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1. Intreduction

Nitrophenanthrene  (Nph)  derivatives  were
synthesized by Fukuhara ¢t al [1.2]. and their
mutagenicity  was investigated  in Safmonella
strains [3]. [t was found that most nitro derivatives
showed strong mutagenicity in Safmonellu mu-
tants. and that the orientation of the nitro
substituent had an important strectural feature
aflecting the mutagenic potency and metabolism
of Nph [3 5] Normally, mutagenic activity of
nitroarencs is associaled with structural features
such as the physical dimensions of the aromatic
rings, isomeric position of the nitro group, con-
formation of the nitro group with respeet o the
plane of the aromatic rings and the ability to
resonance-stabilize the ulumate clectrophile [6].

Aristolochic acid was used as an anti-inffamma-
tory agent in several pharmaceutical preparations
up to 1982, and consisted of several components of
Nphs [7]). It was found that Aristolochic acid also
contained genotoxic mutagens forming DNA
adducts after metabolic activation in Salmoncfly
strains and mammalian cells [8 10], as well as
being was carcinogenic in rats [1113]. It has been
reported that the mutagenic aclivity of Nph was
closely associated with reduction potentials and
the dihedral angles of the nitro substituent for
intercalation of chemicals into DNA [2 4.14.15].

Nitroazaphenanthrene (NAph) derivatives con-
taining nitrogen atoms at the 1. 4, and 9 positions
of phenanthrene rings were synthesized by Fuku-
hara ¢t al. tunpublished data). and their reduction
property was determined, Using authentic samples
of Nph and NAph derivatives. Safmoncella muta-
genicity was determined. and the structural activity
relationship was discussed.

2. Materials and methods
2.1 Chemicals

NAphs containing nitrogen atoms in the rings
used in this study were 8-nitro-l-azaphenanthrene
(8-N-1-Aph). 6- and §-N-4-APh, 4-, 5-, 6-, and 7-
N-9-Aph. 5-. 6- and 8-N-1-Aph N-oxide (5-. 6-
and 8-N-1-AphO}. 5-. 6- and 8-N-4-APhO. |-, 2-,

3- and 5-N-9-APhO. and 1.5- and 1. 8-dimiro-4-
APhO (1.5- and 1.8-diN-4-AphO). These NAph
derivatives were synthesized by Fukuhara et al.
(unpublished data) and modificd by the method
described by Dewar and Warford [16].

2.2. Bucteriaf strains

Bacterial strains used were Sedmoncella 1yphi-
murinm TA98. TAI00. and TA9ENR, a nitror-
cductase-deficient  mutant  of TA98. TAYS/
1 8DNP. an Q-acctyltransferase-deficient mutant
of TAY8. YGI021 and YGI1026 produced by
transferring & plasmid carrying the nitrorcductasc
gene into cells of TA98 and TALO0, respectively.
and strains YG1024 and 1029, carrying a plasmid
of the acclyltransferase gene translerred into cells
of TAY8 and TAL00. respectively. were generously
donated by Drs T. Nohmi and M. Watanabe.
National Institute of Health Sciences [17].

2.3. Electrochemical reduction by evelic
roltarmnetry and electronic descriptors

In  dimcthylformamide.  teracthylammonium
perchlorate was used as the supporting clectrolyte
at a 0.1 M concetration. The reference clectrode
was an AgfAg™ clectrode in acetonitrile with 0.1
M tetrabutylammonium perchlorate. After trans-
fer of the solution containing the test chemical to
the cell. it was purged of oxygen by bubbling with
N> for 5 min. The cyclic volammograms were
recorded at a scan rate of 100 mV/s, while
maintaining the test solution under a steady steam
of Ng.

The electronic descriptor, LUMO energy levels
of nitrated phenanthrenes, was calculated by
MOPAC2002 (AMI1). which is based on the
MOPAC of the Toray System Center using the
AMI method. The initial geometries were con-
structed from standard bond lengths and angles.
The geometries were then completely optimized
using algorithms in the MOPAC program. For 5-
N-4-AphQ) and 1.5-diN-4-Aph(Q). LUMO cneragy
and dihedral angle were obtained by AMI calcula-
tions based on the structure that was optimized by
PM3.
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2.4. Mutagenicity test

Mutagenicity was determined by the plate
incorporation test using Sufmonefla tesier strains
[3]. Each experiment was carried out on triplicate
plates two times with or without the 89 mix, and
the mean value was presented as revertants/pg of
chemical.

3. Results

31 LUMO energy ferels and diledral angles of
Nphs

To mecasurc enzymatic reduction. the LUMO
energy levels. reduction potential, and orientation
of the nitro substituent to the phenanthrene rings

Table 1
LUMO enerpy levels. reduction potentials. and dibedral angles
o NAphs

Chemical Epc {(mV) LUMQ  Dihedral angle
Fpel FEpc2

8-N-1-Aph Td2 1631 1429 31.5
6-N-4+Aph 1036 1675 1400 0.1
§-N-4-Aph {8513 1555 1372 222
4-N-9-Aph 1120 1662 1326 62.6
5-N-9-Aph 1085 1615 1219 61.7
-N-9-Aph 1027 1645 1508 0.2
7-N-9-Aph 1004 1664 1436 0.0
S-N-1-APhO 1049 1625 1505 61.0
6-N-1-AphQ) 972 1572 1663 1.1
8-N-1-Aph(} Lht 1641 1623 333
5-N-4APhO 1214 1619 1427 322"
6-N-4+-APhO) 1059 1723 1SR 0.7
B-N-+APHO 1047 [678 1545 31.7
1-N-9-APh(} 852 1484 1674 265
3N-9-APRO 964 1628 196 0l
AN-9-APLO Y3 1463 1723 0l
S-N-9-APh() 1029 1568 1494 003

1.5-diN-4-APh(} 623 1263 074 oa®
1.8-diN=-4-APhO} 216 1032 2114 58.2*

“and ", LUMO cnergy and dibedral angle were obtained by
AMI ealeulations based on the structure that was optimized by
PM3.

* R-NO. 335 1-NOR. 247

were investigated (Table 1), Nitro substituents
substituted al the 4 and 5 positions were perpen-
dicular due to the steric effect of the bay region
aromalic proton, while those at the 2, 3, 6, and 7
positions were coplanar 1o the phenanthrene rings
(Fig. 1}. In contrast, nitro substituents at the 1 and
§ positions had a nitro function with nearly
perpendicular orientation to the aromatic ring
system because of steric hindrance of the aromatic
proton on the peri position, while the calculated
dihedral angles varied between 26 and 337 This
suggested that the orientation of the nitro group
gencrally predicts  the mutagenic  potency of
NAphs. There was no relationship between muta-
genicity. reduction potentials and LUMO energy.

3.2, Chemical properties of Nph

Fig. | illustrates chemical structures. consisting
of Aph derivatives with a nitrogen atom at the [, 4.
and 9 positions. and NAphs. nitrated derivatives,
substituted at the 1. 2, 3. 4. 5. 6. 7. and 8 positions
in phenanthrene rings and their N -oxides,

3.3 Mutagenicity of NAph in Salmonella strainy

All NAphs substituted at the 4. 6. 7. and B
positions were mutagenic for strains TA98 and
TAI00 without $9 mix while 5-N-9-Aph. 5-N-1-
AphO. and 5-N-9-AphQ were non-mulagenic or
weak mutagens. In NAphO derivatives, 6-N-1-
AphO. 8-N-1-AphQ. 6-N-4-AphO, and 1. 2, and
3-N-9-AphQOs were mutagenic for strains TA9
and TAI00, and were direct-icling mulagens.
showing activity in the absence of 89 mix while
5-N-1- and 5-N-9-AphQOs were non-mutagenic or
weakly mutagenic (Table 2). In contrast. muta-
genicity for TA98 with 89 mix was assessed. but it
was nol shown in any NAph derivatives (Table 2).
Thus. a mutagenicity test was carried out in the
abscnce of the 59 mix. In these nitrated deriva-
tives. nitro derivatives substituted at the 6 position
of phenanthrene rings. 6-N-4-Aph. 6-N-9-Aph. 6-
N-1-AphO. and 6-N-4-AphQ, showed powerful
mutagenicity for strains TA98. TA100. and all YG
strains uscd. Mulagenicily was enhanced by mu-
tant strains producing nitroreductase such as
YGI1021 and 1026, and those producing O -acctyl-
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Fig. 1. Chemical stractures of NAph's,

transferase such as YGI024 and YGI1029. In
addition, the nitroreductase activity was  also
conflirmed by the Tact that the activity was
inhibited by the nitroreductase-deficient strain
TA98NR. and similarly. was inhibited by the
TA9R/1.8-DNP. O-acetyltransferase-delicient

strain, Nitro derivatives substituted at the 8
position of the phenanthrene rings such as 8-N-
t- and 8-N-4-Aphs. were strongly reverted from
autotrophy 1o prototrophy for strain TA100,
These derivatives might arise duc to base pair
substitution on DNA. showing higher mutageni-
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Table 2
Mutagenicity of Naphs

Chemical Mutagenicity (revertants/pg)

TAU L S TA (189 TAYENR
Spontancous 29 28 37
8-N-1-Aph 538 b 42
6-N-4-Aph 2052 IR 149
R-N-4-Aph LR 16
4-N-9-Aph 1z It i
5-N-0-Aph 6 ND 2
6-N-9-Aph 718 13 108
7-N-9-Aph 452 20 61
S-N-1-AphQ) 3 ND 1
-N-1-Aph() 50 b 99
B-N-1-AphO K ND 3
5-N-4-AphQ 63 6 15
6-N-4-AphO TH) 17 142
$-N-4-AphQ) 67 NP 4
{-N-9-AphO 764 26 170
2-N-9-Aph() 213 20 20
N-9-AphQ) 634 1§ 141
S-N-9-AphQ 4 ND 1
1.5-diN-4-AphQ) 104060 R 6420
1.8-diN-4-AphO 5580 24 5240

ND. not detected.

city in TAI00 than TA98. These nitro groups
could also be due to steric hindrance of the nitro
substitucnt on the plane of the phenanthrene rings.

Two 1.5- and [.8-diN-4-AphOs promoted
marked mutagenicity for TA98. TA100. and YG
strains. Mutagenicity of 1.5- and 1.8-diN-4-AphQO
corresponded to 166 and 83 times. respectively.
that of 5-N-4-AphQ and §N-4-AphO lor TAYR,
and to 19 and 55 times. respeetively. that of 5-N-4-
and 8-N-4-AphQs for TAT100. Dinitro derivatives
substituted at the | and 5 positions of the
phenanthrene rings were strongly activated by
nitroreductase.,  overproducing - mutants  more
than O-acctyltranslerase (Table 2). Both dinitro
derivatives, which have relatively lower LUMO
energy. showed high mutagenicity for strains
TA98 and TA100. and their enzyme rich-mutants.
It was found that mutagenicity of 1.5- and 1.8-
diN-4-AphO was strongly activated by nitroreduc-
tuse. rather than O-acetyltransferase, as shown in

TA8/1.8DNP,

I
0.3
530
14
48
1.6
U8
185

0.7
82
17
19
s
23

482
16
H84
0.5

1440
8440

23

TAIOD YGI02) YGIR4 YGI026 YGI029
128 67 B i78 183
1046 8479 5000 13040 1246
[§31E4] 422370 62060 46800 11020
1528 14 480 7980 1282 4018
160 806 609 785 401
7 47 18 51 9
818 1050 3478 5194 788
251 R50 1018 918 408
6 16 9 16 ]
493 1247 170 5949 78
113 998 79 1310 122
146 247 87 97 92
1854 6893 1818 7258 4354
151 1028 780 1528 04
1252 1756 915 4627 897
148 1714 639 737 106
173 596 482 748 413
N\ 16 12 3% 7
290 24980 11637 9541 6575
8440 21 640 11002 5916

48 850

YGI1021 and 1024, except for reversion for YG
1026 of 1.8-diN-4-AphO.

4. Discussion

We previously reported that the mutagenic
potency of Nphs was closely associated with the
chemical propertics and orientation of nitro sub-
stitution of aromatic rings [3]. Nitro substituents
at positions 4 and S in the phenanthrene rings were
perpendicular. while these on posittons 2. 3. 6 and
7 were nearly coplanar to the phenanthrene rings
{Table 1). It has also been reported that Nphs on
positions 1. 8. 9. and 10 were non-coplanar
because of steric hindrance of the aromatic proton
on the peri position, with dihedral angles varving
from 10 o 65 [1.2]

In this study. it was found that NAphs with a
nitrogen atom at the 1. 4 and 9 positions of
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phenanthrene rings showed potent mutagenicity
corresponding to Nphs if they had the same
chemical properties as Nphs. Mutagenicity of 4-,
6-. and 7-N-9-Aphs. 1-. 2- and 3-N-9-AphQOs. was
potent Tor Sufmonella strains, while nitro substi-
tuents of 5-N-9-Aph. S5-N-1-AphO. and 5-N-9-
AphO were non- or weakly mutagenic. The nitro
substituent at the 5 position in the rings was
perpendicular on the plane of phenanthrene rings.
so mutagenicily was reduced markedly due to
steric hindrance, This suggested that the muta-
genic potency of these nitro groups closely in-
volved the orientation of nitro substituents of the
phenanthrene rings. and the inability to intercalate
into the DNA helix.

Nitro substituents on positions 2. 3. 6. and 7 in
the phenanthrene rings had a nitro function with
coplanar orientation (o the parent rings. and had
relatively lower LUMO energy levels, Tn addition,
the mutagenicity was markedly enhanced by
nitroreductase-overproducing  mutants such  as
YG1021 and YGI026. and by O-acetyltransfer-
ase-overproducing mutants such as YG1024 and
YG1029. Tt was considered that these nitro groups
were metabolically reduced to nitroso- and amino-
derivatives by these enzymes via a hydroxylamino-
intermediate.

Two 1.5- and 1.8-diNAphOs were potent muta-
gens for TA98 and 100, and showed strong
reversion from autotrophy 1o prototrophy by
nitroreductase and Q-acetyltransferase. Compar-
ing the mutagenic polency of both compounds,
L.8-diNAPhO was more strongly activated by
nitroreductase  than  1.5-diN-4-AphO. c.g. the
compound showed 48850  revertantsing  for
Y G 1026, From the perspective of reduction prop-
crty. the reduction potentials (mV) of mono- and
dinitrophenanthrenes  differed:  the  potentials
(Epcl) of mononitrophenanthrenes ranged from
—853 10 — 1214, and thosc ol dinitrophenanthrenc
(diNph) ranged from —623 1o —916 (Table 1). As
suggested by Fukuhara et al. [1]. nitro substitution
causcs about a 100 300 mV positive shill in the
reduction potentials. Therefore. it was found that
the caleulated LUMO energy levels were signifi-
cantly correlated with the first reduction poten-
tials. and the mutagenic potency of NAph was

related to these chemical properties, including
LUMO cnergy and reduction potentials.

With regard (o mutagenicity and genotoxicity of
nitroazabenzofalpyrene. we reported that these
compounds were potent mutagens for Selinonellu
strains [18], and induced micronuclei in polychro-
matic erythrocytes in mice and chromosemal
aberrations in Chinese hamster lung fibroblast
cells [19]. Mutagenicily and genotoxicity of nitroa-
zabenzo[a]pyrene N-oxides differed from substitu-
tion ol nitro function. However, the reduction
potentials of 3-nitro-6-azabenzofa]pyrene N-oxide
are not markedly different from those of |-nitro-6-
azabenzo[e]pyrence N-oxide [18]. In addition. 3.6-
dinitrobenzofe ]pyrene was much more mutagenic
than 1.6-dinitrobenzofu]pyrene. This result indi-
cates that 3.6-dinitrobenzofalpyrene was readily
reduced to stronger nitroso- and amino-derivatives
than 1.6-dinitrobenzofalpyrene [20].

As for a human effect of nitrated aromatic
compounds. various chemicals deposited in lung
tissues were determined after surgical lung resec-
tion: ¢.g. 1-NP, 1.3-DNP and 3-nitrofluoranthene
deposited at higher levels in lung tissues decreased
the S-ycar survival of patients [21]. It was assumed
that increasing amounts of mutagens in lung
tissues might promote ccll differentiation. with
an increase in poor differentiation. As reported
previously [3]. Nph derivatives were detected in
diese] emission particulates. but not from other
environmental materials and human lung tissues.

Shmeiser et al. [13.22] demonstrated that aris-
tolochic acid containing Nph carboxylic acids
induced multipke fumors in the forestomach, car
duct and small intestine. and wurothehal cancer in
aristolochic acid ncphropathy patients [8]. In
addition. DNA adducts of the compound were
detecled in vitro by incubation of calf thymus
DNA and liver homogenate, while tumor initia-
tion by aristolochic acid was associated with
carcinogen deoxyadenosine adducts as  critical
lesions.

We therefore. believe that these mutagens are
ubiguilous in the environment. though they have
not been detected from environmental materials. H
is important that the carcinogenicity of these
chemicals be studied in more detail to evaluate
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the structure activity trelationship of NAphs and
their danger to human tissucs.
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Ary] hydrocarbon receptor {(AhR) is a ligand-activated transcription factor through which dioxins and car-
cinogenic pelycyclic aromatic hydrocarlions cause altered gene expression and toxicity. Ten aza-polycyclic aro-
matic hydrocarbons (azz-PAHs), consisting of nitrogen substituted naphthalenes, phenanthrenes, chrysenes, and
benzo[alpyrenes (BaPs), were subjected to analysis of their structure-activity relationships as an AhR ligand by
using a yveast AhR signaling assay, in which AhR ligand activity was evaluated as lac/ units. Most of the aza-
PAHs showed similar or more potent AhR ligand activities than the corresponding parent PAHs. About a 100-
fold increased in ligand activity was observed in 10-azaBaP compared with BaP. Halogen-substitution effects on
ARR ligand activity in aza-polvcyclic aromatics were also investigated with quinoline, benzo[f|quinoline {BfQ),
benzo|A|quineline (BhQ) and 1,7-phenanthroline (1,7-Phe). Position-specitic induction of AhR ligand activity
was observed in aza-tricyclic aromatic compounds, BfQ, BhQ, and 1,7-Phe, and the ratio of the ligand activities
{fucZ units/gim) of monochlorinated and monobrominated ara-tricyclic arematic compounds to those of the cor-
responding parent nen-halogenated compounds ranged from 2.2- to 254-fokl. Greatest enhancement of ligand
activity was observed in 2-brominated BfQ (2-Br-BfQ), and its lizand activity was higher than that of BaP. These

Vol. 26. No. 4

results sugyest that even monohalogenation markedly enhances AhR ligand activity in aza-PAHs.

Key words  aryl hydrocarbon receptor; aza-polycyclic sromatic compound: halogenated derivative: structure -activity relation-

ship

Aryl hydrocarbon receptor (AR} is a ligand-activaled
transcription factor (hat mediates cellular responses 1o nu-
merous environmental contaminants, such as 2,3,7,%-teira-
chlerodibenzo-p-dioxin (TCTM)) and polycyclic aromatic hy-
drocarbons {(PAs).! ¥ Benzolalpyrene (Bal) and chrysenc
are carcinogenic PAlls present in air pollutants feom the in-
dustrial furnace gas and cigarcite smoke.® N-Containing
PAHs, such as azaBals, benzoguinolines, phenanthrolines,
and ytinolines, are also found in air pollutants.® ™ Although
many AN-containing PAlls exist in envirommental pollutants,
there has been no data for their AhR ligand activity, We in-
vestigated structure-AhR ligand activity relattonships of AhR
ligand among  N-containing and non-N-containing  PAlls
using en nitrogen-substituted naphthalencs, phepanthrences,
chrysenes, and Bals. o this study, AR ligand activity was
measured by using the yeast AhR signaling assay established
by Miller.™ """ In this screening assay system, the genes of
the human AhR and its heterodimer partner, AhR puclear
translocator {Arnt), are co-expressed, and AhR ligand activ-
iy can be detected and quantificd by measuring the S-galac-
tosidase activity resulting by AbR-mediated transceriptional
activation of a fueZ reporter plasmid as previously  re-
ported.'"” Numerous studies of the effects of halogen-substi-
tution on the AhR ligand activity have been reported.'™ How-
ever most of these reports are on dibenzodioxin, dibenzofu-
ran and biphenyl, and there have been lew reports on other
aromatic puclei. Therelore, in order to clarify halogen-substi-
tution effects on AhR ligand activily in N-containing PAlls,
halogen-substituted denvatives of guinoline, benzo]f quino-
line (I31QQ), benzoldiyuinoline (BhQ) and 1,7-phenanthroline
(1.7-Phe¢) were also subjected to the analysis of their struc-

# T whom correspondence should be ddressed.

v-maul: sawkite pharnagoya-cuac jp

ture-AhR ligand activity relationships using the yeast AhR
signaling assay syslem.

MATERIALS AND METHODS

Materials Naphthalene, chrysene, Bal’, guinolipe, iso-
quinvline, 1,7-phenanthroline,  1,10-phenanthroline,  4,7-
phenanthroline, 2-chloroguineline (2-CI1-Q), 4-C1-Q, and 8-
bromaguinoline (¥-Br-Q) were purchased from  Aldrich.
Phenanthrene, BIQ, BhQ, 6-C1-Q, 8-C1-Q, 3-B3r-Q, and 6-Br-
Q were purchased from Tokyo Kasei Kogyo Co., [.td.
(Tokyo). 10-Azabenzoja|pyrenc  (10-azaB3aP), 6-azaBal),
L 10-diazachrysene (1,1 0-DAC), and 4,10-DAC were synthe-
sized according to the reported methods.''™* Most ol the flu-
oroguinolines (1-Qs), consisting ol 3-, 5-, 6-, 7-, 8-, 3,5-di,
3.7-di, 5,6-di, 5,7-di, 5,8-di, 6,7-di, 6,8-di, 7,8-di, 3,5,7-n,
5,0,8-1ri, 6,7,84ri, and 5,6,7.8-eraF-Q, and fluorinated
BhQs (3-, 5-, 6-, 7-, 9-, and 10-F-Bh(Q), fluorinated 131Qs (2-
and 7-F-BfQ), and fluorinated 1,7-phenanthlorines (6- and 9-
I-1.7-Phe), were synthesized in our Jaboratory as previously
reported.'*" 2-C1-BhQ, 4-C1-BhQ, 6-C1-BhQ, 6-Br-BhQ, 2-
Br-BBIQ, and 9-C1-1,7-Phe were synthesized as previously re-
ported.'”™ 2-F-Q and 2-F-BhQ were synthesized from corre-
sponding chlorinated derivatives, 2-C1-Q and 2-C1-BhQ, by
the halogen exchange same method as (or the synthesis of 2-
flusro-4-methylquinoline  [rom  2-chloro4-mehtylguinoline
described in our report.'™ 3-, S-, and 7-C1-Q were synthe-
sized in our laboratory as previously reported.™ Dichlori-
naled  quinolines (diC-Qs: 5,8-, 6,8-, and 7,8-diC1-Q)),
trichtorinated guinotines (1nCl-Qs; 5,6,8- and 6,7,8-tri(’1-Q),
and dibrominated quinolines (diBr-Qs; 5,8- and 6,8-di3r-QQ)

= 2003 Pharmaccutieal Socicty of Japan




Apal 2003

were synthesized froin corresponding chlorinated or bromi-
nated anilines by the same Skraup reaction method as Tor the
synthesis of 5,7-diCl-Q [romn 3,5-dichloroaniline described in
the literature,”"

Mclting points were delermined with a Yamato MP-5001)
micro-melting  point apparatus without correction. Mass
spectra were measured with a JEQL IMS-SX102A spectrom-
cter. '11- and PC-NMR speetra were recorded with a JEOL,
INM-lambdas00 spectrometer in CICT, using wiramethylsi-
lane as an internal standard. The fullowing compounds were
newly synihiesized in this study.

2-Chlorobenzolf Jquinoline (2-CEBIQ): 2-Aminobenzolf}-
quinoline®* (114 mg) was dissolved in cone. HCL (10ml),
and to this solution was added NaNO, (49mg, 1.2¢q) atl
5°C. The resulting solution was added 1o CuCl (67 mg) in
15wl of cone. 1ICT at 100°C, and was kept stirring lor 1.5h
al 100°C. The reaction mixture was potred into water, ncu-
tralized with ag. NI, extracted with CHCL, and evaporated.
Purification of the extract by column chromatography (silica
gel, CHICIL) and recrystallization from MeOIl yielded 2-Cl-
BQ as while needles. Yield: 6Zmg (56%). mp 96 98°C.
'M-NMR (S00MIz, CDClyY 8: 7.68  7.75 (w, 21, 11-8, H-
9}, 7.95  8.01 (i, 31, 11-5, 1-6, 11-7), ¥.56 (d, J 7.611z,
L H-10), .89 (d, ./ 22102, LH, 11-3), 892 (4, 7 2210z
11, 11-1). "C-NMR (125 Mllz, CDCLY 8 122,75 (C-1,
126,07 (s), 127.41 (C-8 or (-9), 127.62 ({C-6), 127.97 (C-8
ot C=9), 128,72 (3), 128.82 (C-7), 129.26 (s), 129.73 (C-1},
13111 (C=5), 131.99 (), 146.23 (3), 148.66 (C-3). 1IR-MS
/= 213.0350, Caled for C1CIN: 213.0345,

S-Chloro-1,7-phenanthiroline (5-C1-1,7-Phe). 3,5-Di-
aminochlorobenzene (L6 g, 6.7mmol), glycerol (0.4ml, 3
ey} and sodium m-nitrobenzenesul fonate (0.42 g, 1 ey} were
dissolved in 80% [1,SO, (201ml), and the mixture was stirred
at 140°C for 24 h. The reaction mixture was poured into ice
waler (100 ml). The filtrate was neutralized with ag. NH, and
extracted with CUHCL. The CHCH; Tayer was dried over anhy-
drous M8, and evaporaled. Purification of the extract by
column chromatography (aluminum oxide, benzene) and re-
crystallization from hexane yiclded 5-C1-1,7-Phe as white
needles. Yield: 953mg (67%). mp 118 119°C. '1II-NMR
(SU0MHy, CDCIY 8 7.57 (in - 8.5, 4.3 Hz, L 1-3 or 11-
9), 7.62 (m, J 8.5, 4.3 1 1L -3 or 11-9), 843 (s, LI H-
6), 8.62 (m, . 85, 1L.8Hz, 111, 11-4), 8.96 (m, ./ 43, L8
[Tz, 111, -2 or [1-8), 9.00 (m, J 4.3, L8, 11, H-2 or 11-
8), 9.44 (m,.J .5, L8112, 11, 11-10). "C-NMR (125 Mz,
CDCLY & 12221 (C-3 or C-9), 12291 (C-3 or C-9), 124.71
(s), 12630 (s), 12849 (C-6), 132.86 (s), 132.95 (C-10),
133.22 (C-4), 146,17 (s), 14887 (), 150.07 (C-2 or C-8),
151.94 (C=2 or C-8). M8 w/z 214 (M), Anal Caled for
ClLCING €, 6785, 11, 3.29; N, 13,05, TFound: C, 67.41; 11,
304N, 13.02.

Yeast Assay for AhRR Ligand Activity The YCM3
strain ol yeast™ "7 was grown in a synthetic glucose medium
overnight at 30°C in a shaking incubator. On following day
2041 from the saturated culture was added o Ll of a syn-
thetic mediun containing 2% galactose as a carbon source.
Ligands dissolved in dimethyl sulfoxide were added 1o the
medium 1o achieve a final solvent concentration of O.1%.
After I8N, cell densitics were determined by reading the
spectrophotometric absorbance of the cultures at 595 nim, and
201 of the cell suspension was added (o 700 ¢l of Z-buller

4y

{containing 60 mm Na,[IPO,, 40 mm Nall,PO,, v MpCl,
10mmM KC1, 2mm dithiothreitol and .2% sarkosyl). The re-
action was started by adding 200 gl of o-pitrophenyl-B-n-
galactopyranoside {4 mg/ml solution in Z-buffer). The sam-
ples were incubated for 60 min a1 37 °C. Four hundred micro-
liters of 1 M sodium carbonate solution was added to stop the
reaction. Absorbances of the reaction mixture were read in a
spectrophotometer at 405 nm. The activity of S-galactosidase
{referred Lo JaeZ unils) was caleulated by the following lor-
mula: absorbance at 405 nmX HIO0/(absorbance at 595 nm x
ml cell suspension added x min reaction time).

RESULTS

The structures of aza-PAlls examined in this study are
shown in Fig. 1. A total of 68 aza-PAlls and their halo-
gemated derivatives were tested Tor AhR ligand activity by
the fue/ reporter gene assay using the Swecharomyees cere-
vivige strain YOMS3, in which the human AbR and ARNT
genes are co-expressed as previously reported* '

Bal’, an cxogenous potent AhR ligand, showed an appre-
ciably increase of facZ units in a dose response manner in
this assay system (Fig. 2). To compare the activation polen-
cies of aza-PAlls with that of Bal’, the concentration of test
compounds producing JucZ units cquivalent 1o 50% of the
maximal lae units produced by Bal* was caleulated from the
dosc-response curve, and expressed as ECy, g, according to
the previously reported method ™ Furthermore, to evaluate
the relative aclivily of halogenated quinolines, BhQs, BIQs.
and 1,7-Phes, the value of fecZ units per gm of the test com-
pound was also caleulated from the slope of the initial lincar
portion of cach dose response curve because yuinoline and
BIQ showed unsatistactory levels of maximal induction of
fae-Z units Tor calculating of the [C), s, value,

AhR Ligand Activity of Aza-PAHs The AhR ligand ac-
tivities of ten aza-PAlls were assessed and compared with
those of pon-N-substituled parent skeletons, naphthalenc,
phenanthrene, chrysenc, and BaP (Fig. 2). The ligand activi-
tics of penta- and tetra-cyclic aza-PAlls, azaBal’s and DACs
were much higher than that of tri- and di-cyclic aza-PAlls,
benzoyuinolines, phenanthrolines, quineline, and isoguino-
line, as well as that BaP and chrysene showed extremely po-
tent lipand activities compared with phenathrene and naph-
thalene, With regard (o the effeet ol the ring nitrogen atom(s)
on the AhR ligand activities of PAlls, most of the aza-PAlls
showed similar or more potenl activities than the correspond-
ing parent PAlls. Greatest enhancing elfect (about 100-fold)
on AhR ligand activity was oblained by aza-substitution at
position-10 in the BalP maolecule,

Halopen-Substitution Effects on AhR Ligand Activity
of Quinolines ‘T'he AhR ligand activities ol halogenated
quinolines are summarized in Table 1, where the ratio of the
number of JaeZ units per M for halogenated guinolines 1o
that for quinoling is termed as relative activity. All the halo-
genated quinolines showed more than 3-Told Jigand activity
increases compared with quinolive. The halogen-substitution
cllcets on ligand activily dectease in the [ollowing order re-
gardless of the substituled position, triCl (438- and 783-
fold)=diBr {135- and 209-fuld) diCl (58- 10 170-fo]d)>1r
(14- to 23-fold) €T (7- to 35-Told) il (11- to 25-fold)>
dil’ (6- 1o 14-lold} - ¥ (3- 10 [6-Told),
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Fig. 1. Structures of PANs and Aza-PA NS Examined
ECaaPs UM}
1500+
~—— Naphihalene >500
- #- - lsoguinohne =500
Quinoling =500
Phananthrene  >250
1000 4.7-Phe =100
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Fig. 2. AWR Ligand Acinvanies o PATs and Aza-PAlls

ARR ligaad antivities were assessed by e reporter pore assay usiig the Soveharomyess ecrovisiae stieain YOM3, anwhich the human AR wd ARNT genes are co-exprossed.
Lz it represents 1w neean olab least hree analyses. BCg ., is e concentration producing feeZ miits equals 1o 50% of e naximal response to 3al

Halogen-Substitution Effects on AhR Ligand Activity
of Tricvclic Aza-PAHs  Monohalogenated analogs of eleven
BhQs, four BIQs, and 4 1,7-Phes were assessed and com-
pared with that of cach parent compotnd. The ratio of the
number of JueZ units per gM for halogenated detivatives 1o
that for the parent compound (relative activity) ranged [rom
0.3- 10 S.8-fold in BhQs, from 6.5- 1o 254-1old in BIQs, and

[rom 1.7- 1o 208-lofd in 1,7-Phes (Table 2). Cl- and Br-sub-
stiiution showed greater enhancing eflects on AhR ligand ac-
tivity than F-substitution when compared between the same
position analogs, i.e., position-2 and -6 of BhQ, position-2 of
B1Q, and position-9 of 1,7-Phe. 2-CI-BhQ. 2-Br-BIQ, and 9-
Cl-1,7-Phe, which are the aza-analogs ol 3-halophenan-
threne, showed highest AhR ligand actlivity among the re-
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Table 1. ARR Activation Potencics of Q and lis Halogenated Derivatives

1 -lm-t..'"

Compounds 1) facZ umis g™ Relanve achvity
Quinolnw S0 al3 1.0
Monolluorixuded dervatives

2V -28) (}).54) 6.2

AQ 250 .09 8.4

5-1-Q 250 0.61 48

O-1-Q 250} {).40) kA |

7-1-Q -250 pAIX 15.6

8abQ 250 154 42
Dillvorinated dervatives

3S5-dil-Q 250 0.91 7.0

7-hi) -250 1.78 13.7

S.0-dili-) 250 1.R3 14.1

ST 250 1.02 1%

S8-AF-Q 250 114 /R

6.7-dil-Q 250} 0.77 59

6. 8-dil-Q -250) 080 6.2

7.8-diF-Q 250 1.27 98
Polylluormated derivitives

35.7l-Q 250 1.4% 11.4

5.6.8-401°-Q 28) 1.95 150

[ A ST ] 1586 130 254

56,7811 1648 s 2:4.2
Monochlormeged dernalives

2.014} 141.1 4.50 6

-01-Q 250 1.57 121

4-C1Q 250 194 7.2

5-Cl1-Q -250 1.88 14.2

6-C1-Q 250 1.21 9.1

7-C1-Q 250 186 142

201 250 174 134
Dichlorinated dernatives

5. 7-0C1-Q -840 T.68 59.1

S8-iChQ 23 153 HES

6.8-ciC)-Q) -8 T.8% 583

7.8-diC1-4) 2385 229 176
Polychlormated densalives

5.684nC1-Q 147 56.9 4318

6,78-ml1-Q 7.2 1R 783
Brommated derivitives

-Br-Q 1743 298 229

6-3r-Q 250 181 119

%-Br-Q 1729 PR 208
Dibrominaled derivatives

SR-diBr-Q 173 272 209

G5l 21 17.5 L35

Pl valen b5 e mean of a least flree analyses o Coneentrations proching
fucd wts el 1o 50% of e maximal response 10 Balt M Calealated frone the
slope of the lincar porfion of cach curve o the origin ed Relative values of fae/
inits jew ol cach componid compared v @

spective parent compound analogs.
DISCUSSION

We measured the AbR ligand activities of tlen N-containing
PARLz using the yeast AhR signaling assay (o investigate the
PA1I ring nitrogen-substitution eflect on the subsirale recog-
nitivn by AhR. Phenanthrene was very weak as the AhR lig-
and compared with Bal* and chrysence, though the ligand ac-
tivity was alicred by nitrogen-substitution in the aromalic
ring(s) position-selectively. The ligand activity of phenan-
threne was significantly potentiated (abuout 10-lold) by nitro-
gen-substitution in position-4 (13hQ) and position-1 and -5
(1,7-I'he), mederately enhanced by nitrogen-substitution in

Table 2. AhR Activation Potencies ol BhQs, BIQs. and 1.7-Phes

Compourds I.-Z(',u,,(,."" Rulative activity

Jue/ units'pm®
(M)
BROQ derivainees
Bhe} -50 747 1.0
2-F-BhQ 29% 16.7 22
31-BhQ -850 834 1.1
S-1-Bhe -51) 119 1.6
6-F-BhQ 40 6.80 0.9
7-1-Bh) 50 118 1.6
4-T-BhQ 50 124 1.7
16-F-BI} -50) 253 .3
26-diF-BhQ 50 590 [1%3
TA0-dil-13hQ -50 11.2 1.5
2-C1-BhQ) 131 431 SR
31050 nae 222 LR
6-C1-BhQ 50 16.3 22
6-B3r-Bh() 122 202 2.7
BIQ derivatives
B 50 2.62 1.0
2-1-81Q 26.1 116 12.1
7-F-BIQ i 170 6.5
TH0-F-BIQ 16.7 282 10.8
2-C1-BIQY 1.33 247 942
2-Br-BIY) 0.65 660 254
1.7-Phenantivoline derivitives
1.7-Phe 50 591 1.0
6-F-1,7-Phe 50 974 1.6
9.[-1,7-Phe 138 434 7.3
5-Cl-1.7-Phe 0.4 17 18y
9-C1-5.7-Phe 0.40 1227 208

Fach valiee is the mean of a1 least three analyses.  ab Concenralions producing
Jaed nits cqual fo $0% of e maximal response 1o Bal by Caleulated from the
slope of the linear portion of et curve near e origin. o) Relative valies of e/
units-gim of cach wonipound vempared o Q.

pusition-1 (BQ), and not at all allected by nitrogen-substitu-
tion in position-1 and -8 (4,7-Phe). BhQ and 1,7-Phe have a
nitrogen atom in the bay-region of the moleenle, while BIQ
and 4,7-Phe do not have one in the bay-region. The result
suggests that the N atom in the bay-region is more eflective
in enhancing the ligand activily than the non-bay-region N
atom. Similar enhancing eluets by the bay-region N atom(s)
were vbserved in chrysene and Bal® 4,10-DAC, in which two
N atoms are Jocated in the bay-region, showed a higher Jig-
and activity than chrysene and 1,10-DAC, in which one N
atom is Jocated in the bay-region and the other N atom is lo-
cated in the non-bay-region. Furthermore, two azaldal’s, 6-
azaBal and [0-azaBaP, showed much higher ligand activitics
than Bal’ and the cohancing effect on ligand activity by N-
substitution at position-10 (bay-region) was higher than that
al pesition-6 (nen-bay-region).

Quinoling, isvguinoline, and naphthalene were about three
orders of magnitude less active than Bal> The ligand activity
ol quinoline was augmented by halogen-substitution 3- 1o
783-fold. When the enhancing elleet ol the halogen sub-
stituent ol quinoline on the AhR Jigand activity was com-
pared, chlorine and bromine atoins were more eflective than
the fluorine atom. Additionally, the enhancing elfect on the
ligand activity is dependent on the number of the halogen
substituents regardless of the substituent position.

A similar result has been reported in polychlorinated naph-
thalene derivatives, and it is known that the AR ligand ac-
tivity of naphihalene is remarkably potentiated by substitu-
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tion by meore than 3 chlorine atoms.> " 10 is well known that
a majority of potent AbR ligands (e, TCDD) are very
lipophilic and could fit into a rectangle of 6.8X (3.7 A
Quinoline is less lipophilic and smaller in molecular size
than TCDI. The ephancement of the AhR ligand activity by
olignchlorine-  or  aligobromine-substitution in  Juineline
might be explained by the inereases ol lipophilicity and inol-
ceular size.

In N-containing tricyclic aromatic hydrocarbons, BhQ and
1.7-Phe  showed similar AWR ligand activities and BIQ
showed a slightly lower ligand activity than BhQ and 1,7-
Phe. THowever, halogen-substitution effects on the AhR lig-
and activity in BhQ were much lower than those in B{Q and
1,7-Phe. The AR ligand activity of B{Q was considerably
mereased by 2-Cl-substitution (94-lold) and 2-Br-substitu-
tion (254-fold) and S- and 9-Cl-substiluion greatly potenti-
aled the ligand activity of 1,7-Phe {189- and 208-fold, re-
speetively), while the effects of Cl- and Br-substitution on
the ligand activity of BhQ were only from 2.2- 1o 5.8-fold
potentiation. Furthermore, the ligand activity of BhQ de-
creased by 66% (1o 0.34-fold) by 10-F-substitution. These re-
sults sugeest that the optumal pusitionalrelationship lor po-
tentiation of the ligand activity exists regarding the position

ol the nitrogen atom in the aromatic ring and the pusition of

the halogen substituent in N-containing tricyclic aromatic hy-
drocarbons,

With regard 1o the position specific effeet ol halogen-sub-
stitution on the AhR ligand activity in $3hQ, the halogen
atom at position-2 was most cllective in both cases of hie-
rine- and ¢hlorine-substitution, Sinilarly, 2-F-BIQ showed a

higher ligand activity than 7-I-B1Q and the ligand activity of

9-1-1,7-Phe was bhigher than that of 6-I-1,7-Phe. 2-I-BhQ),
2-1°-B1Q, and 9-1-1,7-Phe have the common structure of the
aza-analog of 3-NMluonnated phenanthrene. This finding sug-
pests that the position-3 of phenanthrene is best suied as the
sile of halogen substitution for potentiation of AhR ligand
activity in azaphenanthrenes, In fact, 2-CI-BIQ, 2-Br-BfQ,
and  9-C1-1,7-Phe showed  potent AWR ligand  activities
(BC, e 1.3, 0.7, ond 0.4, respectively) equal 1o or higher
han that of Bal (LEC,,  [4). This result indicates that the
AhR ligand activity of N-containing polycyclic aromatics
might be niarkedly enhanced by substitution with only one
halogen atom.

" In conclusion, the present study on the series of N-contain-
ing polycyelic aromatics and their halogen-substituted deriv-
atives provides (urther hasic data Lo better understand the Tig-
and recognition mechanism ol AR and will be uselul for
prediction of the toxicity ol some structurally related envi-
ronmental pollutants,
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Hydrogen transfer from artepillin C to cumylperoxyl
radical proceeds via one-step hydrogen atom transfer
rather than via electron transfer, the rate constant of which
is comparable to that of (+)-catechin, indicating that
artepillin C can act as an efficient antioxidant.

Artepillin €' |3-14-hydroxy-3,5-bis{ 3-methyl-2-butenyliphenyl ) -
2 )-propenoic acid) (1 a major component (> 5% of Brazil-
jan propolis.’ is a mamber of a cass of 2.4.6-trisubstituted
phenols that has recently heen reported 1o show impuortant
biological activitics. such as antitumor? apoptosis-inducing.?
immunomodulating.® and antiosidative activities.® It is known
that hydrogen transfer frem the phenalie hydroxyl group to
active tadical species. such as hydrosyl radical COFLL super-
oxide anion (O, ) lipid peroxyl radical (1.00O" ). is responsible
for the antioxidative activities of the phenolie compounds.
However. little 15 known about the quantitative radical-
seavenging ability of 1. as well as the mechanism of hydrogen-
transfer reactions from 1 to radical species, There are two
passibilities in the mechanism ol hydrogen-transier reactions
from phenolic compounds Lo radical species, Lo, a one-step
hydrogen atom transter or clectron transter lollowed by proton
transfer.” Recently, we have reported that the hydrogen transfer
from ( 1 )-catechin, one of the most powerful natural antioxid-
ants, 1o cumylperoxyl radical proceeds v an electron transter
from { 1 }eatechin 1o cumylperaxyl radical, which is aceelerated
by the presence of scandium ion {(8¢' ) followed hy proton
transler i an aprotic medium.” We herein report rates of
hydragen transter from 1 o cumylperoxyl radical determined
by the PR technique in propionitrile (F1CNy at Tow temper-
ature 203 Kb Cumylperoxyl radical, which is much less
reactive tum alkoxyl radicals, is known to follow the sime
pattern of relative reactivity with a variety of substrates ¥ The
elleet of S¢*' on the hydrogen transfer rates was also examined
to distinguish between one-step hvdrogen- or clectron-transler
mechanisms for the radical-scavenging reactions ol 1L

Pireet measurements of the rate of hydrogen transter from
11 1o cumvlperoxyl radical were performed in FICN at 203 K
by means of TPR. The phaotoirradiation of an oxygen-
saturated FION solution containing di-ieve-butyl  peroside
CBuOOB) and comene (PhCTTMe,) with a 1000 W high-
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pressure mereury lonp results in formation of cumylperoxyl
radical (PhCMe, 00" which was readily detected by EPR. The
cumylperoxyl radical is formed vig a radical chain process
shown in eqns, (1 (3" ¥ The photvirmadiation of ‘BuQ0'Bu
results in the homolytic cleavage of the G O bond 1o produce
Bud Jeqn. (1" which abstracts a hydrogen from cumene to
give cumyl radical (PhC"Meg) Jegn. (2)], fellowed by the facile
addition of ‘oxygen to cumyl radical jegn. (3H. The cumylper-
oxyl radical can also abstract a hydrogen atem Irom cumene in
the propagation step to yield cumene hydroperoxide (PhCMe,-
OOIN. accompanied by regenertion ol cumyl radical |eqn.
{(43]."" In the termination step. cumylperoxy] radicals decay by
a bimolecular reaction to yield the corresponding peroxide and
oxygen fegn. (5)"M When the light is cut off. the EPR signal
intensity decays. obeying second-order kinctics due 1o the bi-
molecular reaction in eqn. (3), In the presence of 1. the decay
rate of cumylperoxyl radical after cutting ofl' the light becomes
muuch faster than that in the absence of 1. The decay rate in the
presence of 1 (28 56 % 101 M) ubeys pseudo-lirst-order
kinetics. This decay process is ascribed 1o the hydrogen transler
from 1 o aumylperoxy] radical Lo produce the phenoxyl radical
1"§ and PhCMe, Q0L [eqn. (6] The pseudo-first-order rate
constants (&} increase with inereasing 1 coneentration Lo
exhibit first-order dependence on |1]. From the slope of the
linear plot of k., vs. the concentration of | is determined the
second-order Fate constant (k.1 for the hydrogen transter from
¥ to cumylperoxyl radical as 4.9 x 10°M "5 ' in FtCN 203
K. This value is very close to the rate constant obtained lor
hydrogen transter from (1 )-catechin to cumylperoxyl radical in
FICN 6.0 x 10°M s ")) indicating that. in aprotic medium,
artepillin Cis an exeellent Iree radieal scavenger, comparalble (o
{ b )-catechin.
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I the hydrogen transier from 1 1o cumylperoxyl radical
involves an ¢leetron-transfer process as the rate-determining
step. the rate of hydrogen transler would be aceelerated by the
presence of scandivm ion.” This is checked by examining the
eflect of Se(OIT), (0T OSO,CE) on the hydrogen-transler
tate [rom I to cumylperoxyl radical. No cllect of $¢®* on the
Ky values of the hydrogen-transier reaction of B with cumyl-
peraxyl radical used as o hydrogen abstracting agent was
observed, as shown i Fig. 1. Thus, there may be no contribu-
tion ol electren transfer from 1 to cumylperoxyl radical in the
hydrogen-transter reaction, which may thereby proceed via a
onc-step hydrogen atom-transfer process. On the other hand,
the hydrogen transtfer from (1 catechin (2) to cumylperoxyl
radical has een reported W proveed via electron transter Tom
2 10 comylperoxyl radical. which is aceclerated by the presence
ol 8. followed by proton transfer from the radieal cation of 2
(o cmytperoxylate (Scheme 1.7 The difference in the hydragen-
transler mechanism between T and 2 may be ascribed to the
oxidition potentials of 1 and 2, In fact. the oxidation potential
of 1(E", 1.3V ps SCI) determined by second-harmonic
alternating current voltamametry (SHACV)? with a Pt work-
ing cheetrode in acetonitrile. containing 0.1 M #-Bu,NCIO,
as a supporting clectrolyte, is significantly more positive than
that of 242, 118V s SCEL In such a case, the electron-
transfer  oxidation of 1 by cumylperoxyl radical, whose
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Fig. 1 Plot of kg v [SSV ] an the hydrogen trnser from 1 1o
comylperovyl radic in the presense of SO 1 in BCN ot 203K,
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Schemse | Mechanism of hydrogen transfer from ¢ 1 wcatechin 121 1o
cumvlperoxyl radical wa clectron transler.

reduction potential (£"4) is located at 0.65 V s, 8CILT is Jess
energetivally feasible than that of 2.

In conclusion. artepillin ¢ shows an ellicient  radical-
scavenging activity against cumylperaxyl radical in an aprotic
medivm, which is comparable to that of {1 kcalechin. The
absence of an effect ol S¢** on the &,p, values demonstrates that
the hydrogen transfer from artepillin C e cumylperoxyl radical
proceeds via vne-step hydrogen atems transTer rather tham via an
clectran transfer followed by proton transfer.
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Electron-trnsfer reduction ol malecular oxygen (0;) by the phenolate anion (1 ol a vitamin I moedel.

1252 -pentamethylchroman-6-of (1110 occurred to produce superaxide anion, which could be directly detected

by a low-temperature EPR measwrement. The rate of electron transfer from 1 to O3, was relatively slow, singe this
precess is energetically unfavourable, The one-clectron uxidation potential of 1 determined hy eyelic voltanmetric
measurements is sulliciently negative to reduce 2.2-bistd-terr-octylphenyl -1 -picrythydrazyl radical ({DOPPIT) o the
corresponding one-clectron reduced aniem, DOPPH | suggesting that 1 ean also act as an eflicient radical scavenger.

Introduction

Vitemin If (u-tocopherol) is one of the most important
biolopival phenolic antioxidants that can act as an eflicient
hydrogen-atom  donor o active oxygen  radicals, such as
hydroxyl radical (COTD and lipid peroxyl radical {1L.OO ). show-
ing elfivient antioxidative activitics against oxidative stress
in bioksgical systems! In addition 10 its protective radical-
scavenging action, a-lecopherol is known to promote low-
density lipoprotein (1.1 oxidation.? shich is an important
event in the development ol atherosclerosis.® The oxidation of
1D may be catalyzed by metal jons in advanced atheroscler-
otiv lesions® * and w-tocopherol can act as a pro-oxidant rig
reduction of Cufth o Cutn).” a-Tocoplicrol has also been
reported 1o produce superoxide amon ((3,° ) in apoptosis-
induced cells? The apoptosis has been regarded as responsible
for the well tosicity of a-tocopherol.” ' Natural-occurring Ra-
voenoids such as (1 -catechin and quercetin are also known (e
scavenge active oxygen radicals efficient]y.'? However, there is
also considerable evidenee for the generation of reactive oxygen
species {ROS) by such antioxidants under specilic reaction con-
ditions, such as in the presence of a base or metal ions.” We
have recently reported that the diamion species of {1 )-catechin
and its derivative are generated under strongly basie conditions
and act as a strong clectron donor, which can reduce molecular
oxygen (O;) to O, M Yamashita er af. have reported that
quereetin induces oxidative DNA damage and Torms B-ox0-d6G

t Electronic supplementary information 1ESH available: the evalic vol-
tammogram of T and the experimental EPR spectrum of 17 with the
campter simulation spectruom. See hinpedwww se.orgfsoppdata/ob/b 3/
bI06T 58K/

Iy reacting with Cutmn. " With regard to the antioxidant and
pre-oxidant properties of e-tocopherol, there have been a
number of reperts  demonstrating  the  radical-scavenging
ability."?! However. whether generation of 0,7 resulls from
the reaction between a-tocopheral itsell and O, or not has yet
o be clarified.

The present work has been performed Lo clarily this peint by
determining the rate for the generation of 3, in Lhe reaction
between the anion species of an a-tocopherol model, 2.2.5,7.8-
pentamethylchroman-6-of (1111 and O, under basic conditions
in an aprotic medium. The radical scavenging ability of the a-
tocopherel model anion vie clectron {ransler reactions is also
reported. Detaifed spectroscopic and Kinetic analyses provide
viluable mechanistic insight into the (" Tormation by a-toco-
pherol as well as the radical scavenging ability.

Lxperimental

Materials
22578 Pentamethylchroman-6-ol (11 was purchased from
Wake Pure Chemical Ind, Lid.. Japan. letra-n-butyl-

ammoenitm  hydroxide (L0 M in methanol) was obtained
commercially from Aldrich and used as received. Tetra-n-butyl-
ammonium perchlorate (Bu,NCIO) used as a supporting elec-
trolyte for the electrochemival measurements was purchased
from Toekyo Chemical lndustry Co, TAd., Japan, reerystallized
from cthanael, and dried under vacuum at 313 K, 2.2-Bistd-rere-
vetylphenyD-1-picrylhydrazyl radieal (DOPPI'Y was oblained
commercially from Aldrich. Acctonitrile (MeCN: spectral
grade) was purchased from Nacalai ‘Tesque, Inc.. Japan and
used as received.
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Spectral amd Kinelic measurenients

Sinee the phenolate anion of 11241 1 is readily oxidized by
molecular oxygen (O, reactions were carried out under strictly
deacrated conditions for generation ol I . A continuous Nlow ol
Ar gas was bubbled through a MeCN solution containing 111
(2.0 % 10 * M) i a square quarlz cuvette (10 mm i.d.) with a
glass tube neck for 10 min. The neck of the cuvette was sealed
to ensure that air would not leak into the cuvette by using a
rubber septum. A microsyringe wis used to inject BuNOMe
(0 4.0 10 T My which was also deaerated. into the cuvelte 1o
produce 1. UV vis spectral changes associated with this reac-
tiom were menitored using an Agilent 8452 photadiede array
spectrophotimeter. The reaction of T with O, was carried out
by adding a stock solution ol ¥ to an MeCN solution of O, in
the cuvette. The concentrations of (4 in the solution were
adjusted by purging with Ar. air. or O for 10 min prior 1o the
measturements ([O,] (L 2.7 x |0 *oor LA x 10 P M), respect-
ively. The oxygen concentration wis determined by the photo-
oxidation of 10-methyl-9.10-dihydroacridine with oxygen in the
presence of KO in MeCN as reported previously® The rates
of electron transier from 1 10 O, were determined by monitor-
ng the absorbanee change at 325 nm due 1o 1 . Psendo-first-
order rate constants (A,.,) were determined by least-squares
curve [itting using a personal computer. The first-order plots of
IntA, Ay ves. time (where A, and A4 denote the inal absorh-
ance and the absorbance at a given reaction time, respectively)
were lincar for three or more hall-lives. with a correlation
coeflicient of p > 099,

Cyelie voltammelry

The cyclic voltammelry measurements were performed on an
ALS-630A clectrochemical analyzer in deacrated MeCN con-
taining 0,10 M Bu,NCIO; as a supporting clectrolyte. The Pt
working clectrode (BAS) was palished with BAS polishing
aluming suspension and rinsed with acetone before use. The
counter electrode was a platinum wire, The nwasured potentials
were recorded with respect to an Ap/AgNO, (0.01 M) relerence
clectrode. The £, values (vs. Ag/AgNO;) were converted Lo
those vs. SCI by adding 0.29 V.3 All electrochemical measure-
ments were earried out at 298 K under an atmospheric pressure
ol Ar.

EPR measurenients

To an oxyaen-saturated MeCN solution was added the stock
MeCN solution ol 1 (8.3 % 10 4 My in a quartz EPR tube
(4.5 pum i.d. b and the solution was immediately frozen by liquid
nitrogen. The FPR spectrum of O was taken in 2 [rozen
MeCN solution al 77 K using a JIOL. X-band spectrometer
(LS FATO0Y under nonsaturating microwave power condilions,
The magnitude of modulation was chosen to optimize the
resolution and the signal-tonoise (8/N) ratio of the vhserved
spectra. The g values were calibrated precisely with a Mn?'
marker which was used as a relerence. .

The EPR spectrum of 17 produced in the reaction between
1 (50 % 10 % Myand DOPPIL (5.0 x 10 M3 in deacrated
MeON was mensured wsing a LABOTHC 1L.1.C-048 PR
sampie tube at 298 K. Computer simulation of the 1HPR spectra
was carried out using Calleo ESR Version 1.2 program (Calleo
Scientific Publisher} ona personal computer.

Results and discussion
Generation of the phienslate anion of a vitamin 12 model

When a vitamin 11 modet 111 (2.0 % 10 % M) was treated
with metheside anion (MceO ) {0 4.0 x 10 * M) produced in
the reaction between  letra-r-butylummoniomu hydroxide
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(Bu NOIT and methanol in deacrated acetonitrile (MeCN the
absorption band at 294 nm due Lo 11 deercased. accompanied
by an increase in the absorption band at 325 nm with clear
isusbestic points at 271 and 302 nm as shown in Fig, 1, Such a
red-shift of the absorption band is indicative of formation
of the plenulate aniom.® The spectral change is completed by
addition of one equivalent of McOQ  as shown in the inset of
Fig. 1. This indicates that HI reacts with McQ 1o produee the
phenolate anfon 1 Jegn (5. The resulting 1 s stable under
anacerobic conditions.

HO

2

Absorbance

1 1 k 1
250 300 35 400 450
Wavelength / nm

Fig. 1 Spectral change observed upon addition of Me@r 10 2,0 %
10" M) Lo a deserated MeCN solution of TH 2.0 %30 Mot 298 K.
Inset: plot of the absorbance a1 325 nm A Abs ) ve, [MeO J[1HY.

Electron-transfer vxidation of the phenolate anion of a vitamin I
model by O,

Introduction of molecular oxyeen {5} to the MeCN solution
of 1 resulted in a decrease in the absorption band at 325 pm
due to 1 as shown in Fig. 2. This spectral change suggests that
1 s oxidized by O, to produce phenexyl radical U and super-
oxide anion (O ) [eqn. (2} The fermation of 0, was
conlirmed by a low-temperature EPR. A charactenistic EPR
signal of )7 having a g, value of 2,087 was ubserved lor an
Opsaturated McCN solution of {1 and one equivalent of
MeO at 77 K as shown in Fig. 3.
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Fip. 2 Spectral change observed in the reaction of 1 (10 10 M)
wWith O 1.3 10 MY in MeON at 208 K O30 s intervalsi Teset: plot off
Kop 0[O0,

gy = 2.087

100G

Fig. 3 EPR spectrum of 37 generated in the reaction of 1 (8.3 x
10" MY with O, tL23 % 100 M) in MeCON at 208 K amd measured at
TTK.

On the other hand. the EPR signal of 17 could not e
detected in the reaction between B oand O, at 298 K because of
the instability of 1* {vidle infra). It is known that the phenoxyl
racdical species derived Irom a-tocopherol and its derivatives
decompose e a himolecular disproportionation reaction Lo
praduee the parent tocopherols and (he corresponding two-
electrim oxidized products in the absence of 0,7 In the pres-
ence ol O, radical coupling reactions of phenoxyl radical
species oF g=tacopherol and its derivatives with O, are known to
oceur rapidly to produce a wide variety of oxidized products.®
which have vet to e identified.

The decrease in the absorbance at 325 nm duc o 1 obeyed
pseudo-first-vrder kinctics umder conditions where the O,
concentration (1.3 x 10 2 M3*¥ was maintained at more than a
JO-Todd excess relative to the T concentration, The pseudo-lirst-
order rate constant {£ .} increases proportionally with increas-
ing (y concentration. as sfiown in the inset of Fig, 2, The slape
of the linear plot of A, va. [Of] gave the second-order rate
conslant of the electron transter 1Ay} from 1 to O, as 6,7 x
10" M s LThe relatively small &, value suggests that the
electron transler from 1 to O, is endergonic, where the one-
clectron oxidation potential of T (£, ) is maore pusitive than
the omewelectron reduction potential of O, (£°,, vs. SCE

0.87 V)7 tviede infra). 1he rate constant of the dispropuortion-
ation reaction of 1" has been determined as 2.7 10°M 's tin
deacrated MeCN a1 29% K.?' This value is much larger than the
kg value, In such a case. the electron transter from 1 1o (),
becomues the rte-determining step. (ollowed by the rapicd dis-
praportienation reaction of 17, Such a follow-up reaction

nmitkes it possible to produce O vig the endergonic electron
transfer. However, the detection of 17 becomes extremely
diflicult.

Oxidation potentials of a vitamin E model and its phenolate
anion

As mentioned above. (e one-clectron oxidation potential of |
tE" ) may be more positive than the one-clectron reduction
potential of (4 (£, ve. SCE 087 V1. leading (o the clee-
trom (ransler from 1 1o O, an endergonic process JAG",
et EY ) = 00 where AGY is the free energy change of
clectron transter and ¢ a5 the clementary charge|. Thus, the
eyclic voltammetry was performed 1o determine the one-
clectron oxidation potential of 1 in deavrated MeCN contain-
ing (.1 M Bu,NCIO, as a supporting clectrolyte. At o low scan
rate (0,10 V s ), an oxidation peak current of 1 was observed
with the smaller reduction peak current in a deacrated MeCN
solution containing 111 (240 % 10 4 My MeO (2.0 x 10 * M),
and Bu,NCIQO, 1)1 M), The smaller reduction peak current off
1 generated by the electrochemical osidation as compared to
the oxidation peak current of 1 is aseribed to the instability of
1", which decomposes via the bimolecular disproportionation
reaction (vide supral. At a fast scan rate (2.0 V 5 'L the CV
becomes reversible (3g. 811 From the midpoeint of the redox
peaks of the CV o' | was determined the oxidation potential
of T (K%, vs. 8CEY as 050 V. which is signilicantly more
positive than the £°,  value of O, ( 0.87 Vias expected above,
This result is consistent with the relatively small &, value. Since
the enc-electron oxidation of T is known (o occur at £ vs.
SCE 0.77 Vo the deprotonation of the phenolic O group in
1o torm 1 resulted in the very largely negative shift (1.27 V)
of the oxidation potential. Thus, the clectron transter reduction
of (3, becomes possible by the deprotonation of HEHL A nepative
shift of the oxidation potential by deprotonation was also
observed between ( 1 Jcatechin and its anion species. The oxid-
ation potential of ¢ 1 )-eatechin is £, vv. SCE 118 V.2 while
thal of the anion is located at 0,12 V.2* In this case. however. ne
();" is produced by the reaction of the catechin anion with
0,.*

Ifticient radical-scavenging reaction by the phenolate anon of the
vitamin K model

When  2.2-bist4-resr-octylphenyl)-L-picrylhydrazyl — radical
(DOPPIF ) is used as an oxidant for 1 instead of O, an clee-
tron transler from 1 to DOPPH" oceurred very rapidly in
deacrated MeCN at 298 K 1o produce 1' and DOPPH
(Scheme 1), This s consistent with the Targely negative Free
energy change of clectron transfer from (£ v, SCIE

047 Vo DOPPLT (£ vs. SCE .18 V). Thus, electron
transfer Trom 1 te DOPPIT is much faster than the bi-
molecular disproportionation of 17 and (oo rapid to e moni-
tored using a stopped-MTow techaigue. Insuch a case, it becomes
pussible 1o detect the resulting 17 by EPR. The characteristic
FPR spectrum having a g value of 20047 was observed in the
reaction of | owith DOPPH' {Fig. $2a1) and well reproduced
by the computer simulation (Fig. 82b1) using the hyperfine
coupling thie) values shown in Scheme |,

Since the one-clectron rediction potentials ol a varicty of
peroxyl radicals™ ¥ are known to be more positive than the
10, vilue of DOPPIE, peroxyl radicals may also be scavenged
via electron transfer (rom | to peroxyl radicals,

In conclusion. the clectron-transter eeduction of €3, by the
vitamin E model T under basic conditions takes place to pro-
duce superoxide anion (€3," § in MeCN, where the phenolate
anion ol TH (1 )y acts as an actual electron donor 1o O, The
eone-clectron oxidation potential of 1 s sufliciently negative to
reduce DOPPH to DOPPIT . This suggests that the phenolate
anion ol a-tocopherol can alse act as an efficient radical
seavenger vig the clectron transler reactions,

| org.Biomoi. Chem., 20031, 4085-4038 | 4087




R R = (CH3)3CCH{CH4}-C

CHy
086 G
.

Scheme 1 Reductive  POPPIH ssawenging reaction v electron-
transfer from 1 10 DOPPH and the hifv values of the resulting 17
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Abstract

Nitroazaphenanthrenes (NAphs) and their A-oxides (NAphOs) were synthesized as derivatives with nitrogen atoms
inthe 1.4, and 9 positions of phenanthrene rings. and as nitrated derivatives substituted at the 1, 2, 3.4, 5,6, 7, and 8
positions of phenanthrene rings. To determine the structure activity relationship of these derivatives, all 19 isomers were
bivassuyed with Seflntonclia tester strains. NAphs substituted at the 4, 6. 7 and 8 positions were mutagenic for TA9S,
and 1-, 2-, and 3-N-9-AphQs, 6-N-1-AphQ and 6-N-4-AphQ were mutagenic for TA9S and TA 100 without the §9 mix,
while 5-N-1-AphO and 5-N-9-AphQ) were non- or weakly mutagenic. Nitrated derivatives, 6-N-4-Aph, 6-N-9-Aph, 6-
N-1-AphO. and 6-N-4-AphO, were powerful mutagens for TA98 and TAT00. Mutagenicity was enhanced by mutant
strains producing nitroreductase, such as YGI021 and 1026, and by those producing Q-acetyltransferase, such as
YG1024 and 1029, Nitro derivatives substituted at positions 4 and 5 in the phenanthrene rings were perpendicular,
while those at positions 2. 3, 6 and 7 were coplanar to the phenanthrene rings. NAphs substituted at the 1 and &
positions were noncoplanar duc 1o steric hindrance of the aromatic proton at the peri position. On the other hand, 1.5-
and 1. 8&-dinitro-4-azaphenanthrenes showed high mutagenicity for strains TA98 and TAL00 in the absence of the $§9
mix, and were strongly enhanced by nitroreductase and @ -acetylransferase, over-producing mutants. Therefore, it was
found that the mutagenic potency of NAphs and NAphOs was closely associated with the chemical properties and
vrientation of nitro substitution of aromatic rings,

4% 2003 Elsevier Science Ireland Ltd. All rights reserved.
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1. Introduction

Nitrophenanthrene  (Nplh)  derivatives  were
synthesized by Fukuhara ¢t al. 1,2], and their
mutagenicity was investigated  in Safmonclla
strains [3]. It was found that most nitro derivatives
showed strong mutagenicity in Salmonclfa mu-
tants. and that the oricntation of the nilro
substituent had an important structural feature
affecting the mutagenic potency and metabolism
of Nph [3 5} Normally, mutagenic activity of
nitroarenes is asseciated with structural features
such as the physical dimensions of the aromatic
rings. isomeric position of the nitro group. con-
formation of the nitro group with respect to the
planc of the aromatic rings and the ability to
resonance-stabilize the ultimate electrophile [6].

Aristolochic acid was used as an anti-inflamma-
tory agent in several pharmaceutical preparations
up 1o 1982, and consisted of several components of
Nphs [7]. It was found that Aristolochic acid also
contained  genotoxic mutagens forming DNA
adducts after metabolic activation in Salmonefla
strains and mammalian cells [8 10]. as well as
being was carcinogenic in rats [I113]. 1t has been
reported that the mutagenic activity of Nph was
closely associated with reduction potentials and
the dihedral angles of the nitro substituent for
intercalation of chemicals into DNA 2 4.14.15].

Nitroazaphenanthrene (NAph) derivatives con-
taining nitrogen atoms at the 1. 4. and 9 positions
of phenanthrené rings were synthesized by Fuku-
hara ct al. (unpublished data). and their reduction
property was determined. Using authentic samples
of Nph and NAph derivatives, Safmonelle muta-
genicity was determined. and the structural activity
relationship was discussed.

2. Materials and methods
2.1, Chemicals

NAphs containing nitrogen atoms in the rings
used in this study were §-nitro-[-azaphenanthrene
(8-N-1-Aph). 6- and 8-N-4-APh. 4-_ 5-, 6-, and 7-
N-9-Aph. 5-. 6- and 8-N-1-Aph N-oxide (5-. 6-
and 8-N-1-Aph0). 5-. 6- and §-N-4-APhO. 1-, 2-,

3- and 5-N-9-APhO. and 1.5- and 1.8-dinitro-4-
APhO (1,5- and 1.8-diN-4-AphO). These NAph
derivatives were synthesized by Fukuhara et al,
(unpublished data) and modified by the method
deseribed by Dewar and Warlord [16].

2.2 Bucterial strains

Bacterial strains wsed were Salmonella typhi-
murittn. TA98, TA100. and TA98NR. a nitror-
cductase-deficient  mutant  of  TAY8. TA9/
|.8DNP, an O-acctyltransferase-deficient mutant
of TA98. YGI021 and YGI026 produced by
transferring a plasmid carrying the nitroreductasc
gene into cells of TA98 and TAL00, respectively.
and strains YG1024 and 1029, carrying a plasmid
of the acetyltransferase gene transferred into cells
of TA9R and TALO0. respectively. were generously
donated by Drs T. Nohmi and M. Watanabe,
National Institute of Health Scicnees [17].

2.3 Etectrochemical reduetion by cvelic
roltammetry and clectronic deseriptors

In  dimethylformamide.  teracthylammonium
perchlorate was used as the supporting clectrolyte
at a 0.1 M concetration. The reference electrode
was an Ag/Ag™® clectrode in acctonitrile with 0,1
M tetrabutylammonium perchlorate. Afler trans-
fer of the solution containing the test chemical to
the cell. it was purged of oxygen by bubbling with
N> for 15 min. The cyclic voltummograms were
recorded at a scan rate of 100 mV/s, while
maintaining the test solution under a steady sicam
of Ng.

The cleetronic descriptor, LUMO energy levels
of nitrated phenanthrenes, was  calculated by
MOPAC2002 (AMI). which is based on the
MOPAC of the Toray System Center vsing the
AMI mecthod. The initial geometrics were con-
structed from standard bond lengths and angles.
The geometrics were then completely optimized
using algorithms in the MOPAC program.-For 5-
N-4-AphO and 1.5-diN-4-AphQ. LUMO encergy
and dihedral angle were obtained by AMI calcula-
tions based on the structure that was optimized by
PM3.



