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1. Introduction

Stable iminoxyl radicals bound to cytochrome
P450 are discussed in [1—4]. Radicals used hitherto
have electron-donor groups and are analogous to
either substrates or inhibitors of cytochrome P450.
These compounds coordinate directly with Fe3*
located in the active center, as suggested by the visi-
ble spectra;i.e., they behave as type II substrates.
The distance between the spin label nitroxide and the
Fe®* in such complexesis 8—11 & [2,3].

It is known from [5] that some stable iminoxyl
radicals can be used as analogs of cytochrome P450
substrates to examine electron transfer processes in
microsomal systems. In particular, radical 4(3-iodo-
2-oxopropylidene)-2,2,3,5,5-pentamethylimido-
solydene-1-oxyl (RJ) binds to cytochrome P450
yielding a type I spectral complex [5]. On the other
hand, numerous data suggest that the SH-group of
cysteine is located in the active center of cytochrome
P450 [6—8]. SH-groups are well known to be readily
alkylated by halogen-containing compounds [9].
Taking into account this fact, as well as substrate
properties of RJ, we anticipated that RJ would inter-
act with the SH-group in the active center of the
enzyme. Here the interaction of this radical with
microsomal cytochrome P450 by EPR spectroscopy
is studied. The distance between the Fe3* and the
iminoxyl moiety was estimated at 77 K.

2. Materials and methods

Liver microsomes were prepared as in [10] from
Wistar rats (120—140 g). The contents of micro-
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somal protein and cytochrome P450 were determined
by conventional methods [11,12]. For EPR experi-
ments the microsomes were filtered through a Chelex
100 column (Bio-Rad Labs).

Aniline (chemically pure) was purified by distilla-
tion and naphthalene (Koch-Light Labs) was sub-
limated. Radicals RJ, 4(2-oxopropylidene)-2,2.3,5,5-
pentaimidozolydene-1-0xyl(RH), which is struc-
turally similar to RJ but with H substituted for J,
as well as the non-radical analog of RJ with N—OCH,
residue instead of N—O" fragment (NR) were kindly
given by Dr L. B. Volodarsky (Institute of Organic
Chemistry, Novosibirsk).

The extent of aniline and naphthalene metabo-
lism by microsomal fractions was determined by
estimation of the amount of p-aminophenol and
a-naphthanol as in [13,14]. The content of lipid was
determined as in [15].

The difference spectra of cytochrome P450 in the
presence of the radicals were measured by a Hitachi-
556 scanning spectrometer. The binding of radical RJ
was examined with a tandem cuvette device to com-
pensate both the turbidity changes and the absorbance
of the RJ radical itself. The spectral constants of the
radicals bound to cytochrome P450 (K) were deter-
mined according to [16].

Stopped flow experiments were performed using
a Hitachi-556 spectrometer with a rapid mixing
accessory (‘dead’ time = 1 ms). The cytochrome
P450 reduction rate was determined by watching
the formation of the CO—ferrous cytochrome P450
complex.

The EPR spectra were taken by a Varian E-109
spectrometer in a capillary tube at room temperature
and in a quartz dewar vessel at 77 K.
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3. Results and discussion

RJ and RH radicals bind to cytochrome P450 as
type I substrates (A, = 390 nm, A ;. = 420 nm)
with K (RJ) = 66 uM and K (RH) = 240 uM. Fig.1
shows the oxidation product yields of type I (naph-
thalene) and type II (aniline) substrates vs RJ and RH
concentrations. As seen from fig.1, RJ, unlike RH,
is a highly effective inhibitor of the oxidation reac-
tions catalyzed by cytochrome P450. Note that the
degree of inhibition for both substrates becomes
constant as soon as [RI]/[cytochrome P450] ratio
reaches unity.

The diminution in the substrate metabolism
caused by RJ is not due to the inhibition of the
NADPH-cytochrome ¢ reductase or NADPH-cyto-
chrome P450 reductase. At <10 uM, RJ does not
affect the reactions mentioned. Evidently, the inhibi-
tion effect does not result from the conversion of
cytochrome P450 into the inactive form (cytochrome
P420) since this conversion occurs only if RJ is
>10"* M. _

Experiments have shown the non-radical analog
RJ-NR to be an effective inhibitor of substrate
oxidation too, its efficiency being 1.4-times less than
RJ. This implies that the RJ inhibition effect is
independent of the presence of the unpaired electron.

Thus, the inhibition of aniline and naphthalene
oxidation observed (fig.1) can be explained by the
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Fig.1. Inhibition of aniline and naphthalene oxidation in
microsomes by RJ and RH radicals: protein, 1.5 mg/ml;
cytochrome P450, 1.7 X 10-% M; aniline, 10-® M; naph-
thalene, 5 X 10™* M; HADP.H, 2 X 10-2 M. (#) aniline + RJ;
{(a) aniline + RH; (0) naphthalene + RJ; (2) naphthalene + RH.
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covalent binding of the alkylating analog of the sub-
strate to the active center of cytochrome P450. This
assumption was verified by the following experi-
ments. Radicals RJ and RH were incubated with
microsomes at 4°C, the incubation mixture was then
treated with 4% sodium cholate until complete
solubilization of the microsomes. The solubilizate
obtained was then passed through a column with
Sephadex LH-20 to remove the low molecular weight
hydrophobic compounds [17]. After centrifugation
at 105 000 X g, the particles obtained were analyzed
by EPR. The EPR signal of immobilized radical arose
in particles pre-treated with RJ, while no signal was
observed in those treated with RH.

In other experiments the microsomes were treated
with RJ then solubilized with detergent. The solu-
bilizate was passed through the column with Biogel.
Fig.2 shows the division of the solubilizate into pro-
tein and lipid components. Using EPR spectroscopy
the radical was found in the protein fraction. The
spectrum of the radical was immobilized (r,~ 107%5).
At the same time, the radical was also observed in the
other fractions, its spectrum corresponding to the
non-immobilized radical (r,= 5 X 107" s). These
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Fig.2. Gel filtration on Bio-gel P-30 of the reaction mixture
containing microsomes preincubated with RJ. Reaction
mixture: Microsomes, 0.2 m1 (38.4 mg protein/ml) were pre-
incubated with RYat 1.4 X 10~* M, for 30 min, at 310 K, then
solubilized with sodium cholate (final conc. 4%) and

passed through a column (15 ml). The column was washed
with 0.1 M Tris—HCl buffer (pH 7.6) and sodium cholate
4%. The fractions were collected for EPR analysis and pro-
tein determination; for lipid determination the fractions were
specially concentrated.
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Fig.3. Protection effect of naphthalene in RJ-induced inhibi-
tion of microsomal hidroxilation of naphthalene. Microsomes
(cytochrome P450,2.4 X 10~ M in 0.05 M Tris—HCl buffer

{pH 8.1) were prp"\nnhnfpﬂ with RJat4.2 x 10" M for

4 min at 310 K without naphthalene (o) and with naph-
thalene at 10~® M (a). The control sample contained the
same concentration of reagents without RJ (). The reactions
were started by HADP.Hat 3 X 1073 M.

data show the RJ to covalently bind to the micro-
somal protein.

To solve the problem of localization of the RJ
covalently bound to cytochrome P450, we studied
the protection of the active center from substrate
inactivation. As seen from fig.3 an amount of naph-
thalane in the incubation medium prevents inactiva-

tion of the enzyme, while aniline has no influence
on the interaction of RJ with cytochrome P450.
Fig.4 shows the effect of microsomal fraction on
the EPR spectra of RJ and RH radicals. Microsomes
induce transformations of both RJ and RH radicals
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Fig.4. Time evolution of the central component RJ and RH

PR, fn dlen amimcman s o sl misnneane DT DLY
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2 X 10-* M; cytochrome P450, 5§ X 10™% M; metyrapone,
1073 M;at 303 K. {a) R] + microsome; {b) RJ + micro-
some + metyrapone; {c} RH + microsome.
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Fig.5. Microwave power saturation curves of R¥at 77K in
microsomes (¢) (56 mg protein/mi, 50 uM cytochrome P450,
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20 uM spm iabel conc.}, and in uposomt:a irom puubpxuuuy‘ i~
choline () (40 mg lipid/mi, 70 uM label conc.), EPR modula-
tion amplitude of 4 G, microwave frequency of 8.95 GHz.

leading to the disappearance of EPR spectra. The

slow decrease of the peaK intensity of the RH EPR
spectra may be tentatively explained by reduction
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brane components [18]. At the same time, the rapid
disappearance of the signal in RJ-treated samples is
not common. This effect can be explained assuming
spin exchange between the radical and the Fe>*
localized in the active enzyme center occurring
during the covalent binding of RJ to the active center
of cytochrome P450 and reducing the RJ EPR signal
[19]. Indeed, when the temperature of the sample,
with the EPR signal of RJ ‘vanished’ at 303 K, was
decreased to 77 K, the EPR signal appeared again.
This signal was the same as the frozen solution of
Rl g,,=2022,g,,=2.008,¢g,, =1979 (frequency
f=8.93 GHz). Measurements of the dependence

of the peak intensity of the spectra of Ri-treated
microsomes at 77 K vs the power of the exciting
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tion curves, fig.5) made it possible to estimate the
distance between the Fe®* and the iminoxyl moiety
which appeared to equal 11.5 £ 1 A as calculated by
the method in [20]%.

* The contribution of Fe** to the value of 77! of RJ was
calculated using the saturation curves by the technique
in [20]. AT;! = 2.9 X 10* s~'. The distance between the
Fe** and the iminoxyl moiety was calculated using the
above AT}, Fe®* parameter (low spin), and the correlation
time 7 = 3 X 107° s. The value of  equal to T, of cyto-
chrome P450 Fe** at 77 K [3] was much shorter than that

-y rma

of 7', at 77 K {21}
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Experiments with metyrapone, a classical com-
petitive inhibitor of reactions catalyzed by cyto-
chrome P450, afford further evidence for the binding
of RJ at the active center. Fig.3b shows this com-
pound to slow down the microsome-induced decrease
in the peak intensity of the RJ EPR spectrum.

The above experimental data and the comparison
of the RH and RJ effects on microsomes prove the
covalent binding of RJ to the active center of cyto-
chrome P450. The SH group of the enzyme active site
is probably affected by RJsince SH groups are known
to be better alkylated by iodine-containing compounds
[9]. It should be noted that the oxidation of sub-
strates I and II is unequally inhibited (fig.1). Unfor-
tunately, standard methods of analysis of inhibition
curves for covalent binding inhibitors [22] cannot be
used in our studies because an appreciable inhibition
of substrate oxidation takes place at equal concen-
trations of the enzyme and the inhibitor. The method
to analyze inhibition curves using the exact solution
of the equation in [22] is being developed.

Thus, the affinity modification of cytochrome
P450 by substrate analogs containing an active group
suggests a new approach to the investigation of the
geometry of the monooxygenase active center and
allows for effective inhibition of reactions catalyzed
by this enzyme in vivo.
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