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Abstract—Metabolic activation of a potent mutagen, 6-aminochrysene, to genotoxic products in a newly
developed tester strain, Salmonella typhimurium NM2009, was studied in a rat liver microsomal
monooxygenase system containing cytochrome P450 (P450). Since the tester strain was constructed by
introducing an O-acetyltransferase gene into the original strain S. typhimurium TA1535/pSK1002, it is
highly sensitive toward the reactive metabolites of carcinogenic arylamines. DNA-damaging activities
of 6-aminochrysene were detected at very low concentrations of substrate (between 0.01 and 0.2 uM)
and liver microsomes (from 0.2 to 2 ug protein/mL) in the S. typhimurium NM2009 strain. Thus, the
potency of genotoxic activities induced by 6-aminochrysene was about 10- to 20-times greater than
those induced by the well-known mutagens 2-aminoanthracene and 2-amino-3,5-dimethylimidazo(4,5-
flquinoline. Liver microsomes isolated from rats treated with phenobarbital (PB) and a polychlorinated
biphenyl mixture, Kanechlor 500, catalyzed very efficiently the activation of 6-aminochrysene to
genotoxic metabolites. Treatment of rats with S-naphthoflavone (BNF) and with dexamethasone also
caused moderate induction of the microsomal activation of 6-aminochrysene. Studies employing
immunoinhibition of microsomal catalytic activities and reconstitution with purified P450 enzymes
suggested that the most important enzymes involved in the activation of 6-aminochrysene were P450
2B1 and 2B2; other enzymes including P450 1A1 and 1A2 participated to some extent. We also found
that the microsomal activation of 6-aminochrysene was catalyzed more effectively in an acetyltransferase-
overexpressing strain (NM2009) than in the original TA1535/pSK1002 strain and that these activities
could be inhibited by an acetyltransferase inhibitor, pentachlorophenol, in liver microsomes from PB-
treated rats, but not in those from BNF-treated rats. These results suggest that the P450/acetyltransferase
system is one of the most important catalysts for the activation of 6-aminochrysene in liver microsomes
of PB-treated rats, and that activation by BNF-induced P450 enzymes occurs by different mechanisms,
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probably through the ring oxidation pathway.

Various environmental carcinogens and mutagens
have been shown to require metabolic activation
to ultimate reactive forms by drug-metabolizing
enzymes in order to exert their biological activities
[1-5]. Cytochrome P450 (P450)t enzymes are a
group of hemoproteins that play major roles in the
activation of these carcinogenic chemicals, and
several lines of evidence support the view that P450
1A1 and 1A2 are the most important in the reactions
of numerous carcinogenic chemicals in mammals
[6, 7). Although P450 2B enzymes can also participate
in the oxidation of a number of xenobiotic chemicals,
there are limited studies to show that these
P450 enzymes catalyze metabolic activation of
environmental carcinogens and mutagens to ultimate
reactive metabolites [6, 8-11].

6-Aminochrysene is one of the most potent
mutagens in the environment and has been proposed
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to be activated by both N-hydroxylation and
diolepoxide formation in liver microsomal P450
enzymes in several animal species including rats and
humans [12-19]. Employing studies with correlation
of catalytic activities using different human liver
preparations, _immunoinhibition of microsomal
activities, and reconstitution of activities with purified
P450 enzymes, Shimada et al. [12,20] reported
previously that in humans the major P450 enzyme
involved in the initial oxidation of 6-aminochrysene
is P450 3A4. However, limited information is
available to identify the specific rat P450 enzymes
involved in the activation of 6-aminochrysene [12].
Recently Lubet et al. [15] reported that this chemical
is catalyzed by different P450 enzymes in the Ames
mutation assay, using rat liver 9000 g supernatant
fraction as the enzyme source. Since this enzyme
system contains various kinds of drug-metabolizing
enzymes, it is highly desirable to use a more
simplified enzyme system in order to explore the
major roles of P450 enzymes in the activation
process.

In this study we have examined the roles of rat
P450 enzymes in the activation of 6-aminochrysene
using a newly developed bacterial tester strain,
Salmonella typhimurium NM2009. Since this tester
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strain has been constructed by introducing an
O-acetyltransferase gene into the original strain
S. typhimurium TA1535/pSK1002, it is highly sen-
sitive towards the reactive metabolites of aromatic
amines including 6-aminochrysene [21]. The potency
of this mutagen was found to be greater than those
of the well-known mutagens 2-aminoanthracene
and  2-amino-3,5-dimethylimidazo{4,5-f Jquinoline
(MelQ). Using liver microsomes isolated from
variously treated rats and the reconstituted mono-
oxygenase system containing purified rat P450
enzymes, we obtained evidence that P450 2B1 and
2B2 enzymes are the major species participating in
the metabolic activation of 6-aminochrysene, Other
enzymes such as P450 1Al and 1A2 may also be
involved in the activation process, but their activities
are rather low compared with those of P450 2B
enzymes. We also report that the microsomal
activation of 6-aminochrysene was catalyzed more
effectively in an acetyltransferase-overexpressing
strain {(NM2009) than in the original TA1535/
pSK1002 strain and that these activities could
be inhibited by an acetyltransferase inhibitor,
pentachlorophenol, in liver microsomes from PB-
treated rats, but not in those from BNF-treated rats.
These results suggest that the P450/acetyitransferase
system is one of the most important catalysts for the
activation of 6-aminochrysene in liver microsomes
of PB-treated rats, and that activation by BNF-
inducible forms of P450 occurs by different
mechanisms, probably through the ring oxidation
pathway.

MATERIALS AND METHODS

Chernicals. 6-Aminochrysene, pentoxyresorufin
and ethoxyresorufin were purchased from the Sigma
Chemical Co., St. Louis, MO. Other chemicals used
were from the same sources as described previously
[6.12,22,23].

Bacterial tester strains. In the present study we
used a newly developed tester strain, S. typhimurium
NM2009, as well as the original tester strain S.
typhimurium TA1535/pSK1002 to detect genotoxic
activation of 6-aminochrysene by rat liver micro-
somes; the former strain was donated by Dr. Y. Oda
of this institution. Since S. typhimurium NM2009
has been constructed by introducing an O-
acetyltransferase gene into the latter strain, it is
highly capable of detecting genotoxic activation of
mutagenic aromatic amines by liver microsomal P450
{21]. The acetyltransferase activities in lysates of
bacterial tester strains using isoniazid as a substrate
were found to be 13 and 175 nmol/min/mg protein
for S. typhimurium TA1535/pSK1002 and S.
typhimurium NM2009, respectively, as determined
by the method of Hein et al. [24].

Enzyme preparations and antibodies. Male
Sprague-Dawley rats (weighing about 250 g, Nihon
Clea Co., Osaka) were treated i.p. with each of
several P450 inducers: PB (80 mg/kg, daily for
3 days). BNF (50mg/kg, daily for 3 days),
dexamethasone (80 mg/kg, daily for 3 days), isoniazid
(100 mg/kg, daily for 3 days) or Kanechlor 500
(500 mg/kg, once 3 days before the animals were
killed). Rats were starved overnight before being

killed. Liver microsomes were prepared as described
elsewhere [25] and suspended in 10 mM Tris-HCl
buffer (pH 7.4) containing 0.1 mM EDTA and 20%
glycerol (v/v).

Rat P450 1Al, 1A2 and 2B1 {4,26] were
purified to electrophoretic homogeneity as described
previously. Other rat P450 enzymes including P450
2B2, 2C6, 2C11, 2E1 and 3A2 [27] were gifts from
Drs. Y. Funae and S. Imaoka. Rabbit anti-P450
preparations have been characterized elsewhere [6,
12, 22, 23, 28]. IgG fractions were prepared and
used to inhibit catalytic activities in the microsomes
{26, 29]. Rabbit liver NADPH-P450 reductase and
cytochrome bs were purified using the general
procedure described by Yasukochi and Masters [30]
and Taniguchi ef al. [31], respectively.

Assays. Details of the umu gene expression assay
for DNA damage have been described elsewhere
[6,32]; in general, rat liver microsomes containing
0.2 to 5 ug of protein were used with 0.01 to 0.5 uM
6-aminochrysene in a volume of 1.0 mL of 50 mM
potassium phosphate buffer (pH 7.4) containing an
NADPH-generating system consisting of final
concentrations of 5mM glucose-6-phosphate,
0.5mM NADP [21], and 11U of yeast glucose-6-
phosphate dehydrogenase/mL. and a suspension of
bacterial tester strain S, typhimurium NM2009 or
S. typhimurium TA1535/pSK1002 as described
previously [6, 12]. Reconstituted P450 system used
to replace microsomes included 2 pmol of purified
P450, 4 pmol of cytochrome bs, 25 pmol of NADPH-
P450 reductase, and a phospholipid mixture (2.5 ug/
mL) consisting of L-a-dilauroyl-syn-glycero-3-phos-
phocholine, dioleoylphosphatidylcholine and p-a-
phosphatidyl-L-serine (1:1:1) and sodium cholate
(25 ug/mL) [23]. In some experiments 2-amino-
anthracene and MelQ were also used to compare
genotoxic activities in this assay system. The
expression of the umu gene expression was monitored
by measuring fB-galactosidase activity (the product
of the fused umuC’ 'lacZ gene), and the bioactivation
was presented as units of S-galactosidase activity per
minute per milligram of protein or nanomoles of
P450 [6, 12].

O-Dealkylation of pentoxyresorufin and ethoxy-
resorufin by liver microsomes was determined by
methods described previously {33]. The dealkylations
of ethylmorphine and N-nitrosodimethylamine were
also determined by following procedures described
previously [23, 34].

P450 was estimated spectrally from Fe®*-Co vs
Fe** difference spectra as described by Omura and
Sato [35]. Protein concentrations were determined
using the manufacturer’s directions {Pierce Chemical
Co.. Rockford, IL}.

RESULTS AND DISCUSSION

We first attempted to determine the optimal
conditions for detecting reactive metabolites of 6-
aminochrysene in a newly developed tester strain,
S. typhimurium NM2009, after metabolism by liver
microsomes of PB-treated rats (Figs. 1 and 2). Since
the wmuC''lacZ fused gene as well as the O-
acetyltransferase gene were introduced into the
tester strain, we were able to detect the genotoxic
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Fig. 1. Effects of liver microsomal concentrations on
bacterial cell growth (A) and the metabolic activation of
6-aminochrysene (B) in S. typhimurium NM2009. Liver
microsomes from PB-treated rats were incubated with
0.1 uM 6-aminochrysene, and the induced DNA damage
was detected by measuring p-galactosidase activity in the
cells. Bacterial cell growth was determined by measuring
the optical density at 600 nm; the 100% value of density
was about 0.55 after subtracting the blank value.
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Fig. 2. Effects of the concentration of 6-aminochrysene on
bacterial cell growth (A) and the induction of umu gene
expression in S. typhimurium NM2009. Concentrations of
liver microsomes from PB-treated rats were 0.5 ug (O) and
2 ug (@) of protein/mL of incubation mixture. Bacterial
growth was determined as described in the legend of Fig. 1.

activities of mutagens by measuring (-galactosidase
activity as reported previously [36,37]. Liver
microsomal activation of 6-aminochrysene was
increased with protein concentrations up to 1pug
protein/mL (Fig. 1B). The reactive metabolites of
this mutagen were both genotoxic and cytotoxic
(Fig. 1A); the growth rates of the bacteria were
retarded when the microsomal protein concentrations
increased to over 0.5 ug/mL. The effects of substrate
concentration on bacterial cell growth rates and
genotoxic activities were determined at liver
microsomal protein concentrations of 0.5 and 2 ug/
mL (Fig. 2A). At a microsomal protein concentration
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of 0.5pug/mL, the genotoxic activities increased
linearly with substrate concentrations between 0 and
0.2uM; with these concentrations the marked
cytotoxic effects could not be detected. However,
when the protein concentration was increased to
2 ug/mL, the genotoxic activities were saturated at
a substrate concentration of about 0.05 uM and the
cytotoxic responses became significant. Based on
these results the following experiments were done
at a protein concentration of 2 ug/mL and a substrate
concentration of 0.1 uM.

The effects of treatment of rats with several P450
inducers on liver microsome-catalyzed activation of
6-aminochrysene and on several monooxygenase
activities with substrates of pentoxyresorufin,
ethoxyresorufin, ethylmorphine, and N-nitro-
sodimethylamine were examined (Table 1). Pen-
toxyresorufin and ethoxyresorufin are known to be
good substrates for P450 2B and 1A1/2, respectively,
and N-dealkylations of ethylmorphine and N-
nitrosodimethylamine have been reported to be
catalyzed mainly by P450 3A1/2 and 2E1, respect-
ively, in rat liver microsomes [33,38-40]. The
metabolic activation of 6-aminochrysene by liver
microsomes was increased significantly by treatments
of rats with PB and a polychlorinated biphenyl
mixture, Kanechlor 500. BNF and dexamethasone
also caused increases (about 2- to 3-fold) in
microsomal activities that catalyze the activation of
6-aminochrysene. The effect of isoniazid was not as
great. The activation of 6-aminochrysene by different
types of rat liver microsomes correlated well with
the activities of pentoxyresorufin O-deethylase (r =
0.94), but not with those of other reactions with
substrates such as ethoxyresorufin, ethylmorphine
and N-nitrosodimethylamine.

These results suggest that one of the major
enzymes involved in the metabolic activation of 6-
aminochrysene in rat liver microsomes may be the
PB-inducible species of the P450 family, namely
P450 2B1 and 2B2; other enzymes which are
inducible by BNF and dexamethasone may also
contribute to some extent. To obtain more conclusive
evidence, we determined the metabolic activation of
6-aminochrysene by a reconstituted monooxygenase
system containing various forms of rat P450 enzymes
(Table 2). In this experiment we used eight forms
of rat P450 enzymes: P450 1Al and 1A2 are 3-
methylcholanthrene- and BNF-inducible forms; P450
2B1, 2B2, and 2C6 are PB-inducible forms; P450
2E1 is an ethanol- and isoniazid-inducible form; and
P450 3A2 is a pregnenolone 16a-carbonitrile-
inducible form [10, 26, 27, 41]. P450 2C11 is a male
specific enzyme that catalyzes xenobiotic chemicals
as well as steroids such as testosterone [26, 41, 42].
As expected. P450 2B1 and 2B2 had the highest
capacities to catalyze activation of 6-aminochrysene
followed by P450 1A1 and 1A2 in the reconstituted
monooxygenase system. The other enzymes. P450
2C6, 2C11, 2E1 and 3A2. had lower activities in this
reaction.

The effects of specific inhibitors of P450 enzymes
and of antibodies raised against rat P450 1A1, 1A2,
and 2Bl on the activation of 6-aminochrysene by
liver microsomes from PB- and BNF-treated rats
were determined to explore the roles of P450
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Table 2. Metabolic activation of 6-aminochrysene by
reconstituted monooxygenase system containing purified
P450 isolated from rat liver microsomes

Activation of 6-aminochrysene
(umu units/min/nmol P450)

P450 1A1 3838 + 167
P450 1A2 3228 = 683
P450 2B1 8117 = 1116
P450 2B2 7289 = 1001
P450 2C6 980 = 77
P450 2E1 891 = 129
P450 2C11 394 + 139
P450 3A2 456 = 83

N-Nitrosodimethylamine
+
+
+
+

Each of the purified P450 enzymes (2 nM) was incubated
with 0.1 uM 6-aminochrysene in the presence of an
NADPH-generating system, and the resulting DNA
damage was determined as described in Materials and
Methods. Values are averages * range of duplicate
determinations.

N-Demethylation

Ethylmorphine
429 = 0.82
8.81 = 0.93*
2.89 = 0.32
10.8 = 1.31*
3.64 = (.42
7.53 = 0.86*

enzymes in the reaction (Table 3). Metyrapone
caused a decrease in activities of liver microsomes
from PB-treated rats at a concentration of 50 uM,
but showed weak effects on the activities catalyzed
by liver microsomes from BNF-treated rats. a-
Napthoflavone showed about 50% inhibition of
catalytic activities by liver microsomes of both PB-
and BNF-treated rats. Antibodies raised against rat
P450 2B1 caused almost complete inhibition of
6-aminochrysene activation catalyzed by liver
microsomes of PB-treated rats, but showed weak
effects on the reaction catalyzed by liver microsomes
from BNF-treated rats. On the contrary, the
antibodies raised against rat P450 1Al and 1A2
inhibited 55 and 73%, respectively, the reaction
catalyzed by liver microsomes of BNF-treated rats.
These results suggest that both PB- and BNF-
inducible forms of P450 are involved in the activation
of 6-aminochrysene, and that the roles of P450 2B1
and 2B2 are more important than those of other
P450 enzymes in rat liver microsomes.

The potency of reactive metabolites of 6-
aminochrysene to induce DNA damage was
compared with those of the well-known carcinogens
2-aminoanthracene and MelQ usingliver microsomes
from PB- and BNF-treated rats (Fig. 3). 6-
Aminochrysene was very effective in inducing DNA
damage compared with the other procarcinogens
examined; the former chemical caused about Sto 10
times higher reactivities than 2-aminoanthracene
and MelQ. The latter two carcinogens were activated
to a greater extent by liver microsomes from BNF-
treated rats than by those from PB-treated rats,
similar to previous results in a S. ryphimurium
TA1535/pSK1002 strain [6].

The results presented above support the view that
a potential mutagen. 6-aminochrysene, is activated
mainly by PB-inducible forms of P450, and is also
catalyzed by BNF-inducible P450 1Al and 1A2 in
rat liver microsomes. Lubet et al. [15] have reported
similar findings; in their reverse mutation assay using
the S. typhimurium TA98 system, rat P450 2B

(nmol products formed/min/mg protein)

Ethoxyresorufin
0.46 = 0.11
0.98 + 0.12*
12.6 = 1.21*
0.89 = 0.09*
0.53 + 0.15
16.7 = 1.78*

rats
0O-Dealkylation

Pentoxyresorufin
+
+
+

Activation
9381 + 1052*
6441 = 10217

3508 = 319*
3175 = 289*

1288 + 250
2509 = 192*

6-Aminochrysene
(«mu units/min/mg protein)

Significantly different from untreated rats (none): *P < 0.01, and P <0.05.

Treatment
of rats

o7

Liver microsomal monooxygenase activities were determined as described in Materials and Methods. Values are the means + SD from three individual

rats.
* 4

Table 1. Comparison of rates of P450-catalyzed activation of 6-aminochrysene and several monooxygenase activities in liver microsomes of variously treated

Dexamethasone

Phencbarbital
B-Naphthoflavone
Isoniazid
Kanechlor 500

None
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Table 3. Effects of chemical inhibitors and antibodies raised against rat P450 enzymes
on the activation of 6-aminochrysene by liver microsomes of PB- and BNF-treated rats

PB-treated rats

BNF-treated rats

Activation of 6-aminochrysene

units/min/mg units/min/mg

Addition protein (%) protein (%)
None 8333 + 1778 (100) 2115 + 306 (100)
Metyrapone 2870 = 439 (34) 1745 = 16 (83)
a-Naphthoflavone 4113 = 801 (49) 988 x 95 47)
Preimmune 8721 + 979 (105) 2029 = 193 (96)
Anti-rat P450 1A1 7645 + 624 (92) 943 + 47 (45)
Anti-rat P450 1A2 6504 + 840 (78) 580 = 35 27
Anti-rat P450 2B1 1068 + 208 (13) 1554 = 252 (73)

Liver microsomes from PB- or BNF-treated rats were incubated with 0.1 uM 6-
aminochrysene and S. typhimurium NM2009 in the absence or presence of 50 uM
metyrapone, and 50 uM a-naphthoflavone or 10 mg of preimmune and anti-P-450 IgG/
nmol P450. The resulting DNA damage was determined by the method as described in
Materials and Methods. Values are averages + range of duplicate determinations.
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Fig. 3. Comparison of genotoxic activities of 6-aminochrysene (A), 2-aminoanthracene (B). and MelQ
(C) after metabolism by liver microsomes from PB-treated rats (@) and BNF-treated rats (O). The
liver microsomal protein concentration used was 2 ug/mL.

enzymes contributed mainly to the mutagenic
activation of 6-aminochrysene by hepatocytes or
liver 9000 g supernatants from control and Aroclor
1254-treated rats. However, their enzyme system
was rather crude and we preferred to use a more
simplified enzyme system to define the major roles
of P450 enzymes in the reaction. In fact, our present
results suggested that P450 1A1 and 1A2 enzymes,
as well as P450 2B enzymes, also contribute to
the activation of 6-aminochrysene in rat liver
microsomes. However, the importance of the role
of P450 2B enzymes in the activation of 6-
aminochrysene is now confirmed; further work
involving identification of reactive metabolites of 6-
aminochrysene by the P450 system may be necessary

to understand the mechanism of carcinogenesis by
this chemical.

The findings that this newly developed tester strain
with high acetyltransferase activity is very sensitive
towards 6-aminochrysene suggest that the activation
is through formation of reactive intermediates,
possibly N-hydroxylated metabolites, followed by
conversion to an ultimate reactive form(s) by
acetyltransferase. This activation pathway by the
P450/acetyltransferase system is rather common in
a variety of aromatic amines as suggested by a
number of reports [12-14, 43]. However, the pathway
for the activation of 6-aminochrysene has been
reported to be more complex [13]. To demonstrate
these problems we further examined the genotoxic
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Fig. 4. Effects of pentachlorophenol on the activation of
6-aminochrysene to genotoxic products by liver microsomes
from PB-treated rats (A) and BNF-treated rats (B) in
tester strains S. fyphimurium NM2009 (O, @) and S.
typhimiurium TA1535/pSK1002 (A, A). 6-Aminochrysene
(0.1 uM) was incubated with liver microsomes in
the presence (@, A) or absence (O, A) of 6uM
pentachlorophenol.

activation of 6-aminochrysene by liver microsomes
from PB- and BNF-treated rats in both an
acetyltransferase-overexpressing S. rtyphimurium
NM2009 strain and the original S. fyphimurium
TA1535/pSK1002 strain (Fig. 4). The effects of
pentachlorophenol, an inhibitor of acetyltransferase
activity [44, 45], were determined in these systems
to examine the roles of the P450/acetyltransferase
system in the reaction. In liver microsomes from
PB-treated rats, the activation of 6-aminochrysene
was catalyzed more efficiently in S. typhimurium
NM2009 than in S. typhimurium TA1535/pSK1002
(Fig. 4A). Liver microsomes from BNF-treated rats
also catalyzed the activation of 6-aminochrysene
effectively in the former strain, but did so very
poorlyinthe S. typhimurium TA1535/pSK1002 strain
(Fig. 4B). Interestingly, pentachlorophenol, an
acetyltransferase inhibitor, was effective in inhibiting
activation of 6-aminochrysene by liver microsomes
of PB-treated rats at lower concentrations of
microsomal proteins. On the contrary, neither of
the activities catalyzed by liver microsomes from
BNF-treated rats was affected by pentachiorophenol
in the two tester strains. These results suggest that
the P450/acetyltransferase system may actually be
involved in the activation of 6-aminochrysene,
particularly in liver microsomes from PB-treated
rats. The present results also suggested that PB-
inducible forms of P450 may convert 6-aminochrysene
mainly to an N-hydroxylated metabolite(s), while
BNF-induced P450s activate by different mechan-
isms, probably through the ring oxidation pathway
in rat liver microsomes. Delclos et al. [17] reported
that N-hydroxy-6-aminochrysene is able to interact
directly with DNA in vitro and the same DNA
adducts are detected in isolated hepatocytes in vivo
after treating with labeled carcinogen. The same
group has also shown that 6-aminochrysene-1,2-
dihydrodiol can be detected as a proximate

carcinogenic metabolite, and the major DNA adduct
would be derived from further metabolism of
the proximate metabolite of this carcinogen in
preweanling mice {16, 18]. To conclude that there
are different pathways for the metabolic activation
of 6-aminochrysene, the identification of reactive
metabolites formed through metabolism by P450
enzymes must be investigated.

Acknowledgements—We thank Drs. Y. Funae and S.
Imaoka for some of the purified P450 enzymes, and Dr.
Y. Oda for the tester strains used in this study. Part of this
work was supported by a Grant-in-Aid for Cancer Research
from the Ministry of Education, Science, and Culture of
Japan.

REFERENCES

1. Guengerich FP, Roles of cytochrome P-450 enzymes
in chemical carcinogenesis and cancer chemotherapy.
Cancer Res 48: 2946-2954, 1988.

2. Gonzalez FJ, Crespi CL and Gelboin HV, ¢cDNA-
expressed human cytochrome P450s: A new age of
molecular toxicology and human risk assessment. Murat
Res 247: 113-127, 1991.

3. Conney AH, Induction of microsomal enzymes by
foreign chemicals and carcinogenesis by polycyclic
aromatic hydrocarbons: G.H.A. Clowes memorial
lecture. Cancer Res 42: 4875-4917, 1982.

4. Nebert DW, Genetic control of carcinogen metabolism
leading to individual differences in cancer risk.
Biochimie 60: 1019-1029, 1978.

5. Guengerich FP and Shimada T, Oxidation of toxic and
carcinogenic chemicals by human cytochrome P-450
enzymes, Chem Res Toxicol 4: 391-407, 1991.

6. Shimada T and Nakamura §, Cytochrome P-450-
mediated activation of procarcinogens and promutagens
to DNA-damaging products by measuring expression
of umu gene in Salmonella typhimurium TA1535/
pSK1002. Biochem Pharmacol 36: 1979-1987, 1987.

7. loannides C and Parke DV, The cytochrome P450 1
gene family of microsomal hemoproteins and their role
in the metabolic activation of chemicals. Drug Metab
Rev 22: 1-85, 1990.

8. Butler MA, Guengerich FP and Kadlubar FF, Metabolic
oxidation of the carcinogens 4-aminobiphenyl and
4,4'-methylenebis(2-chloroaniline) by human hepatic
microsomes and by purified rat hepatic cytochrome P-
450 monooxygenases. Cancer Res 49: 25-31, 1989.

9. Conney AH, Induction of microsomal cytochrome P-
450 enzymes: The first Bernard B. Brodie lecture at
Pennsylvania State University. Life Sci 39: 2493-2518,
1986.

10. RyanDE and Levin W, Purification and characterization
of heptic microsomal cytochrome P-450. Pharmacol
Ther 45: 153-239. 1990.

11. Kawajiri K, Yonckawa H, Gotoh O, Watanabe J,
Igarashi S and Tagashira Y, Contributions of two
inducible forms of cytochrome P-450 in rat liver
microsomes to the metabolic activation of various
chemical carcinogens. Cancer Res 43: 819-823, 1983.

12. Shimada T. Iwasaki M, Martin MV and Guengerich
FP. Human liver microsomal cytochrome P-450
enzymes involved in the bioactivation of procarcinogens
detected by umu gene response in Salmonella
typhimurium TA1535/pSK1002. Cancer Res 49: 3218~
3228, 1989.

13. Kadlubar FF and Hammons GJ, The role of cytochrome
P-450 in the metabolism of chemical carcinogens. In:
Mammalian Cytochromes P-450 (Ed. Guengerich FP),
Vol. 2, pp. 81-130. CRC Press, Boca Raton, FL, 1987.

14. Kato R, Metabolic activation of mutagenic heterocyclic



15.

16.

17.

18.

19.

20.

21.

22

23.

24.

25.

26.

27

28.

6-Aminochrysene activation by rat P450 enzymes

aromatic amines from protein pyrolysates. CRC Crit
Rev Toxicol 16: 307-348, 1986.

Lubet RA, McKinney CE, Cameron JW, Guenggrich
FP and Nims RW, Preferential activation o« 6-
aminochrysene and 2-aminoanthracene to mutagenic
moieties by different forms of cytochrome P-450 in
hepatic 9000 g supernatants from the rat. Mutat Res
212: 275-284, 1989.

Deliclos KB, El-Bayoumy K, Hecht SS, Walker RP
and Kadlubar FF, Metabolism of the carcinogen [*H]-
6-nitrochrysene in the preweanling mouse: Identi-
fication of 6-aminochrysene-1,2-dihydrodiol as the
probable proximate carcinogenic metabolite. Car-
cinogenesis 9: 1875-1884, 1988.

Delclos KB, Miller DW, Lay JO Jr, Casciano DA,
Walker RP, Fu PP and Kadlubar FF, Identification of
C8-modified deoxyinosine and N2 and C8-modified
deoxyguanosine as major products of the in vitro
reaction of N-hydroxy-6-aminochrysene with DNA and
the formation of these adducts in isolated rat
hepatocytes treated with 6-nitrochrysene and 6-
aminochrysene. Carcinogenesis 8: 1703-1709, 1987.
Delclos KB, Walker RP, Dooley KL, Fu PP and
Kadlubar FF, Carcinogen-DNA adduct formation in
the lungs and livers of preweanling CD-1 male mice
following administration of [*HJ-6-nitrochrysene, [*H}-
6-aminochrysene and [*HJ-1,6-dinitropyrene. Cancer
Res 47: 62726277, 1987.

Djuric Z, Fifer EK and Beland FA, Acetyl coenzyme
A-dependent binding of carcinogenic and mutagenic
dinitropyrenes to DNA. Carcinogenesis 6: 941-944,
1985.

Yun CH, Shimada T and Guengerich FP, Purification
and characterization of human liver microsomal
cytochrome P-450 2A6. Mol Pharmacol 40: 679-685,
1991.

Yamazaki H, Oda Y and Shimada T, Use of a newly
developed tester strain Salmonella typhimurium
NM2009 for the study of metabolic activation of
carcinogenic aromatic amines by rat liver microsomal
cytochrome P-450 enzymes. Mutat Res, in press.
Shimada T and Okuda Y, Metabolic activation of
environmental carcinogens and mutagens by human
liver microsomes: Role of cytochrome P-450 hom-
ologous to a 3-methylcholanthrene-inducible isozyme
in rat liver. Biochem Pharmacol 37: 459-465, 1988.
Yamazaki H, Degawa M, Funae Y, Imaoka S, Inui Y,
Guengerich FP and Shimada T, Roles of different
cytochrome P-450 enzymes in bioactivation of the potent
hepatocarcinogen 3-methoxy-4-aminoazobenzene by
rat and human liver microsomes. Carcinogenesis 12:
133-139, 1991.

Hein DW, Hirata M, Glowinski IB and Weber
WW, Biochemical evidence for the coexistence of
monomorpholic and polymorpholic N-acetyltransferase
activities on a common protein in rabbit liver. J
Pharmacol Exp Ther 220: 1-7, 1982.

Guengerich FP, Microsomal enzymes involved in
toxicology, analysis and separation. In: Principles and
Methods of Toxicology (Ed. Hayes AW), pp. 609-634.
Raven Press, New York, 1982.

Guengerich FP, Dannan GA, Wright ST, Martin MV
and Kaminsky LS, Purification and characterization of
rat liver microsomal cytochrome P-450: Electro-
phoretic, spectral, catalytic, and immunochemical
properties and inducibility of eight isozymes isolated
from rats treated with phenobarbital or B-naph-
thoflavone. Biochemistry 21: 6019-6030, 1982.

. Funae Y and Imaoka S, Simultaneous purification of

multiple forms of rat liver microsomal cytochrome P-
450 by high-performance liquid chromatography.
Biochim Biophys Acta 842: 119-132, 1985.

Shimada T, Misono KS and Guengerich FP, Human

29.

30.

31

32

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

919

liver microsomal cytochrome P-450 mephenytoin 4-
hydroxylase, a prototype of genetic polymorphism
in oxidative drug metabolism. Purification and
characterization of two similar forms involved in the
reaction. J Biol Chem 261: 909-921, 1986.
Guengerich FP, Martin MV, Beaune PH, Kremers P,
Wolff T and Waxman DJ, Characterization of rat and
human liver microsomal cytochrome P-450 forms
involved in nifedipine oxidation, a prototype for genetic
polymorphism in oxidative drug metabolism. J Bio/
Chem 261: 5051-5060, 1986.

Yasukochi Y and Masters BSS, Some properties of a
detergent-solubilized NADPH-cytochrome ¢ (cyto-
chrome P-450) reductase purified by biospecific affinity
chromatography. J Biol Chem 251: 5337-5344, 1976.
Taniguchi H, Imai Y, Iyanagi T and Sato R, Interaction
between NADPH-cytochrome P-450 reductase and
cytochrome P-450 in the membrane of phospha-
tidylcholine vesicles. Biochim Biophys Acta 550: 341-
356, 1979.

Shimada T and Guengerich FP, Evidence for
cytochrome P-450y¢, the nifedipine oxidase, being the
principal enzyme involved in the bioactivation of
aflatoxins in human liver. Proc Natl Acad Sci USA 86:
462-465, 1989.

Pohl RJ and Fouts JR, A rapid method for assaying
the metabolism of 7-ethoxyresorufin by microsomal
subcellular fractions. Anal Biochem 107: 150-155,
1980.

Nash T, The colorimetric estimation of formaldehyde
by means of the Hantzsch reaction. Biochem J 55: 416-
421, 1953.

Omura T and Sato R, The carbon monoxide-binding
pigment of liver microsomes. I. Evidence for its
hemoprotein nature. J Biol Chem 239: 2370-2378,
1964.

Oda Y, Nakamura S, Oki I, Kato T and Shinagawa H,
Evaluation of the new test system (umu-test) for the
detection of environmental mutagens and carcinogens.
Mutat Res 147: 219-229, 1985.

Miller JH, Experiments in Molecular Genetics, pp. 352-
355. Cold Spring Harbor Laboratory, Cold Spring
Harbor, NY, 1972.

Shimada T and Guengerich FP, Participation of a rat
liver cytochrome P-450 induced by pregnenolone
16a-carbonitrile and other compounds in the 4-
hydroxylation of mephenytoin. Mo! Pharmacol 28:
215-219, 198S.

Yang CS, Yoo JSH, Ishizaki Hand Hong J, Cytochrome
P4S0IIE1: Roles in nitrosamine metabolism and
mechanisms of regulation. Drug Metab Rev 22: 147-
159, 1990.

Burke MD, Thompson S, Elcombe CR, Halpert J,
Haaparanta T and Mayer RT, Ethoxy-, pentoxy- and
benzyloxyphenoxazones and homologues: A series of
substrates to distinguish between different induced
cytochromes P-450. Biochem Pharmacol 34: 3337-
3345, 1985.

Nebert DW, Nelson DR, Coon MJ, Estabrook RW,
Feyereisen R, Fujii-Kuriyama Y, Gonzalez FJ,
Guengerich FP, Gunsalus IC, Johnson EF, Loper JC,
Sato R, Waterman MR and Waxman DJ, The P450
superfamily: Update on new sequences, gene mapping,
and recommended nomenclature. DNA Cell Biol 10:
1-14, 1991.

Kamataki T, Maeda K, Yamazoe Y. Nagai T and Kato
R, Sex difference of cytochrome P-450 in the rat:
Purification, characterization. and quantitation of
constitutive forms of cytochrome P-450 from liver
microsomes of male and female rats. Arch Biochem
Biophys 225: 758-770, 1983.

Yamazoe Y, Abu Zeid M, Yamauchi K and Kato R,
Metabolic activation of pyrolysate arylsamines by



920

H. YAMAZAK! and T. SHIMADA

human liver microsomes: Possible involvement of a P-
448-H type cytochrome P-450. Jpn J Cancer Res 79:
1159-1167, 1988.

44. Saito K, Shinohara A, Kamataki T and Kato R,

Metabolic activation of mutagenic N-hydroxy-
arylamines by O-acetyltransferase in Salmonella
typhimurium TA98. Arch Biochem Biophys 239: 286~
295, 1985.

45, Yamazaki H, Oda Y, Funae Y, Imaoka S, Inui Y,

Guengerich FP and Shimada T, Participation of rat
liver cytochrome P450 2E1 in the activation of N-
nitrosodimethylamine and N-nitrosodiethylamine to
products genotoxic in an acetyltransferase-over-
expressing Salmonella typhimurium strain (NM2009).
Carcinogenesis 13: 979-985, 1992.



