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SUMMARY

KAMATAKI, TETsSUYA & NEAL, ROBERT A. (1976) Metabolism of diethyl p-nitro-
phenyl phosphorothionate (parathion) by a reconstituted mixed-function oxidase
enzyme system: studies of the covalent binding of the sulfur atom. Mol. Pharma-
col., 12, 933-944.

During the metabolism of parathion by a reconstituted mixed-function oxidase system
from rat liver, the sulfur-containing portion of the molecule becomes covalently bound,
predominantly, if not exclusively, to cytochrome P-450. Companion experiments using
14C-labeled parathion indicated that more than 95% of the sulfur bound to cytochrome P-
450 is free of the remainder of the parathion molecule. Thus the bound sulfur is the
sulfur atom released in the metabolism of parathion to paraoxon. Investigations con-
cerning the nature of the covalent bond between the sulfur atom and cytochrome P-450
suggested that about 50% becomes bound to the side chain of the cysteine in the
cytochrome P-450 apoenzyme, forming a hydrodisulfide. Binding of the sulfur to cyto-
chrome P-450 of the reconstituted system apparently leads to cross-linking of the
proteins of the reconstituted system to form high molecular weight complexes. Exami-
nation of the binding of sulfur to the macromolecules of intact rat liver microsomes on
incubation with parathion revealed that the majority of the atomic sulfur is bound to
protein(s) precipitated by an antibody to rat liver cytochrome P-450. This binding of
sulfur to the macromolecules of intact microsomes also leads to the formation of high
molecular weight complexes as determined by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis.

INTRODUCTION decrease in the level of cytochrome P-450

The administration of thiono sulfur-con-  detectable as its carbon monoxide complex

taining compounds to experimental ani-
mals in vivo (1-4) or incubation with he-
patic microsomes in vitro (1, 3-7) leads to a
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and to a decrease in the rate of metabolism
of substrates for the hepatic mixed-func-
tion oxidase system. In addition, centrilob-
ular hepatic necrosis is seen when some of
these compounds are administered in vivo
(1-3).

It has recently been suggested that the
inhibition of the mixed-function oxidase
system and the decrease in the concentra-
tion of cytochrome P-450 seen on incuba-
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tion of rat liver microsomes with carbon
disulfide are the results of covalent bind-
ing of the sulfur atom released in the
mixed-function oxidase-catalyzed metabo-
lism of CS, to carbonyl sulfide (3, 5, 8). The
centrilobular hepatic necrosis seen on ad-
ministration of CS, to phenobarbital-
treated rats is also thought to result from
the mixed-function oxidase-catalyzed me-
tabolism of this compound to a reactive
intermediate (2, 3, 5). The nature of the
covalent bond formed between the sulfur
atom released in the mixed-function oxi-
dase-catalyzed metabolism of CS, and the
macromolecules of the microsomes has re-
cently been investigated (9). This study
revealed that approximately 50% of the
sulfur was bound in the form of a hydrodi-
sulfide (R—S—S—H). This hydrodisulfide
is most likely formed in a reaction between
the sulfur atom released in the metabo-
lism of CS, to COS and the side chain of
the cysteine present in the proteins of the
microsomes.

The administration of the phosphoro-
thionate insecticide fenitrothion (dimethyl
3-methyl-4-nitrophenyl phosphorothio-
nate) to mice in vivo results in a decrease
in the activity of the hepatic mixed-func-
tion oxidase system(s) toward aniline and
aminopyrine (4). The phosphorothionate
insecticide parathion (diethyl p-nitro-
phenyl phosphorothionate) inhibits mixed-
function oxidase activity and decreases the
level of cytochrome P-450 detectable as its
carbon monoxide complex when incubated
with rat liver microsomes in the presence
of NADPH (7). The results of the latter
studies indicated that, like the results ob-
tained using CS; (3, 5, 8), the inhibition of
mixed-function oxidase activity and the
decrease in cytochrome P-450 result from
covalent binding of the sulfur atom re-
leased in the mixed-function oxidase-cata-
lyzed metabolism of parathion to paraoxon
(diethyl p-nitrophenyl phosphate).

In the present study we have examined
the binding of the sulfur atom of parathion
to the proteins of a reconstituted mixed-
function oxidase system isolated from rat
liver micorsomes. The major purpose of
these studies was to determine whether
the sulfur atom was bound to cytochrome
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P-450, NADPH-cytochrome c reductase, or
both. In addition, we have examined the
nature of the covalent linkage between the
sulfur atom and the proteins of the recon-
stituted system.

MATERIALS AND METHODS

Preparation of microsomes. Male
Sprague-Dawley rats weighing 150-200 g
were given 0.1% sodium phenobarbital in
their drinking water for 3 days. The ani-
mals were killed by decapitation, the liv-
ers were removed and perfused with 1.15%
KCl, and the microsomes were prepared as
described previously (10).

Purification of cytochrome P-450 and
NADPH-cytochrome c¢ reductase from
phenobarbital-treated rats. Cytochrome P-
450 was purified from the livers of pheno-
barbital-treated rats as described previ-
ously (11). The method used was a modifi-
cation of that reported by Imai and Sato
(12) for purification of rabbit liver cyto-
chrome P-450. The specific content of cyto-
chrome P-450 used in these studies was
15.4-16.4 nmoles/mg of protein. The spe-
cific activity of NADPH-cytochrome c re-
ductase ranged from 20.5 to 28.3 units/mg
of protein. This enzyme, which was puri-
fied as described previously (11), is 42-58%
pure compared with the specific activity of
homogeneous rat liver NADPH-cyto-
chrome ¢ reductase (13). SDS*-polyacryl-
amide gel electrophoresis of the reconsti-
tuted system or intact microsomes after
incubation with parathion or other sub-
strates was carried out using 7.5% gels and
a buffer system consisting of 0.2 M Tris-
acetate (pH 6.0) containing 0.1% (w/v)
SDS. Prior to application to the gels, the
samples were treated for 5 min at 100° with
20 mM Tris-acetate (pH 6.0) containing 2 M
urea, 1% SDS, 0.002% bromphenol blue,
and 1 mMm EDTA. Protein bands were visu-
alized by staining the gels with 0.2% Coo-
massie blue R-250 in methanol-acetic
acid-water (5:1:5) for 30 min and destain-
ing by diffusion overnight in a 10% acetic

2 The abbreviations used are: SDS, sodium dode-
cyl sulfate; HEPES, N-2-hydroxyethylpiperazine-
N'-2-ethanesulfonic acid.
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acid solution containing 10% (v/v) metha-
nol. In order to determine the distribution
of S bound to the proteins separated on
SDS-gel electrophoresis, the gels were
sliced at 1-mm intervals and each slice was
dissolved by placing it in 1 ml of 15% hy-
drogen peroxide in a sealed 20-ml scintilla-
tion counting vial and heating at 70° for 16
hr. The radioactivity in the slices was de-
termined by scintillation counting.
Quenching was corrected for using an in-
ternal standard. Partially purified anti-
body from rabbits immunized against rat
liver cytochrome P-450 was prepared as
described previously (11).

Analytical methods. Protein was deter-
mined by the method of Lowry et al. (14).
Cytochrome P-450 was determined by the
method of Omura and Sato (15) in the
presence of 20% glycerol and 0.2% Emul-
gen 913 (12). NADPH-cytochrome ¢ reduc-
tase was assayed by measuring the
NADPH-dependent reduction of cyto-
chrome ¢ (16). The spectrophotometric
measurements were carried out at room
temperature using a Cary 15 spectropho-
tometer. Studies of the metabolism of par-
athion were carried out as described previ-
ously (11).

Materials. NADPH and horse heart cy-
tochrome ¢ were obtained from Boehrin-
ger/Mannheim; Sephadex G-25, from
Pharmacia; and SDS-polyacrylamide gel
(7.5%) and Tris-acetate buffer containing
SDS, from Bio-Rad. [**S]- and [ethyl-
14C]Parathion were obtained from Amer-
sham-Searle; these preparations had an
average specific activity of 5 uCi/umole
and were more than 99% pure.

RESULTS

Table 1 shows the results of an examina-
tion of the binding of the sulfur atom of
parathion to cytochrome P-450 of a recon-
stituted rat liver mixed-function oxidase
system. The requirements, in terms of
components of the reconstituted system,
for covalent binding of sulfur are quite
similar to those previously observed for
the metabolism of parathion to paraoxon,
diethylphosphorothioic acid, and diethyl-
phosphoric acid (11). This result was not
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TaBLE 1

Binding of sulfur atom of parathion to rat liver
cytochrome P-450

The complete incubation mixture contained 0.5
nmole of cytochrome P-450, 0.25 unit of NADPH-
cytochrome ¢ reductase, 100 ug of dilauroyl-L-3-
phosphatidylcholine, 0.05 M HEPES buffer (pH 7.8),
0.015 m MgCl,, 100 ug of sodium deoxycholate, 0.1
mM EDTA, 0.1 mM [*S]- or [ethyl-'*Clparathion,
and 0.1 mm NADPH in a total volume of 1.0 ml. The
reaction mixtures were incubated at 37° for 5 min.
The reactions were stopped by placing the incuba-
tion in an ice-water bath. After approximately 5
min, 3 mg of partially purified antibody to cyto-
chrome P-450 were added, and the mixtures were
allowed to stand at 0-4° for 16 hr. Previous studies
had shown that all of the cytochrome P-450 was
precipitated under these conditions (11). The precip-
itate representing cytochrome P-450 combined with
its antibody was separated by centrifugation at 2000
x g in the cold and washed successively with 5 ml
each of 50 mM potassium phosphate, pH 7.25, con-
taining 0.85% sodium chloride (twice), 100% ethanol
containing 1 mmM unlabeled parathion, and 100%
ethanol. The precipitate was dried under a stream of
nitrogen and dissolved in 1 ml of NaOH, and radio-
activity was determined by scintillation counting.
The data represent the means + standard deviations
of duplicate determinations.

Conditions 358 or '*C binding
nmoles/nmole P-450/
5 min
[3*S]Parathion
Complete system 1.02 = 0.02
-NADPH 0.04 = 0.01
—NADPH-cytochrome ¢
reductase 0.04 = 0.00
~Dilauroylphosphati-
dylcholine 0.41 = 0.00
—Deoxycholate 0.80 = 0.01
—Mg*+ 1.05 = 0.02
[“C]Parathion
Complete system 0.020 = 0.002

unexpected, since a previous study had es-
tablished that the sulfur which covalently
binds to microsomes incubated with
[**S]parathion is predominantly that sul-
fur atom which is released in the metabo-
lism of parathion to paraoxon (7). When
the incubation was carried out using
[ethyl-'*C]parathion, only about 2% as
much “C as 3S was bound to cytochrome
P-450 in the presence of the complete sys-
tem. Therefore the majority of the sulfur
bound to cytochrome P-450 under the con-
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ditions described in Table 1 is free of the
remainder of the parathion molecule.
Shown in Table 2 is the effect on cyto-
chrome P-450 of incubating parathion with
the reconstituted system under various
conditions. Some apparent loss of cyto-
chrome P-450 occurs in the absence of nec-
essary cofactors or the substrate for the
reconstituted system. This loss in cyto-
chrome P-450 is not due to conversion to
cytochrome P-420. Rather, it is most likely
due to incomplete transfer of the small
amount of enzyme (170 ug) from the incu-
bation flasks to the cuvette used to meas-
ure cytochrome P-450, probably because of
adsorption of cytochrome P-450 to the
walls of the incubation flask. Under condi-
tions in which the data in Table 1 show
that maximum binding of sulfur occurs
(complete system), about 45% of the cyto-
chrome P-450 added to the incubation is no
longer detectable as its carbon monoxide
complex. If it is assumed that about 20% of
this loss of cytochrome P-450 is due to in-
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TABLE 2

Decrease in cytochrome P-450 content on incubation
of parathion with rat liver reconstituted mixed-
function oxidase system

Cytochrome P-450 (2.58 nmoles) was first incu-
bated at 37° for 3 min in the presence of NADPH-
cytochrome ¢ reductase (0.5 unit), dilauroyl-L-3-
phosphatidylcholine (30 ug), parathion (0.1 mm) or
paraoxon (0.1 mM), sodium deoxycholate (100 ug),
HEPES buffer (0.05 M, pH 7.8), EDTA (0.1 mm), and
MgCl, (0.015 M). The reaction was started by the
addition of an NADPH-generating system (NADP,
2.5 mM; glucose 6-phosphate, 7.5 mM; and glucose 6-
phosphate dehydrogenase, 0.5 unit). The volume of
the reaction mixture was 1 ml. After incubation for 5
min, Emulgen 913 (0.2%) and glycerol (20%) were
added, the mixtures were transferred to a spectro-
photometric cuvette, and the content of cytochrome
P-450 was measured. The results represent the
means + standard deviations of duplicate determi-
nations.

Conditions Cytochrome P-

450 remaining
nmoles %
Complete system 1.44 = 0.11 56
-NADPH 1.97 = 0.00 76
—Reductase 2.10 = 0.00 81
—Parathion 2.23 = 0.04 86

—Parathion and

paraoxon 2.06 = 0.01 80

AND NEAL

complete transfer of the enzyme from the
incubation flask to the cuvette used to
measure cytochrome P-450, the actual loss
due to the incubation is only about 25%. In
contrast, under conditions in which the
reconstituted system was inactive
(NADPH and reductase omitted), or when
parathion was not present, or when par-
aoxon, which is not a substrate for the
reconstituted mixed-function oxidase en-
zyme system, was substituted for para-
thion in the complete system, only 14-24%
of the original cytochrome P-450 was no
longer detectable. These and previous data
obtained using whole microsomes (7) indi-
cate that the larger decrease in P-450 seen
in the presence of the complete system is
due to covalent binding of the sulfur atom
released in the metabolism of parathion to
paraoxon.

Using whole microsomes, 70-95% of the
sulfur released in the mixed-function oxi-
dase-catalyzed metabolism of parathion to
paraoxon became bound to the macromole-
cules of the microsomes used in the incu-
bation (7). In the experiment described in
Table 1, only about 25% of the sulfur re-
leased became bound to cytochrome P-450.
A number of factors may account for this
difference. First, some of the P-450 is solu-
bilized from the antibody-P-450 complex
during the washing of the precipitate. Fur-
thermore, the sulfur released by the recon-
stituted system may more readily escape
the region of the active site of the cyto-
chrome P-450 and react with low molecu-
lar weight nucleophiles, such as water, in
the incubation medium. Alternatively, the
sulfur released by the reconstituted sys-
tem may bind not only to cytochrome P-450
but to NADPH-cytochrome ¢ reductase as
well. The latter possibility was examined
in the experiment shown in Fig. 1. In this
experiment the reconstituted system was
incubated with [**S]parathion, followed by
dialysis of the reaction mixture to remove
unmetabolized parathion, its noncova-
lently bound metabolites, and other low
molecular weight radiolabeled compounds.
Increasing amounts of partially purified
antibody were then added to aliquots of
this dialyzed reaction mixture, and the
amount of radioactivity present in the P-
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Fi1c. 1. Binding of sulfur atom of parathion to
both cytochrome P-450 and NADPH-cytochrome ¢
reductase

The incubation mixture contained 30 nmoles of
cytochrome P-450, 7.5 units of NADPH-cytochrome
¢ reductase, 120 ug of dilauroyl-L-3-phosphatidyl-
choline, 100 ug of sodium deoxycholate, 0.015 M
MgCl,, 10. mm EDTA, 0.05 m HEPES buffer (pH
7.8), 0.1 mM [*S]parathion, and 0.1 mM NADPH in a
final volume of 7.5 ml. After incubation at 37° for 15
min, the mixture was placed in a water-ice bath.
The reaction mixture was then dialyzed at 4° for 24
hr against two changes of 50 mm potassium phos-
phate, pH 7.25 (1 liter), containing 0.85% sodium
chloride. A portion of the dialyzed sample was di-
vided equally among six tubes. Each tube contained
1.25 nmoles of cytochrome P-450 as estimated by the
method of Omura and Sato (15). Various amounts of
partially purified antibody to cytochrome P-450 were
added, and the tubes were incubated at 4° for 16 hr.
The precipitate was isolated by centrifugation at
2000 x g, washed once with 50 mm potassium phos-
phate, pH 7.25, containing 0.85% sodium chloride,
and dissolved in 1 N NaOH. The radioactivity in the
supernatant fraction and in the NaOH solution of
the precipitate (PPT) was measured by scintillation
counting. The NADPH-cytochrome ¢ reductase ac-
tivity in the supernatant was determined using a 50-
ul aliquot of each supernatant fraction.

450 antibody precipitate, and in the super-
natant after removal of the precipitate,
was determined. In addition, the amounts
of cytochrome P-450 and NADPH-cyto-
chrome ¢ reductase remaining in the su-
pernatant were determined.

As the amount of partially purified anti-
body was increased, the amounts of radio-
activity and cytochrome P-450 in the solu-
tion decreased. After 2.0 mg or more of
partially purified antibody had been

OF PARATHION SULFUR ATOM

937

added, cytochrome P-450 was no longer de-
tectable in the supernatant. At this point
the radioactivity in the supernatant had
decreased by about 90%. This was matched
by the appearance of a comparable amount
of radioactivity in the antibody-P-450 pre-
cipitate. The activity of the reductase in
the supernatant decreased by about 30%
when 1 mg of partially purified antibody
was added. A higher concentration of this
antibody preparation had no further effect
on the reductase activity in the superna-
tant. These results suggest that the major-
ity of the nondialyzable sulfur is bound to
cytochrome P-450. About 8% of the radiola-
beled sulfur remained in the supernatant.
This may be bound to the reductase. On
the other hand, it may represent sulfur
originally bound to cytochrome P-450,
which was released in some form into the
supernatant during the 16 hr allowed for
precipitation of the antibody-P-450 com-
plex.

An experiment similar to that described
in Fig. 1 was carried out using whole mi-
crosomes isolated from the livers of pheno-
barbital-treated rats. In these experiments
the microsomes were labeled with 3S by
incubation with [*3S]parathion in the pres-
ence of NADPH. The microsomes were
then isolated from the incubation mixture
by centrifugation, solubilized, and di-
alyzed to remove unmetabolized parathion
and its noncovalently bound metabolites.
Then various amounts of partially purified
antibody were added to aliquots of the sol-
ubilized microsomes, and the amount of
radioactivity remaining in the precipitate
and in the supernatant, after separation
from the antibody-P-450 precipitate, was
determined (Fig. 2). The amount of radio-
activity in the supernatant decreased with
increasing amounts of partially purified
antibody. When approximately 4-5 mg of
the antibody preparation had been added,
the amount of radioactivity remaining in
the supernatant was decreased by about
70%. These data suggest that the majority
of the sulfur bound to the macromolecules
of the microsomes is bound to cytochrome
P-450. However, it is quite possible that
proteins other than cytochrome P-450 are
precipitated, along with P-450, on addition
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Fi1G. 2. Immunoprecipitation analysis of binding
of sulfur atom of parathion to cytochrome P-450 in
rat liver microsomes

Microsomes (72 mg of protein) isolated from the
livers of phenobarbital-treated rats were incubated
for 30 min at 37° with 0.1 mmM [*S]parathion, 0.1 mm
EDTA, 0.1 mm NADPH, and 0.05 m HEPES buffer,
pH 7.8, in a final volume of 36 ml. The incubation
mixture was cooled to approximately 4° using a wa-
ter-ice bath and centrifuged at 105,000 x g for 1 hr.
The microsomes were dissolved in 10 ml of 100 mm
potassium phosphate, pH 7.25, containing 0.6% so-
dium cholate and 20% glycerol. This solution was
centrifuged at 105,000 x g for 1 hr. The supernatant
was dialyzed at 4° for 3 days against two changes of
50 mM potassium phosphate, pH 7.25 (3.5 liters),
containing 0.85% sodium chloride. The dialyzed
sample was centrifuged at 5000 x g for 20 min, and a
portion of it was divided among five tubes, each of
which contained 0.164 mg of protein. Various
amounts of partially purified antibody to rat liver
cytochrome P-450 were then added, and the tubes
were incubated as described in Fig. 1. The amount of
radioactivity remaining in the supernatant and the
precipitate (PPT) was determined as described in
Fig. 1.

of the antibody, and these proteins may
also be labeled. It has not yet been deter-
mined whether the radioactivity remain-
ing in the supernatant is bound to proteins
or other macromolecules or is present as
some low molecular weight, sulfur-con-
taining compound like HS- or H,S. It is
possible that the sulfur remaining in the
supernatant is bound to a species of cyto-
chrome P-450 not reactive with the par-
tially purified antibody used in these ex-
periments.

Previous work has shown that approxi-
mately 50% of the sulfur bound to rat liver
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microsomes incubated with C*S, is in the
form of a hydrodisulfide (R—S—-S—H) (9).
This form of bound sulfur was released on
treatment of the  microsomes with CN-.
The chemical form of the sulfur released
was thiocyanate (SCN-). We therefore ex-
amined the ability of CN~ to release the
sulfur bound to cytochrome P-450 of the
reconstituted system as SCN- (Figs. 3 and
4). In these experiments a rat liver recon-
stituted system was incubated with
[**Slparathion, dialyzed, and applied to a
Sephadex G-25 column to remove the last
traces of unmetabolized parathion and its
noncovalently bound metabolites. The pro-
tein fraction from the Sephadex column
was reduced in volume and divided into
two portions. One portion was incubated
without, and one with, 10 mmM CN~ at room
temperature for 3 hr. Figure 3 shows the
elution profile of protein, radioactivity,
and unlabeled SCN- from a Sepahdex G-25
column. of the sample not incubated with
CN-. The unlabeled SCN- was added just
before-application to the column. The only
peak of radioactivity was that associated
with the protein peak. Figure 4 shows the
elution profile of the sample incubated
with CN-. There was a decrease in the
radioactivity associated with the protein,
and a peak appeared which exactly coin-
cided with the colorimetric peak of exoge-
nously added SCN-. Parathion was eluted
from this Sephadex column in fractions
78-105, and the other sulfur-containing
metabolite of parathion, diethylphospho-
rothioic acid, in fractions 35-50. The simi-
larity of these data and those obtained
with microsomes labeled with 33S from
C*8,, in which the form of the radioactiv-
ity released by CN- was unequivocally
identified as SCN- (9), indicates that a
portion of the sulfur bound to proteins of
the reconstituted system, and more likely
to cytochrome P-450, is present as a hy-
drodisulfide.

The data in Fig. 1 indicate that the ma-
jority of nondialyzable sulfur bound on in-
cubation of parathion with the reconsti-
tuted system is bound to cytochrome P-
450. Whether the sulfur is bound exclu-
sively to cytochrome P-450 was also exam-
ined by means of SDS-polyacrylamide gel
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F1G. 3. Elution profile of absorbance at 280 nm, radioactivity, and SCN- from Sephadex G-25 to which a
3S-labeled, reconstituted mixed-function oxidase system had been applied

The 5-ml incubation mixture contained 20 nmoles of cytochrome P-450, 5 units of NADPH-cytochrome ¢
reductase, 500 ug of dilauroyl-L-3-phosphatidylcholine, 500 ug of sodium deoxycholate, and 0.1 mm
[3S]parathion. The remainder of the incubation mixture was the same as described in Table 1. The
incubation time was 15 min at 37° after a 5-min preliminary incubation. The incubation mixture was next
dialyzed at 4° for 24 hr against two changes of 20 mM potassium phosphate, pH 7.8 (1 liter). The reaction
mixture was then concentrated to 2 ml using a Minicon Macrosolute concentrator (A-25, Amicon). This
concentrated mixture was applied to a Sephadex G-25 column, which was eluted with 20 mM potassium
phosphate, pH 7.8. Those fractions containing protein were pooled and concentrated using the Macrosolute
concentrator. A portion of the sample (85 ug of protein) was incubated at room temperature for 3 hr,
NH,SCN (1 umole) was added, and the mixture was applied to the Sephadex G-25 column (1.5 x 28 cm).
Fractions of 1 ml were collected. The radioactivity (x——X) represents counts per minute per 0.2 ml. The
absorbance at 280 nm (@- - -@) was measured on each 1-ml fraction. Thiocyanate (O- - -O) was determined
colorimetrically (17), using 0.5 ml of the appropriate fractions.
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Fic. 4. Elution profile of protein, radioactivity, and SCN- from Sephadex G-25 to which a *S-labeled,
reconstituted enzyme system incubated with 10 mM CN~ had been applied

All incubation conditions and analytical procedures were the same as described in Fig. 3, except that the
labeled protein was incubated with 10 mM potassium cyanide for 3 hr at room temperature prior to
application to the Sephadex G-25 column. For key to symbols, see Fig. 3.
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electrophoresis. In this experiment the re-
constituted system was incubated with
[33S]parathion, and the reaction mixture
was dialyzed and applied to a Sephadex G-
25 column to remove the last traces of un-
reacted parathion and its noncovalently
bound metabolites. The protein fraction
from the Sephadex column was reduced in
volume and divided into two parts. One
aliquot was incubated with 100 mm CN-.
Both fractions were then subjected to
SDS-polyacrylamide gel electrophoresis in
the absence of either dithiothreitol or mer-
captoethanol, since these reagents, like
CN-, displace radiosulfur from the labeled
proteins. The results are shown in Figs. 5
and 6. Figure 5 shows the results of stain-
ing the gels with Coomassie blue. There
was considerable protein material at the
origin of the gel not treated with CN~ (gel
B). The major staining band other than
that at the origin was cytochrome P-450.
No accumulation of protien at the origin
was seen on electrophoresis of the proteins
of a reconstituted system incubated with
parathion in the absence of NADPH. Elec-
trophoresis of the sample of the sulfur-
labeled, reconstituted system which had
been incubated with CN- prior to applica-
tion to the gel (gel A) showed no protein at
the origin. However, either a protein with
a molecular weight lower than that of the
reductase, impurities in the reductase
preparation, or cytochrome P-450 appeared
after treatment with CN-. The origin of
this protein is not known at this time.
Figure 6 shows the results of an assay of
the radioactivity present in a gel analo-
gous to Fig. 5, gel B. The majority of the
radioactivity was associated with the high
molecular weight protein at the origin.
However, of those proteins which mi-
grated from the origin, only cytochrome P-
450 contained any substantial amount of
radioactivity. Although not shown, a simi-
lar analysis of a gel analogous to Fig. 5, gel
A, showed no radioactivity at the origin.
Again, the only significant radioactivity
detectable on this gel corresponded to the
point of migration of cytochrome P-450.
Experiments similar to those described
in Fig. 5 were carried out using intact
microsomes from phenobarbital-treated

KAMATAKI AND NEAL

rats. In these experiments (Fig. 7) the mi-
crosomes were labeled with sulfur by incu-
bation with parathion in the presence of
NADPH. The microsomes were isolated by

F1c. 5. SDS-polyacrylamide gel electrophoresis
of a ¥S-labeled, reconstituted mixed-function oxidase
system before (B) and after (A) incubation with CN-

The sample for gel B was prepared as described in
Fig. 3, and that for gel A was prepared as described
in Fig. 4, except that 100 mmM rather than 10 mM
potassium cyanide was used. Migration is from top
to bottom. The conditions for the SDS-gel electro-
phoresis are described in MATERIALS AND METHODS.
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Fi1c. 6. Radioactivity in slices of an SDS-poly-
acrylamide gel resulting from electrophoresis of a
3S-labeled, reconstituted enzyme system

The sample of protein (approximately 25 ug)
which was applied to the gel was prepared as de-
scribed in Fig. 3. See MATERIALS AND METHODS for
details of the SDS-polyacrylamide gel electrophore-
sis. A schematic illustration of the protein staining
of a duplicate gel is shown at the top of the figure
(fP,, flavoprotein). The direction of migration was
from left to right.

centrifugation, solubilized in 1% SDS, and
subjected to SDS-polyacrylamide gel elec-
trophoresis. The darkly staining band ap-
proximately halfway down the gels corre-
sponds to the area of migration of cyto-
chrome(s) P-450. In the gel of the micro-
somes incubated with [**S]parathion in the
presence of NADPH (gel A), a considera-
ble amount of protein remained at the ori-
gin. In contrast, the gel of the microsomes
incubated with parathion in the absence of
NADPH (gel B) showed very little protein
at the origin. In other experiments treat-
ment of microsomes, which had been incu-
bated with parathion and NADPH, with
CN- (100 mmM), mercaptoethanol (10 mm),
or dithiothreitol (10 mm) prior to solubili-
zation and SDS-gel electrophoresis almost
completely prevented the accumulation of
the high molecular weight protein at the
origin. These data are similar to the re-
sults described in Fig. 5. Finally, accumu-

Fi1c. 7. SDS-polyacrylamide gel electrophoresis
of solubilized rat liver microsomes incubated with
[*S]parathion in the presence (A) and absence (B) of
NADPH prior to solubilization

Microsomes (40 mg of protein) isolated from the
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livers of phenobarbital-treated rats were incubated
with [*S]parathion (0.1 mM) in the presence of 0.05
M HEPES buffer (pH 7.8), 0.1 mm EDTA, and 0.1
mM NADPH for 15 min at 37°. The reaction was
started by addition of NADPH after preliminary
incubation at 37° for 5 min. After incubation the
mixture was centrifuged at 105,000 x g for 1 hr, and
the microsomes were solubilized in § ml of 20 mm
Tris-acetate, pH 6.0, containing 1% SDS. The solu-
bilized microsomes (40 ug of protein) were then sub-
jected to SDS-polyacrylamide gel electrophoresis as
described in MATERIALS AND METHODS. NADPH was
omitted from the incubation mixture in the control
experiment (gel B). Migration was from top to bot-
tom.
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lation of protein at the origin was not seen
when microsomes incubated with par-
aoxon, aniline, or benzphetamine, in the
presence of NADPH, were subjected to
SDS-polyacrylamide gel electrophoresis as
described in Fig. 7. On the other hand,
incubation of microsomes with diethyl di-
thiocarbamate, a compound which disso-
ciates to CS; in solution, in the presence of
NADPH, led to accumulation of protein at
the origin of the gel.

DISCUSSION

Incubation of [**S]parathion with a re-
constituted mixed-function oxidase system
from rat liver leads to the covalent binding
of radioactivity predominantly, if not ex-
clusively, to cytochrome P-450. The data
obtained using antibody to rat liver cyto-
chrome P-450 (Fig. 1) and from SDS-poly-
acrylamide gel electrophoresis (Fig. 6) sug-
gest that there is little, if any, binding of
sulfur to the reductase. This covalent bind-
ing of radioactivity to cytochrome P-450 is
seen only in the presence of a metabol-
ically active, reconstituted system. Com-
panion studies have shown that, compared
with [3*S]parathion, only 2% as much ra-
dioactivity is bound when the complete re-
constituted enzyme system is incubated
with [ethyl-'*C]parathion. Considerably
less binding of “C from [ethyl-'*Clpara-
thion than ¥S from [*S]parathion to the
macromolecules of rat liver microsomes
incubated with [“C]- or [*S]parathion
in the presence of NADPH has also been
reported (7). These data indicate that the
majority of the S bound to cytochrome
P-450 in the experiments described here
is free of the carbon- and phosphorus-con-
taining (7) portions of the parathion mole-
cule. Therefore the sulfur which is bound
must be largely that released in the
mixed-function oxidase-catalyzed metabo-
lism of parathion to paraoxon. A small
portion of the bound sulfur (less than 10%)
may be the sulfur atom released in the
mixed-function oxidase-catalyzed metabo-
lism of parathion to diethylphosphoric acid
(11, 18).

The results of the experiment described
in Fig. 2 indicate that the sulfur released
in the metabolism of [3*S]parathion by in-
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tact hepatic microsomes from phenobarbi-
tal-treated rats is also bound predomi-
nantly to protein(s) which is precipitated
by an antibody to cytochrome P-450. How-
ever, in these experiments, approximately
30% of the radioactivity remained in the
supernatant after addition of saturating
amounts of the antibody. It is quite possi-
ble that the sulfur which is not precipi-
tated with the P-450 antibody preparation
is bound to microsomal macromolecules
other than the phenobarbital-induced cy-
tochrome P-450. This may include one or
more of the several species of cytochrome
P-450 present in microsomes (19-21).
These species of cytochrome P-450 may be
metabolically active against parathion but
not reactive with the antibody preparation
used in these experiments (22). Micro-
somes from rats treated wtih 3-methyl-
cholanthrene are approximately as active
in the release and covalent binding of the
sulfur atom of [**S]parathion as micro-
somes from rats treated with phenobarbi-
tal (7).

It is also possible that the radiosulfur
remaining in the supernatant is present as
low molecular weight compounds such as
H,S or HS-. The data indicating that a
portion of the covalently bound sulfur is
present as a hydrodisulfide (Figs. 3 and 4)
suggest that a portion of the bound sulfur
might be released as H,S or HS- during
prolonged incubation of the solubilized mi-
crosomes with the cytochrome P-450 anti-
body preparation.

The data from the experiments de-
scribed in Figs. 3 and 4 indicate that ap-
proximately 50% of the sulfur atom of par-
athion bound to cytochrome P-450 of the
reconstituted system is in the form of a
hydrodisulfide. Similar results were ob-
tained in experiments designed to deter-
mine the nature of the bond between the
sulfur atom of CS, and rat liver micro-
somes (9). These data also confirm that the
form of the sulfur released in the metabo-
lism of parathion to paraoxon is atomic
sulfur. The hydrodisulfide linkage is in-
ferred from the ability of the CN- ion to
release the bound sulfur as SCN-. The
enzymes xanthine oxidase (23) and alde-
hyde oxidase (24) have been reported to
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contain a hydrodisulfide linkage in their
active sites. This observation was based on
the ability of CN~ to release SCN- from
these enzymes. Reaction of synthetic ben-
zyl hydrodisulfide with CN- also leads to
the formation of SCN- and a-toluenethiol
(25). Reaction of parathion or its sulfur-
containing metabolite diethylphosphoro-
thioic acid with CN~ does not yield SCN-.
In addition, it is not possible to release
SCN- on reaction of mercaptides like cys-
teine, glutathione, or dithiothreitol with
CN-. It is only possible to release SCN- by
reaction of CN- with compounds contain-
ing the appropriate polysulfide grouping.
Although there may have been binding of
more than 1 atom of sulfur to some mole-
cules of P-450 and no binding to others, in
the experiments described here (Table 1)
approximately 1 nmole of sulfur was
bound per nmole of cytochrome P-450. At
this binding ratio, the only possible way of
forming a hydrodisulfide is by reaction of
the side chain of the cysteine contained in
cytochrome P-450 (R—CH,—S—H) with
atomic sulfur (S) to form the hydrodisul-
fide (R—CH,—-S—-S—H). Cytochrome P-
450 from rabbit liver contains 6 half-cys-
tines (26). The formation of polysulfides is
a common reaction of atomic sulfur. Ele-
mental sulfur exists as S;, an 8-membered
ring of covalently linked sulfur atoms.
Only about 50% of the sulfur bound to
cytochrome P-450 can be released as SCN-
(Fig. 4). A similar result was obtained
with microsomes labeled with sulfur by
incubation with CS, in the presence of
NADPH (9). Treatment of the microsomes
with additional amounts of CN- or re-
peated exposure of the microsomes to CN-
did not release the remainder of the bound
sulfur (9). It may be that certain hydrodi-
sulfide groups are not accessible to the
cyanide ion. However, it is possible that
the sulfur is bound by more than one type
of linkage. It has been postulated that the
sulfur atom of parathion is released in its
singlet form (all electrons paired) on reac-
tion of parathion with mixed-function oxi-
dases (27, 28). The singlet sulfur atom par-
ticipates in carbon-hydrogen insertion re-
actions in a manner analogous to carbenes
and nitrenes (29, 30). It is possible that a
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portion of the sulfur bound to cytochrome
P-450 is the result of carbon-hydrogen in-
sertion reactions. If this is the case, the
electronic form of the sulfur released from
parathion would most likely be a singlet,
since the triplet state of atomic sulfur does
not readily participate in carbon-hydrogen
insertion reactions.

The formation of a high molecular
weight aggregate of the proteins of the
reconstituted system and of proteins in mi-
crosomes on incubation with parathion is
of considerable interest. The ability to dis-
sociate this high molecular weight mate-
rial using nucleophiles such as CN-, mer-
captoethanol, or dithiothreitol implies
that the complex may be formed by linking
macromolecules by way of polysulfide
chains involving one or more of the hy-
drodisulfides formed on binding of the sul-
fur atoms. This is supported by the obser-
vation that, in contrast to the results seen
with parathion and diethyl dithiocarba-
mate, no high molecular weight material
is formed when microsomes are incubated
with benzphetamine, paraoxon, or aniline
in the presence of NADPH, or with para-
thion in the absence of NADPH.
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