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Evidence of Direct Generation of Oxygen Free Radicals from Heterocyclic Amines

by NADPH/Cytochrome P-450 Reductase in vitro
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Highly purified cytochrome P-450 reductase (also called cytochrome ¢ reductase; EC 1.6.2.4.) and
NADPH were nsed to generate superoxide radical (O;" ™) from 11 different heterocyclic amines
(HCAs) as identified by electron spin resonance spectroscopy using the spin trapping method with
5,5-dimethyl-1-pyrroline N-oxide (DMPO). The signal intensity of DMPO-OOH(-0,7) (.e., the
DMPO spin adduct of O, ") was strongest for 2-amino-3,4-dimethylimidazo[4,5-f]quinoline
(MelQ). The O, ™ generation with HCAs decreased in the following order: 2-amino-3,8-dimethyl-
imidazo[4,5-f] quinoxaline (MeIQx) = 2-amino-3-methylimidazo[4,5-flquinoline (IQ) > 2-amino-3,4,8-
trimethylimidazo[4,5-flquinoxalirie (diMelQx) = other HCAs; O, ~ generation was lowest with 2-
amino-3-methyl-9 H-pyrido[2,3-blindole -CH;COOH (MeAaC). By using Lineweaver-Burk plots, K,
values of cytochrome P-450 reductase for mitomycin C, IQ, and MelQ were determined to be
1.60x107°% M, 1.97 x10™° M, and 2.83 X 10~* M, respectively. The present findings have important
implications for carcinogenesis because of the known effect of oxygen radicals on cell proliferation.
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Generation of oxygen free radicals from various chem-
ical carcinogens via cytochrome P-450 is a universal key
step in carcinogenesis, cancer promotion and progres-
sion."™ Oxygen free radicals interact with intracellular
DNA, proteins and lipids; carbon-centered radicals also
interact with nucleic acids and other vital molecules,*
which alters genetic regulation in cells. It was recently
reported that cytochrome P-450 reductase (also called
cytochrome ¢ reductase; EC 1.6.2.4} together with
NADPH can generate oxygen radicals, specifically super-
oxide radical (O, 7), from adriamycin and mitomycin C
(MMC).”® The oxyradicals generated by these anti-
cancer agents may be important in mutagenicity and
cytotoxicity.” ' We recently elucidated that alkylperoxyl
radical (ROO-), which can be generated via lipid
hydroperoxide (ROOH) and heme compounds, is the
most potent cytotoxic oxyradical.'” Superoxide (Q; )
and hydroxyl radical (-OH) are known to undergo fur-
ther reaction to generate alkylperoxyl radicals.”'®
Alkylperoxide radicals appear to have a strong effect in
tumor promotion.'> '

“To whom correspondence and reprint requests should be
addressed.

* The abbreviations used are: HCAs, heterocyclic amines; ESR,
electron spin resonance; SOD, superoxide dismutase; DMPO,
5,5-dimethyl-1-pyrroline N-oxide; DTPA, diethylenetriamine-
pentaacetic acid; MMC, mitomycin C; Tempol, 2,2,6,6-tetra-
methyl-4-hydroxypiperidine.

1204

Heterocyclic amine — NADPH/cytochrome P-450 reductase —— Oxygen radical —

In the present study, we examined the possible genera-
tion of oxyradicals from various heterocyclic amines
(HCAs®) (Fig. 1) by using purified cytochrome P-450
reductase. We identified this oxyradical generation
(O, 7) by using the electron spin resonance (ESR) spin
trapping method as described recently.'” The potency of
0O," 7 generation from HCAs correlated well (= 0.88)
with mutagenicity in the Ames test system, although
these two systems have no direct relation, because the
former involves no hydroxylation of HCAs via cyto-
chrome P-450 whereas the Ames test does require this
step.

MATERIALS AND METHODS

Heterocyclic amines Names of HCAs tested in this ex-
periment and their abbreviations are as follows: 3-amino-
1,4 -dimethyl - 5H - pyrido[4,3 - b Jindole -CH,COOH
(Trp-P-1), 3-amino-1-methyl-5 H-pyrido[4,3-b]indole
‘HCH.CH,COOH (Trp-P-2), 2-amino-6-methyldipyrido-
[1,2-2:3°,2'-d]imidazole -HCI (Glu-P-1), 2-aminodipy-
rido[1,2-a:3",2"-d]imidazole -HCl (Glu-P-2), 2-amino-
3-methyl -9 H- pyrido[2, 3 - b]indole -CH;COOH (Me-
AaC), 2-amine-9 H-pyrido[2, 3 - b]indole -CH,COOH
(AaC), 2 - amino - 3 - methylimidazo[4, 5 - f]quinoline
(IQ), 2-amino- 3, 4 - dimethylimidazo[4, 5 - f]quinoline
(MelQ), 2-amino-3,8-dimethylimidazo[4,5-f]quinoxa-
line (MelQx), 2-amino-3,4,8-trimethylimidazo[4,5-f]-
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Fig. 1. Structures and abbreviations of heterocyclic amines.

quinoxaline {4.8-diMelIQx), 2-amino-1-methyl-6-phenyl-
imidazo[4,5-b]pyridine (PhIP). Glu-P-1 and Glu-P-2
were provided from Katsura Chemical Co., Tokyo.
Other HCAs were from Nard Institute, Osaka.
Chemicals We used 5,5-dimethyl-1-pyrroline N-oxide
(DMPO) throughout the experiments as a spin trapping
agent. DMPO of the highest purity was synthesized and
purified by Dojindo Laboratories, Kumamaoto. Nicotin-
amide adenine nucleotide diphosphate, reduced form
(NADPH, coenzyme-IT) was from Oriental Yeast Co.,
Lid., Tokyc. Dimethyl sulfoxide was from Nacalai
Tesque Inc., Kyoto. Diethylenetriaminepentaacetic acid
(DTPA) was purchased from Dojindo Laboratories,
Kumamoto, MMC was a kind gift from Kyowa Hakko
Co., Ltd., Tokyo. Tempol was obtained from Sigma
Chemical Co., St. Louis, Mo.

Enzymes and proteins NADPH/cytochrome P-450
reductase was purified according to the method of Ardies
et al.' from rat liver after induction by injecting phe-
nobarbital sodium. This protein preparation was more
than 95% pure as judged by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. Catalase was from
Boehringer Mannheim GmbH, Mannheim, Germany,
and human recombinant Cu,Zn-superoxide dismutase
(SOD) was a gift from Nippon Kayaku Co., Ltd,,
Tokyo.

Quantification of superoxide radical by using ESR spec-
troscopy ESR spin trapping with DMPO was used to
identify the radical species generated in the reaction
systems of NADPH/cytochrome P-450 reductase with
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various HCAs (ESR instrument: JEOL JES-RE1X spec-
trometer, with a quariz flat cell of 160 ul effective
volume), as described recently.” O, ~ was entrapped by
DMPO, and DMPO-OOH(-0,”) formed was quantified
by normalization of the DMPQ-OOH signal height
against the standard signal intensity of manganese oxide
(MnQO). Conditions are given in detail in the figure
legends. Absolute concentrations of the spin adduct of
O," ~ radical were determined by double integration of
the ESR spectrum; a 1.0 ¢ M Tempol solution was used
as a primary standard of ESR absorption as described
recently.!” ESR spectra were recorded at room tem-
perature under the following conditions: modulation fre-
quency, 100 k¥Hz; modulation amplitude, 0.079 mT; scan-
ning field, 336.15 mT; receiver gain, 100 or 500; re-
sponse time, (.3 s; sweep time, 2 min; microwave power,
20 mW; and microwave frequency, 9.421 GHz.

RESULTS AND DISCUSSION

HCAs were reacted with 0.5 4 M cytochrome P-450
reductase in the presence of 150 y M NADPH and 500
uM DTPA, and 200 ul of the reaction mixture was
subjected to ESR spectroscopy with the spin trap DMPO
(45 mM) in 10 mM sodium phosphate buffer (pH 6.5).
The ESR spectrum obtained for MelQ, shown in Fig. 2,
indicates O, ~ generation since appearance of the
DMPO-OO0OH signals having a hyperfine coupling con-
stant (hfc) of ay=1.43 mT, a%;=1.15 mT, a;=0.13 mT
was completely inhibited by Cu,Zn-SOD. In addition,
O," ~ generation increased in a dose-dependent manner
with MeIQ in this system (Fig, 3). All other HCAs tested
showed similar signals, which varied in their magnitude.,
Namely, MeIQ, MeIQx, IQ, and diMelQx are better
O, generators than Glu-P-1, Glu-P-2, Trp-P-1, Trp-P-
2, AaC, MeAaC, and PhIP (Fig. 3.).

The Q,"~ generation by MelQ or MelQx was also
tested in rat liver microsomes by ESR spin trapping as
described above. The results showed the an appreciable
amount of Q" ~ was indeed generated in this system, as
observed in the purified cytochrome P-450 reductase
system (data not shown).

Kinetic analyses of O, ~ generation were performed
by drawing Lineweaver-Burk plots of DMPO-OOH
generated during the first 1 min of incubation as a mea-
sure of the reaction (velocity) versus concentration of
HCA or MMC (substrate). The K, values calculated
were 1.60X 107° M for MMC, 1.97 X 107*M for IQ and
2.83X107°M for MelQ (Fig. 4). The K, value for
MelQ was comparable to that of MMC. This indicates
that HCAs can indeed be substrates for cytochrome P-
450 reductase and can be relatively potent generators of
oxygen radicals in biological systems, like MMC. Fur-
thermore the trend of mutagenic activation of HCAs by
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Fig. 2. ESR spectra of DMPO spin adducts of O~
generated in the NADPH/cytochrome P-450 reductase/MelQ
system. (A) The spectrum obtained in the reaction mixture of
150 M NADPH, 0.5 £ M cytochrome P-430 reductase, 6 mM
MelQ, 500 ¢ M DTPA and 45 mM DMPO in 10 mM phosphate
buffer (pH 6.5). (B} The spectrum obtained in the same reac-
tion mixture as {A) with 500 U/ml Cu,Zn-SOD. (C) The
spectrum obtained in the same reaction mixture as {A) with
100 U/ml catalase. {D) The spectrum obtained in the same
reaction mixture as {A) with 500 U/ml Cu,Zn-SOD and 100
U/ml catalase. All spectra were recorded at 1 min after addi-
tion of DMPO. In addition, no DMPO spin adduct signal was
observed in the reaction mixture that contained only 150 u M
NADPH, 0.5 pM cytochrome P-450 reductase, and 500 g M
DTPA. Conditions of ESR measurement are noted in the text.
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Fig. 3. Generation of O," ~ spin adduct (DMPO-O0OH) in
NADPH/cytochrome P-430 reductase and various HCAs. All
reaction mixtures contained 150 xM NADPH, 0.5 u M cyto-
chrome P-450 reductase, 500 uM DTPA and 45 mM DMPO,
with various concentrations of HCAs in 10 mM sodium phos-
phate buffer {pH 6.5). The spectra were recorded at 1 min after
addition of DMPO, and the absolute concentration of spin
adduct was determined. See the text for other details.
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cytochrome P-450 was found to be similar to the present
results'”; MelQ was almost 4.5 times more potent than
IQ in two different assay systems, and V,,../K,, of MelQ
is about 30% of that of MMC (Table I).

HCAs interact with DNA after activation with cyto-
chrome P-450 system, generating N-hydroxyl derivatives
of HCAs which are directly responsible for the chemical
modification of DNA'® or mutagenesis. In this report,
we have demonstrated that the enzyme cytochrome
P-450 reductase itself, which is a component of the
microsomal cytochrome P-450 system, can also partici-
pate in the generation of superoxide radicals when HCAs
are present. Thus, HCAs can presumably damage DNA,
proteins, lipids and also the cell membrane via generation
of oxyradicals in view of their known reactivity,” as can
lipid peroxide radicals.'”

As shown in Fig. 5, we examined the correlation be-
tween the signal intensity of DMPO-OOH (-0, ) (rela-
tive amount of generated superoxide) and mutagenic
potential in the Ames test using Sa/monella typhimurium,
as reviewed by Sugimura,'” among nine water-soluble
compounds tested. A significant correlation (=0.88)
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Fig. 4. Lineweaver-Burk plots of the rate of DMPO-OOH
generation against concentration of HCAs or MMC. All reac-
tion mixtures contained 150 u M NADPH, 0.5 u M cytochrome
P-450 reductase, 500 uM DTPA and 45 mM DMPO, with
various concentrations of HCAs or MMC in 10 mM sodium
phosphate buffer (pH 6.5). The spectra were recorded at 1 min
after addition of DMPQ, and the amount of DMPO-OOH, the
adduct with O, ", generated during the first 1-min of in-
cubation was determined as described in the text.



Table 1. Kinetic Parameters of Purified Cytochrome P-430
Reductase from Rat Liver in O, ~Generation from Mitomycin
C and Heterocyclic Amines®

Substrate K, Voex Vinar/ K
M) (min™) (M~ min "}

MMC 1.60 6.34 396

IQ 19.6 5.76 0.29

MelQQ 2.83 3.35 1.19

a) The amount of superoxide anion radical (Q," ™) was quan-
titated by ESR spin trapping (see text). The reaction was
performed in the presence of 150 uM NADPH in 50 mM
phosphate buffer (pH 6.5) containing 45 mM DMPO. Values
in the initial 1 min after addition of NADPH to the reaction
mixture were used for quantitation.
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Fig. 5. Correlation between signal intensity of DMPO-OOH
generated via NADPH/cytochrome P-450 reductase with HCA.
and mutagenic potential in the Ames test using Salmonella
typhimurium. We obtained the signal intensity of DMPO-OOH
by using the same method as that described in the legend to
Fig. 3. Data for the Ames test were from the literature.'"” A
correlation coefficient of r==0.88 was obtained between the two
parameters. Open and solid circles indicate mutagenic poten-
tials in S. ryphimurium TA100 and TA98 strains, respectively.
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was noted, despite the fact thai these two parameters
were determined by different assay systems. Namely,
0, ” generation is a direct consequence of enzyme
action of cytochrome P-450 reductase upon HCAs plus
NADPH, whereas mutagenesis is due to hydroxylated
HCAs generated by cytochrome P-450 in S. typhimu-
rium, There is also a high correlation between suppression
of the promoting effect of Epstein-Barr virus transfor-
mation induced by phorbol myristate as judged by early-
antigen (EA) appearance in the target B-lymphocytes
and the scavenging effect on lipid alkyl peroxide radical
when these two parameters were examined in more
than 96 vegetable hot water extracts (r=0.82)."” These
data indicate a strong correlation between mutagenesis
caused by N-hydroxylation of HCAs via cytochrome P-
450 and the O;" ~ generating potential of HCAs in the
cytochrome P-450 reductase system.

Hayatsu ef al. previously reported spontaneous gener-
ation of O, from the N-hydroxyl derivative of Trp-P-
2 through an autooxidation process.'*™ We tested
whether Trp-P-2 could generate its N-hydroxyl deriva-
tive in our reaction system by high-pressure liquid
chromatography using Asahipak GS-320H (mobile
phase: acetonitrile/50 m M acetate buffer, pH 4.0 (40/60,
by vol)). We found no appreciable production of M
hydroxyl-Trp-P-2. Furthermore, very little, if any, gener-
ation of O,"” was observed from the N-hydroxyl-
Trp-P-2 as judged by ESR spin trapping (data not
shown), while O, generation from Trp-P-2 was sub-
stantiated in the cytochrome P-450 reductase system as
described above (Fig. 3).

There are numerous reports regarding the role of the
cytochrome P-450 system in mutagenesis and carcino-
genesis, but little is known about whether cytochrome
P-450 reductase itself may have any function in the
process of HCA carcinogenesis in the cells. In normal rat
liver, the amount of cytochrome P-450 was reported to
be 0.4-1.0 nmol/mg of microsomal protein, and P-450
reductase was reported to amount to 5% of cytochrome
P-450. When rats were injected with phenobarbital
sodium, the level of cytochrome P-450 increased five-fold
(2.0 nmol/mg of microsomal protein}, which corre-
sponds to 0.1 nmol/mg of cytochrome P-450 reduc-
tase.’"*» HCAs usually induce one type of cytochrome
P-450 isozyme IA2, and this type is responsible for the
activation of HCAs.”»* The amount of this isozyme,
IA2, was reported to be 0.02 nmol/mg of microsomal
protein. This indicates that the relative amount of cyto-
chrome P-450 reductase (0.1 nmol) was five-fold more
than that of the isozyme IA2. Furthermore, cytochrome
P-450 reductase is known to exist in the cell nucleus.?
Therefore, accessibility of DNA in the cell nucleus to
oxygen radicals generated by the P-450 reductase with
HCASs may be crucial in determining the effect on DNA.
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Other studies found cytochrome P-450 to be virtually
lacking in hepatoma cells (AH 130 cells), whereas
NADPH/cytochrome P-450 reductase activity was very
high (>100-fold more than that of cytochrome P-
450),” which suggests the importance of cytochrome
P-450 reductase in transformed cells and its promotion/
progression effect as discussed above.

In conclusion, the above findings indicate another
novel mechanism by which cytochrome P-450 reductase
contributes to the mutagenic action of HCAs, i.e., oxy-
gen radical generation via an electron transfer reaction
with molecular oxygen from HCAs that enter the cells.
It would be intriguing to test the role of this enzyme in
tumor promotion/progression with HCAs in AH 130 or
other cells that are known to lack cytochrome P-450.2"
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