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We reported previously that various naphthoquinone derivatives inhibited cytochrome
P450-dependent monooxygenase of liver and placenta microsomes [Muto, N. et al. (1987)
Biochem. Biophys. Res. Commun. 146, 487-494]. To understand the complex inhibitory
behaviors that were observed, it is desirable to study the relationship between structure
and inhibitory activity of naphthoquinones in a simplified system containing a single
P450 species. In the present study, the inhibitory effects of six derivatives of 1,4-naph-
thoquinone (hereafter referred to as NQ) on rat cytochrome P4501A1-dependent 7-eth-
oxycoumarin O-deethylation were examined using yeast microsomes containing
overexpressed rat P4501A1. Of these, 2-methyl-5-hydroxy-NQ, 2-methyl-NQ, 2-hydroxy-
NQ, and NQ showed competitive inhibition, whereas 5,8-dihydroxy-NQ and 5-hydroxy-
NQ showed noncompetitive inhibition. Judging from the inhibitor constant (K,), the
binding affinity of the four competitive inhibitors for the substrate-binding pocket of
P4501A1 is in the order: 2-CH,-5-OH-NQ > 2-CH,-NQ > NQ » 2-OH-NQ. On binding with
P4501A1, 2-CH;-5-OH-NQ, 2-CH,-NQ, and NQ induced distinct Type II, Type I, and re-
verse Type I spectra, respectively. These results indicate that methyl and hydroxyl
groups introduced into NQ have unique effects on their binding mode and binding affin-

ity.

Key words: cytochrome P450, inhibition, monooxygenase, NADPH-cytochrome P450

uctase, 1,4-naphthoquinone.

1,4-Naphthoquinone derivatives are found in various parts
of higher plants, such as leaves, flowers, roots, bark, and
wood, and have interesting activities in physiology and
pharmacology (I). 2-Methyl-1,4-naphthoquinone (menadi-
one or vitamin K;), phylloquinone (vitamin K,), and mena-
quinone (vitamin K,) were reported to have antihemor-
rhagic activity in chicks (2). 5,8-Dihydroxy-2-(1-hydroxy-
4-methyl-3-pentenyl)-1,4-naphtoquinone (shikonin) was
found to have antimicrobial and antifungal activities, and
antitumor activity against Sarcoma 180 (3). These activi-
ties of 1,4-naphthoquinones appear to be based on their re-
duction by NADPH-P450 reductase (4-6) or DT-diaphorase
(7) to yield superoxide radicals.

We have reported that various naphthoquinone deriva-
tives, including 1,2-naphthoquinone and 1,4-naphthoqui-
none, which are known ingredients of Chinese medicines,
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inhibit monooxygenase activities of rabbit liver microsomes
and human placenta microsomes (). The inhibitory behav-
iors appear to be complicated, indicating the desirability of
studying the relationship between structure and inhibitory
activity of naphthoquinones in a simplified system contain-
ing a single P450 species. Recently, we have found that
vitamins K, and K,, which contain a 2-methyl-1,4-naphtho-
quinone ring, inhibit P4501Al-dependent 7-ethoxycou-
marin O-deethylation (8). In the present study, we inves-
tigated the inhibitory effects of various 1,4-naphthoquinone
derivatives (NQs) on cytochrome P4501A1-dependent
monooxygenase activity to elucidate the inhibition mecha-
nism, to survey the active site geography, and to design a
potent inhibitor of P4501A1. Evidence obtained in this
study might be pharmacologically interesting, because
P4501A1 is induced in liver microsomes by polycydic aro-
matic hydrocarbons such as dioxins, and its arylhydrocar-
bon hydroxylase activity is closely related with mutation of
cells and induction of tumors (9-11). The recombinant
yeast microsomal membrane containing rat liver microso-
mal P4501A1 contains substantially only one P450 species,
P4501A1, and yeast NADPH-P450 reductase (12). This re-
ductase can efficiently transfer electrons to mammalian
microsomal P450s (13). Accordingly, the recombinant yeast
microsomal membrane seems to be a well-organized recon-
stituted system, and the interactions of P4501A1 with the
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reductase and substrate might be closer to those in the
cells than those in a reconstituted system composed of puri-
fied proteins and artificial membranes.

In this study, we discuss the relationship between the
structure of NQs and their inhibitory effect on P4501A1-
dependent 7-ethoxycoumarin O-deethylation by using the
recombinant yeast microsomal membrane. Unique spectral
changes induced by NQs are also reported.

MATERIALS AND METHODS

Materials—1,4-Naphthoquinone-related compounds
(NQs) were purchased from the following sources: 1,4-
naphthoquinone (NQ), 5-hydroxy-1,4-naphthoquinone (5-
OH-NQ or juglone), 5,8-dihydroxy-1,4-naphthoquinone [5,8-
(OH),-NQ or naphthazarin] and 2-methyl-1,4-naphthoqui-
none (2-CH,-NQ, menadione or vitamine K;), 2-hydroxy-
1,4-naphthoquinone (2-OH-NQ or lawson) from Tokyo
Chemical Industry (Tokyo); 2-methyl-5-hydroxy-1,4-naph-
thoquinone (2-CH,-5-OH-NQ or plumbagin) from Sigma
(St. Louis, MO). The following chemicals were also used: 7-
ethoxycoumarin from Aldrich (Milwaukee, WI); 7-hydroxy-
coumarin from Sigma (St. Louis, MO); and NADPH from
Oriental Yeast (Tokyo). All other chemicals were of the best
commercially available grade.

The expression plasmid pAMR2 for rat liver microsomal
P450 1Al and yeast NADPH-P450 reductase was con-
structed and expressed in Saccharomyces cerevisiae AH22
as reported previously (13). The content of P450 in micro-
somes of the recombinant S. cerevisiae was estimated to be
0.27 nmol/mg protein on the basis of reduced CO-difference
spectra. The content of NADPH-P450 reductase in the mi-
crosomes was estimated to be 0.24 nmol/mg protein on the
basis of the cytochrome ¢ reductase activity of the purified
yeast NADPH-P450 reductase sample (I4). Microsomes
prepared from S. cerevisiaze AH22 did not show a reduced
CO-difference spectrum or any activity of 7-ethoxycou-
marin O-deethylation. The microsomes were judged not to
contain a significant amount of mitochondrial fragments
from assays of mitochondria-specific enzymes, monoamine
oxidase and cytochrome ¢ oxidase (I, 8, 14).

Measurement of 7-Ethoxycourmnarin O-Deethylation Activ-
ity and Inhibition by 1,4-Naphthoquinones—QO-Deethyla-
tion of 7-ethoxycoumarin in the recombinant yeast micro-
somal fractions was assayed by monitoring production of 7-
hydroxycoumarin (8, 14). To estimate the initial rate of 7-
hydroxycoumarin production, the fluorescence change was
continuously monitored at 37°C with an excitation wave-
length of 366 nm and an emission wavelength of 452 nm
using a Hitachi 850 fluorescence spectrophotometer
(Tokyo). The reaction mixture contained 0—60 pM 7-ethoxy-
coumarin, 1.0% methanol, 400 pM NADPH, and the micro-
somal fraction prepared from AH22/pAMR2 cells contain-
ing 2.6 nM P4501A1 and 1.6 nM NADPH-P450 reductase
in 100 mM potassium phosphate buffer, pH 7.4, in a final
volume of 2.0 ml. The concentrations of 1,4-naphthoquino-
nes were as follows: 1,4-naphthoquinone (NQ), 4.0 and 8.0
pM; 2-methyl-1,4-naphthoquinone, 5.0 and 10.0 pM; 2-
methyl-5-hydroxy-1,4-naphthoquinone, 2.0 and 4.0 pM; 2-
hydroxy-1,4-naphthoquinone, 75 pM; 5-hydroxy-1,4-naph-
thoquinone, 1.25 and 2.5 uM; and 5,8-dihydroxy-1,4-naph-
thoquinone, 4.0 uM. The reaction was initiated by adding
NADPRH to the mixture of other components, and the fluo-
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rescence change was continuously monitored at 37°C for
more than 10 min. At the end of the monitoring, a known
amount of 7-hydroxycoumarin was added to the reaction
mixture in order to calibrate the fluorescence change. Since
fluorescence changes originating from the decrease of 7-
ethoxycoumarin and NADPH oxidation are less than 1% of
the fluorescence change caused by 7-hydroxycoumarin pro-
duction, these effects can be neglected. The Michaelis con-
stant, K, and the maximum velocity, V_,,, were calculated
by the nonlinear least-squares regression method (15), and
the inhibitor constant, K, was calculated from the apparent
K_ and V_,, values obtained in the presence of 1,4-naphtho-
quinone derivatives (hereafler designated as K, and V,,
respectively) by using the following equations.
Competitive inhibition:

Ié" = {](m 1+ [IVK)
Nonpcompetitive inhibition:

I‘E" =K,

b = Vi (1 + [IVK)

The type of inhibition was judged from Hanes-Woolf plots
([SWv vs. [S]) and Lineweaver-Burk plots (1/v vs. 1/ [S]) (16),
where [S] and v are the substrate concentration and reac-
tion rate, respectively.

NADPH Oxidation by Microsomes in the Presence of 1,4-
Naphthoquinones—NADPH oxidation in the microsomal
fraction was measured by following the decrease in absorb-
ance at 339 nm with a Shimadzu UV-240 spectrophotome-
ter (Kyoto) at 37°C. The reaction mixture contained 0-10
pM 1,4-naphthoquinone derivatives, 2.6 nM P4501A1, 1.6
nM NADPH-P450 reductase, 1% methanol, and 100 mM
potassium phosphate, pH 7.4. The reaction was initiated by
the addition of NADPH at a final concentration of 400 pM.
The initial rate was calculated from the molar absorption
change of NADPH oxidation, Az = 6,200 M™! cm™!. The
data were fitted to the Michaelis-Menten equation using a
nonlinear least-squares method (15) to determine the ki-
netic parameters K_ and V..

Difference Spectra of P4501A1 with 1,4-Naphthoqui-
nones—Difference spectra were measured using a Hitachi
U-3200 spectrophotometer with a head-on photomultiplier
in a double tandem cell system composed of one set of
matching cells having two compartments with a 0.45-cm
light path at 37°C. The double tandem cell system was used
to avoid the effect of the absorbance of 1,4-naphthoquinone
derivatives. The microsomal fraction was suspended in 100
mM potassium phosphate buffer, pH 7.4, containing 20%
glycerol and 1% methanol (buffer A) and transferred into
both sample and reference cells, only one compartment
proximal to the photomultiplier. An equivalent volume of
buffer A was poured into the other compartments of both
cells. After recording the base line from 350 to 500 nm,
each of the 1,4-naphthoquinones in buffer A was added to
the proximal compartment of the sample cell containing
the microsomal fraction and the distal compartment of the
reference cell containing buffer A.

Other Methods—The concentration of P4501A1 was de-
termined from the reduced CO-difference spectrum using
an absorption coefficient of 91 mM ™! ecm™! (17). The concen-
tration of NADPH-P450 reductase in the microsomal frac-
tion was estimated on the basis of cytochrome ¢ reductase
activity (18). Protein concentration was determined by the
Lowry method using bovine serum albumin as a standard
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(19). The concentrations of 7-ethoxycoumarin, 7-hydroxy-
coumarin, and NADPH were determined by using absorp-
tion coefficients of 13.56 mM~! cm™! at 320 nm, 14.5 mM™!
cm™! at 324 nm, and 6.20 mM~! em™! at 339 nm, respec-
tively.

RESULTS

Inhibition of P4501A1-Dependent 7-Ethoxycoumarin O-
Deethylation by 1,4-Naphthoquinone Derivatives—The
chemical structures of 1,4-naphthoquinones used in this
study are shown in Fig. 1. Figures 2 and 3 show Hanes-
Woolf plots of inhibition by 1,4-naphthoquinone (NQ), 2-
CH;-NQ, 5-OH-NQ, 2-CH,-5-OH-NQ, 2-OH-NQ, and 5,8-
(OH),-NQ of P4501A1-dependent 7-ethoxycoumarin O-de-
ethylation. With four 1,4-naphthoquinones, namely, NQ, 2-
CH,;-NQ, 2-CH,, 5-OH-NQ, and 2-OH-NQ, the apparent K
(K)) values increased with increasing concentrations of the
respective inhibitors, while the apparent V,,, (V) values
showed no significant change (Fig. 2). Thus, the inhibition
type of these 1,4-naphthoquinones was judged to be com-
petitive. However, with 5-OH-NQ and 5,8(OH),-NQ, the v,
values decreased with increasing inhibitor concentrations,
while the K values showed no significant change (Fig. 3).
Accordingly, the inhibition type of 5-OH-NQ and 5,8(OH),-
NQ was judged to be noncompetitive. Table I summarizes
the inhibition types and the K values of the six 1,4-naph-
thoquinones. It should be noted that both noncompetitive
inhibitors bear a 5-hydroxyl group on NQ. The K, value of
5,8(OH),-NQ was six times larger than that of 5-OH-NQ,
indicating that an 8-hydroxyl group reduced the inhibitory
effect. Judging from the K values, the binding affinity of
the four competitive inhibitors for substrate-binding pocket
of P4501A1 is in the order: 2-CH,-5-0OH-NQ > 2-CH,-NQ >
NQ » 2-OH-NQ.

Effect of 1,4-Naphthoquinones on NADPH-Oxidation—
Several 1,4-naphthoquinone derivatives are known to ac-
celerate oxidization of NADPH in the presence of NADPH-
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P450 reductase (4). Electrons from NADPH are transferred
to 1,4-naphthoquinones by the reductase, and the resultant
semiquinone reduces dioxygen to produce a superoxide rad-
ical (20). Thus, it seems reasonable to assume that 14-
naphthoquinones efficiently accept electrons from the re-
ductase and inhibit electron transfer from the reductase to
P4501A1. The NADPH-oxidation rate was markedly accel-
erated by 1,4-naphthoquinones except for 2-OH-1,4-naph-
thoquinone (Fig. 4). The kinetic parameters K _NQ (K_ for
1,4-naphthoquinones) and V_,, are summarized in Table II.
Almost the same values of K, NQ and V__, were obtained
for 5,8(OH),-NQ and 5-OH-NQ. The V_,, values of 2-CH;-
5-OH-NQ, NQ, and 2-CH,;-NQ correspond with each other,
whereas the K, NQ values are significantly different. The
two noncompetitive inhibitors of P4501A1-dependent 7-
ethoxycoumarin O-deethylation, 5,8(OH),-NQ and 5-OH-
NQ, showed almost the same acceleration of NADPH oxi-
dation, but the K, values for 7-ethoxycoumarin O-deethyla-

Fig. 1. Chemical structures of 1,4-naphthoquinone deriva-
tives (NQs) examined in this study 1, 1,4-naphthoquinone or
NQ; 2, 2-methyl-1,4-naphthoquinone or 2-CH,-NQ; 3, 2-methyl-5-
hydroxy-1,4-naphthoquinone or 2-CH,-5-OH-NQ; 4, 2-hydroxy-1,4-
naphthoquinone or 2-OH-NQ; 5, 5-hydroxy-1,4-naphthoquinone or
6-OH-NQ; 6, 5,8-dihydroxy-1,4-naphthoquinone or 5,8<(OH),-NQ.

Fig. 2. Hanes-Woolf plots of 7-
ethoxycoumarin O-deethyla-
tion catalyzed by cytochrome
P4501A1-dependent monooxy-
genase system in the presence
of 1,4-naphthoquinone deriva-
tives (NQs) that showed com-
petitive inhibition. The activity

was measured in the reconstituted

system containing the microsomal
fractions prepared from AH22/
pAMR2 cells at a final P450 con-
centration of 2.6 nM and that of
NADPH-P450 reductase of 1.6 nM
-+ - in the presence of the NQs. (A) NQ
at concentrations of 0 pM (0), 4.0
wM (a), and 8.0 pM (o); (B) 2-CH,-
NQ at concentrations of 0 pM (0),
5.0 pM (a), and 10.0 pM (@); (C) 2-
CH,-5-OH-NQ at concentrations of

1 ) T T T T T
(A)
200 - i 200 F
100} 100l
—
£ /
E oLL 1 1 0
‘; 0 20 40 60
- T T L T 400
o Cr® T ‘
2} 300 +
200 |
200 |
100 100 L L i
0 0 ' !
0 20 40 60 20 40 60
[Slo (uM)

Vol. 127, No. 6, 2000

0 pM (0), 2.0 pM (»), and 4.0 WM
(0); and (D) 2-OH-NQ at concentra-
tions of 0 M (0) and 75 pM (e).
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tion were quite different (Table I).

Effect of NADPH and NADP* Concentration on P4501-
Al-Dependent 7-Ethoxycoumarin O-Deethylation—The ef-
fect of NADPH was examined in a reaction mixture con-
taining 4.1 nM P4501A1, 2.5 nM NADPH-P450 reductase,
8.3 uM 7-ethoxycoumarin, 1.0% methanol, and 12.5-400
pM NADPH in 100 mM potassium phosphate buffer, pH
7.4, at 37°C. The initial rate of 7-hydroxycoumarin forma-

(A}

400+

200+

[Sk/ v (min)

[S)e/ v (min)

20 40 60
(Sl (u«4M)
Fig. 3. Hanes-Woolf plots of 7-ethoxycoumarin O-deethyla-
tion catalyzed by cytochrome P4501A1-dependent monooxy-
genase system in the presence of the NQs that showed non-
competitive inhibition. The activity was measured in the recon-
stituted system containing the microsomal fractions prepared from
AH22/pAMR2 cells at 2.6 nM P450 and 1.6 nM NADPH-P450 re-
ductase in the presence of the NQs. (A) 5-OH-NQ at concentrations
of 0 uM (0), 1.25 uM (2), and 2.5 pM (0); and (B) 5,8-(OH),-NQ at
concentrations of 0 uM (o) and 4.0 uM (e), respectively.

20

v ( 4M/min)
o

0 1
0 5 10
[ NQ Jo (uM)

Fig. 4. Effects of 1,4-naphthoquinone derivatives (NQs)
NADPH oxidation catalyzed by the recombinant yeast mi-
crosomes. The NADPH oxidation was performed in the reconsti-
tuted system containing the microsomal fractions prepared from
AH22/pAMR2 cells at 2.6 nM P450 and 1.6 nM NADPH-P450 reduc-
tase in the presence of 5,8-(OH),-NQ (0), 5-OH-NQ (»), 2-CH,-5-OH-
NQ (D), NQ (@), 2-CH,-NQ (a), and 2-OH-NQ (w). The K, NQ and V.,
values obtained are listed in Table IL
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tion was constant (0.19 uM/min) over the range of NADPH
concentration examined. The O-deethylation was also per-
formed at 4.1 nM P4501A1, 2.5 nM reductase, and 0-60
M 7-ethoxycoumarin in the presence of 100 and 400 uM
NADPH. The K and V,,,, values at both NADPH concen-
trations were determined to be (13 * 1) pM and (0.32 *
0.01) uM/min, respectively. To examine inhibition of 7-etho-
xycoumarin O-deethylation by NADP*, the activity was
measured in the presence 400 uM NADPH and various
concentrations (0800 pM) of NADP*. With increasing
NADP* concentration, the enzyme activity was reduced
progressively to 85% of the activity in the absence of
NADP*. The inhibitory effect of NADP* on the O-deethyla-
tion was examined in the presence of 100 pM NADPH and
in the absence or presence of 300 puM NADP". In the pres-
ence of 300 pM NADP*, the K, and V, values were deter-
mined to be (13 * 1) uM and (0.27 + 0.01) WM/min,
respectively. Thus, NADP* was found to be a noncompeti-
tive inhibitor of the reaction with the K, value of 2.0 mM.
Judging from this value, NADP* produced by NADPH oxi-
dation mediated by 1,4-naphthoquinones would not affect
the initial rate of 7-ethoxycoumarin O-deethylation.
Difference Spectra of P4501A1 with 1,4-Naphthoqui-
none—Addition of selected 1,4-naphthoquinone derivatives,
2-CH,-NQ, 5-OH-NQ, NQ, and 2-CH,-5-OH-NQ, to the
microsomal fraction containing P4501A1 induced spectral
changes due to the changes of the spin state of heme iron
(Fig. 5). The binding difference spectrum of 2-CH,-NQ
showed a peak at 382 nm and a trough at 422 nm, desig-
nated as Type I spectrum (21, 22), suggesting conversion of
the spin state of heme iron from a low spin state (O-coordi-

. nation) to a higher one. The difference spectrum induced by

5-OH-NQ showed a peak at 424 nm and a trough at 380
nm, designated as Type II (N-coordination). The difference
spectrum induced by 2-CH,-5-OH-NQ was similar. These
results with 5-OH-NQ and 2-CH,-5-OH-NQ were similar to
those obtained from untreated rabbit liver microsomes as
described previously (I). On the other hand, the binding

TABLE 1. Inhibition of P4501Al-dependent 7-ethoxycou-
marin O-deethylation by 1,4-naphthoquinone derivatives
(NQs).*

Competitive K, (uM) Non-competitive K, (pM)
NQ 6.5+ 1.0 5-OH-NQ 1.8 0.2
2-CH,-NQ 41=*01 6,8(OH),-NQ 11
2-CH,-5-OH-NQ 26 *05

2-OH-NQ 62

*Each value represents the mean * SD of three or more separate
experiments except for 2-OH-NQ and 5,8{(OH)-NQ, which were
examined once.

TABLE II. Kinetic parameters of NADPH oxidation in the
presence of 1,4-naphthoquinone derivatives (NQs).*

1,4-Naphthoquinones K_NQ (uM) V ex (WM/min)
5,8(OH),-NQ 81+10 34+3
5-OH-NQ 78+ 1.0 323
2-CH,-5-OH-NQ 5104 17x1
NQ 15+17 217
2-CH,-NQ 26+9 25+ 9
2-OH-NQ 0 0

*The K_NQ (K_, for 1,4-naphthoquinones) and V,_,, values were cal-
culated by the method of Sakoda and Hiromi (15). Each value rep-
resents the mean + SD of three or more separate experiments.
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Fig. 5. Difference spectra of P4501A1 induced by NQ (A), 2-
CHS-NQ (B), and 5-OH-NQ (C). The spectra were measured at 1.9
pM P450 and 6.8 pM NQ (A); 3.7 uM P450 and 5.9 uM 2CH,-NQ
(B); and 3.7 uM P450 and 1.8 uM 5-OH-NQ (C).

difference spectrum of NQ showed a peak at 416 nm and a
trough at 380 nm, designated as the reverse Type I spec-
trum (22), suggesting conversion of the spin state of the
heme iron from a high spin state to a lower one (O-coordi-
nation). Because the oxidized form of the purified P4501A1
showed a Soret peak at 417 nm (22, 23), it is reasonable to
assume that P4501A1 in the recombinant yeast micro-
somes mostly has the heme iron in a low spin state (O-coor-
dination). The intensity of the reverse Type I difference
spectrum induced by NQ was lower than that of the Type I
spectrum induced by 2-CH,-NQ. Accordingly, it is suggested
that a small amount of P4501A1 contains the heme iron in
a high spin state, which is converted to a low spin state by
binding of 1,4-naphthoquincnes. Neither 1% methanol nor
20% glycerol in the buffer caused spectral change of P4501-
Al (data not shown).

DISCUSSION

Our previous study suggested that inhibition of micro-
somal monooxygenation by 1,4-naphthoquinone derivatives
selected from the components of Chinese medicines is not
due to formation of superoxide radicals but due to their
binding to cytochrome P450 (1). Judging from the IC, val-
ues, the inhibition would be physiologically significant.
However, the microsomal fraction prepared from rabbit
liver and human placenta in the previous study contain
multiple forms of P450. On the other hand, it has been re-
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ported that 1,4-naphthoquinones are reduced by NADPH-
P450 reductase (4-6). In this study, we performed kinetic
analysis using recombinant yeast microsomes containing a
single P450 gpecies, P4501A1. We also examined the possi-
bility that 1,4-naphthoquinones act as substrates of the
P4501A1-dependent monooxygenase system, but no metab-
olite of the enzyme system was detected (data not shown).
Thus, the six 1,4-naphthoquinones examined in this study
were regarded as inhibitors of the monooxygenase system.
The inhibitory effects of 1,4-naphthoquinones can be classi-
fied into three types. One of them involves binding of 1,4-
naphthoquinones to the P450 active site, which interferes
with binding of the substrate to the active site. In this case,
the 1,4-naphthoquinones may show competitive inhibition.
The second type involves binding of 1,4-naphthoquinones to
a secondary site other than the active site, and the 1,4-
naphthoquinone may inhibit the enzyme in a noncompeti-
tive manner. In the third type, 1,4-naphthoquinone inter-
feres with electron-transfer from NADPH-P450 reductase
to P4501A1, and the inhibition pattern might be noncom-
petitive. If these types of inhibition occurred simulta-
neously, a mixed-type inhibition would be observed. The
inhibitory potency and pattern of 1,4-naphthoquinones
seem to be dependent on their structure and the nature of
their substituents (Table I). In this study, 7-ethoxycou-
marin O-deethylation was performed at 2.6 nM P4501A1
and 1.6 nM NADPH-P450 reductase under the standard
conditions. No clear change in the inhibitory potency and
pattern was observed when the reductase concentration
was varied in the range between 0.16 and 4.8 nM, where
the P4501A1 concentration was in the range between 0.26
and 7.8 nM (not shown). Accordingly, it is considered that
change in the reductase concentration does not influence
the inhibitiory behaviors of 1,4-naphthoquinones.

Two noncompetitive inhibitors of 7-ethoxycoumarin O-
deethylation, 5,8OH),-NQ and 5-OH-NQ, showed almost
the same acceleration of NADPH oxidation (Table II). Thus,
these inhibitors may have an equal ability to affect the elec-
tron transfer. If their inhibitory effect is mainly derived
from their interference with electron-transfer from NA-
DPH-P450 reductase to P4501A1, both inhibitors should
show similar inhibition profiles with similar K, values.
However, the K, values observed with 5,8{OH),-NQ (11
uM) and 5-OH-NQ (1.8 + 0.2 uM) differ significantly. This
suggests that the major inhibitory effect of 5,8(OH),-NQ
and, particulerly, 5-OH-NQ, which has a low K| value, is not
due to interference with the electron-transfer. The binding
difference spectrum of 5-OH-NQ strongly suggests that it
binds to the substrate-heme pocket of P4501A1, that is, 5
OH-NQ shows two modes of inhibition: binding to the P450
active site and interfering with the electron-transfer. It is
still unclear why 5-OH-NQ and 5,8-(OH),-NQ show non-
competitive inhibition, especially if we accept that 5-OH-
NQ binds to the substrate-heme pocket of P4501A1. The
possibility remains that 5-OH-NQ binds to a secondary site
other than the active site to result in a Type II spectral
change of the heme. On the other hand, it has been demon-
strated, according to the two-site model (24), that P4501A1
could accommodate two 7-ethoxycoumarin molecules in the
substrate-binding pocket when the substrate concentration
is higher than 60 pM under the conditions used in the
present study (K. Inouye et al., submitted). On the other
hand, four 1,4-naphthoquinones (2-CHy-, 5-OH-NQ, 2-CH;-
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NQ, NQ and 2-OH-NQ) showed typical competitive inhibi-
tion with binding affinity for P4501A1 in the order: 2-CH,-
5-OH-NQ > 2-CH,-NQ > NQ » 2-OH-NQ (Table I). How-
ever, the binding difference spectra of 2-CH,-5-OH-NQ
(Type II), 2-CH,-NQ (Type I), and NQ (reverse Type I) were
quite different. These observations on the inhibition pat-
terns and spectral changes of the 1,4-naphthoquinones are
too complicated to be explained unambiguously. The effects
of substituents and the structure—function relationship of
1,4-naphthoquinone derivatives should be studied further.

The present study indicates that the 1,4-naphthoquinone
derivatives are potent inhibitors of P4501A1 with K values
of uM order. Inhibitory effects of the 1,4-naphthoquinones
on P4501A1-dependent monooxygenase are derived from
their binding to the substrate-heme pocket of P4501A1.
The methyl and hydroxyl groups of the 1,4-naphthoquino-
nes had unique effects on their binding affinity and modes
of binding. Therefore, the 1,4-naphthoquinones appear to
be useful probes to elucidate the structure of the substrate-
heme pocket of P4501A1. In addition, the lines of evidence
obtained in this study give us useful information to design
potent inhibitors of the cytochrome P4501Al1-dependent
monocoxygenase system, and the inhibitors could be used to
suppress carcinogenesis derived from the activity of P4501-
Al
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