure 1. As syn-
thesized NMT (Fig. 1(a)) shows a broad XRD pattern
due to amorphous nature, and the material calcined at
400 °C (Fig. 1(b)), and 600 °C (Fig. 1(c)) exhibits a
well-defined, crystalline, diffraction peaks corresponding
to anatase TiO,. Impurity peaks for neither Ti-N nor
O-Ti-N were detected and the materials mainly showed
pure anatase phase. The peaks observed at 26 = 25.1°
(101), 37.6° (004), 47.7° (200), 53.8° (105), 54.6° (211),
62.5° (204), 68.6° (116), 69.8° (220), and 74.75° (215) are
assigned to anatase titanium dioxide.?® The XRD patterns
of TiO, (Fig. 1(d)) is similar to NMT, which indicates that

J. Nanosci. Nanotechnol. 14, 3181-3186, 2014

ig. 2(b)) is higher than as-synthesized
NMT (Fig. 2(a)) and lesser than pure TiO, (Fig. 2(c)).
The decrease in intensity of NMT compared with pure
TiO, may due to blocking of pores by N-dopants. HR-
TEM images of NMT (Fig. 3(a)) and pure TiO, (Fig. 3(b))
shows the presence of mesoporous nature (honey comb
structure) with well-ordered structure. Figures 3(a) and (b)

PR T TN TR SN YT SN WA WU SN WY TN TR NN SR SN S S [ SO S W 1

] © [
t/\\ ® [

L NN S S W e B B By BN B B BN B R BN S R B S BN B NN |

2 4 6 8 10
20 (degree)

Intensity (a.u)

Figure 2. Low angle XRD patterns of mesoporous N-doped meso-
porous TiO, before calcinations (a) and calcined at 400 °C (b), and pure

TiO, (c).
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Figure 3. HR-TEM images of (a) N-doped mesoporous TiO,, and
(b) pure TiO,.

reveal clear lattice fringes with spacing of about 0.35 nm
matches that of the (101) crystallographic plane of TiO,
anatase phase. The N, isotherms are of type IV with an
H1 hysteresis loop and a pronounced capillary conden-
sation step at high relative pressure for NMT and pure
TiO,, suggesting the presence of well-ordered mesoporous
structure. This result is good agreement with low-angle
XRD and HR-TEM results. BET measurements were car-
ried out for NMT calcined at different temperature, and the

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Absorbance

i b -
J L—«’c/f _
e
———————
300 400 500 600 700 800

Wavelength (nm)

Figure 4. UV-vis spectra of N-doped mesoporous TiO, {as-syn (a), cal-
cined at 400 °C (b)}, and pure TiO, (c).

visible region (A ~ 400 to 600 nm). However, pure TiO,
(Fig. 4(c)) shows absorption at wavelength below 400 nm.
The red shift in NMT attributed to the formation of sepa-
rate, higher energy isolated narrow band contributed by the
localized of N-2p states in the band structure.”?” It was
reported that the origin of visible-light absorption in TiO,
is due to the mixing of N 2p with O 2p states in the valence
band.® When TiO, is doped by nitrogen, the N 2p states

surface areas were 288.32 m2/Regtivensyl @y, Bybliphing d echamldglotoliXak signitigansly contributing the formation of

for 500 °C, and 220.58 m%/g '?6:2@6 1%@?&%9}91
The pore volume and pore diameter Wby (P76
0.3012 cm’/g, 0.2812 cm?/g and 4.4063 nm, 4.7226 and
5.0993 nm for 400 °C, 500 °C, and 600 °C respectively.
Surface area and pore volume decreases with increasing
calcination temperature whereas pore diameter increases
with increasing temperature. The decrease in surface area
with increasing temperature is due to the increase in the
crystal size. The high surface area of NMT at 400 °C can
be attributed to a lower tendency for agglomeration by
the TiO, nanoparticles, i.e., TiO, nanoparticles possess an
inherent homogeneous distribution. The textural parame-
ters of pure TiO, are comparable with NMT. The larger
surface area, small particle size, and mesoporous nature
of NMT could be ideal qualities for the enhancement of
photocatalytic activity.

3.2. UV-Vis Spectrum of N-Doped
Mesoporous TiO, Photocatalysts

Since, anion doping influences the light absorption char-
acteristics of TiO,, UV-diffuse reflectance spectral mea-
surements were carried out for N-doped mesoporous
TiO, and the results were compared with pure TiO, as
shown in Figure 4. The reflectance spectrum of NMT as-
synthesized (Fig. 4(a)) shows broad visible-light absorp-
tion (A ~400-800 nm) due to free N-enriched compounds
before calcinations process, whereas NMT calcined at
400 °C (Fig. 4(b)) exhibit an absorption shoulder in the
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: Sathd 1\Mayca0d#h85:¢i2he O 2p state. Such interaction
g?n Se¢igniifin Rubiehsrsind 0 2p states influence the trapping

and de-trapping process.” Though contradiction opinion
about origin of visible-light absorption by N-doping, it was
concluded from most of the previous studies that visible-
light absorption in N-doped TiO, is mainly due to the
formation of N 2p impurity states above the valence band
of TiO,.

3.3. X-Ray Photoelectron Spectroscopic Analysis

Figure 5(a) illustrates the XPS survey spectra of pure TiO,
and NMT which shows that materials contain not only
Ti, and O but also N elements. The peak at 284.4 eV
corresponds to adventitious elemental hydrocarbon from
the XPS instrument itself. The high resolution spectrum
for N 1s, Ti 2p, and O Is are shown in Figures 5(b)—(d)
respectively. N 1s core level spectrum shows broad peak at
401 eV (Fig. 5(b)) and it is typical of N-doped TiO,, which
can be attributed to the electron binding energy of N atom
in the environment of O-Ti-N. It has been reported® that
N Is feature appears at 401.3 eV corresponds to O-Ti-N
linkage and our results attributed the peak at 401 eV is
due to the N-anion incorporated in the TiO, as O-Ti-N
structural feature. This is further confirmed by the shift
in the binding energy of Ti 2p (459.5 eV), and O Is
(533.2 ev) of NMT compared to that of Ti 2p (459.9 eV)
and O 1s (533.8 eV) of pure TiO, as shown in Figures 5(c)
and (d). Thus, the observed changes in the XPS provide

J. Nanosci. Nanotechnol. 14, 3181-3186, 2014
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consistent structural information for ‘EBHXEﬂhI‘oéHAﬁﬁﬁa" Sﬁi@?ﬁﬂ&&%ﬂﬁg% phosphate buffer solution and TiO,

and the atomic composition of C, O, T and N elements for
NMT is 28.79, 13.21, 56.78 and 1.09 atom.% respectively.

3.4. Photocatalytic Activity

To evaluate the photocatalytic activity of pure TiO, and
NMT, a set of photocatalytic degradation of Rhodamine-B
was carried out in an aqueous suspension having an ini-
tial concentration of Rhodamine-B at 2 x 10~ M under
the visible-light illumination. The results are shown in
Figure 6. The results demonstrated that NMT showed
enhanced adsorption as well as photocatalytic activity for
the degradation of Rhodamine-B. However, pure TiO, did
not show photocatalytic activity under visible-light illumi-
nation because of its large band gap. The decrease in con-
centration of Rhodamine-B by TiO, is due to adsorption
alone as it having textural parameters similar to NMT.
The high photocatalytic activity of NMT is attributed to
anion (N) doping on TiO,. Moreover, the high surface
area, well ordered mesoporous structure, and small par-
ticle size of NMT are also contributed to high activ-
ity of NMT due to high adsorption and diffusion of the
Rhodamine-B molecules. Thus, synergistic effect of NMT
that is N-doping and excellent textural parameters of NMT
are alone reasons for the high photocatalytic activity of
NMT under visible-light illumination. To determine the
bactericidal activities of testing material, E. coli placed on

J. Nanosci. Nanotechnol. 14, 3181-3186, 2014

or N-doped mesoporous TiO, (NMT) photocatalysts. Then
the above set up were irradiated with visible light, and
the levels of surviving bacteria in terms of colony forming
units (CFU) were quantified. Decrease in the number of
viable E. coli after photocatalytic experiment as a func-
tion of irradiation time evaluated and shown in Figure 7.
In order to know the effect of UV, only UV irradiated

TR RN NN T NN TN SN SUNY SO [N S SN WU SN SN S S T
20 _ /- TiO, adsorption :
- -7 TiO, (visible light) |
- NMT adsorption |
C O~ NMT (visible light)
A -O- Photlysis I
o 151 L
Q i L
&
.e 3
o
2 L
< 1.0 L
0.5 S
LN B R R NN SN BN RN BN SN RN BENN SNNNE BENN EN B B BN |
0 20 40 80

Irradiation time (min)

Figure 6. Photocatalytic degradation of Rhodamine-B using TiO, and
NMT under visible-light illumination.
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UV-2 TiOy1 TiO,-2 NMT-1 NMT-2

Figure 7. Anti-bacterial activity of TiO, and NMT under visible-light
illumination.

experiments without photocatalysts were carried out and
included in Figure 7. The numerical number 1 and 2 in
Figure 7 refers to irradiation time of 60 min and 120 min
respectively. The bacterial killing efficiency using NMT is
significantly greater than that of pure TiO, under visible
light (Fig. 7). Bacterial growth was still confluent after
60 min exposure to visible-light illumination and subse-
quently underwent a slow decrease after 120 min Con-

versely, a significant growth rephedieretiabyPagstighitléeTech
60 and 120 min of irradiatiodPi230rd 10i053w2B2uent Sa
in addition to visible-light. Using N&VARPWIGhhiAMeEsan S

was observed, but the reduction in CFU numbers appeared
three times higher than for pure TiO, with the irradiation
of 60 min. Under these conditions, a very few numbers
bacteria survived after 120 min irradiation using NMT.
Although prolonged irradiation seemed to slightly increase
the bacterial killing in the case of pure TiO, with UV and
only UV irradiation without catalyst, the killing efficiency
did not match that of NMT, which is due to synergistic
effect of N-doping and mesoporosity of TiO,.

4. CONCLUSION

An efficient visible-light-driven N-doped mesoporous TiO,
was developed successfully by simple method. The visible-
light absorption was induced by the doping of nitrogen
into the lattice of TiO,. Structural characterization implied
that NMT having excellent textural parameters such as
ordered mesoporosity, small particle size, and large sur-
face area. XPS analysis confirmed the presence of N
Is in addition to Ti 2p, and O Is of NMT photocat-
alysts. The results of degradation of Rhodamine-B and
anti-bacterial activity towards E. coli demonstrated that
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N-doped mesoporous TiO, showed high photocatalytic
activity than pristine TiO, under visible-light illumination.
The strong visible-light absorption by N-doping, and the
excellent textural parameters of NMT are the reasons for
the enhanced photocatalytic activity of NMT under visible-
light illumination.
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