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SUMMARY

DE MATTEIS, FRANCESCO : Covalent binding of sulfur to microsomes and loss of cyto-
chrome P-4�50 during the oxidative desulfunation of several chemicals. Mol. Pharmacol.

10, 849-854 (1974).

When liver microsomes from phenobarbitone-treated rats are incubated with carbon di-
sulfide, a marked loss of cytochnome P-450 is observed only when NADPH is present. By

employing “C- and ‘5S-labeled CS2 , it has been found that in the presence of NADPH
labeled sulfur becomes covalently bound to microsomes : The binding of 355 exceeds that
of ‘4C, indicating that sulfur itself becomes bound. A loss of cytochrome P-450 is also seen
when parathion, phenylthiourea, or 1-naphthylisothiocyanate is incubated with liver

micnosomes in the presence of NADPH, whereas the oxygen-containing analogues of these

compounds are all inactive. It is concluded that reactive sulfur liberated during the oxi-
dative desulfuration of several chemicals may become bound to cellular components and
initiate toxic changes in the liver. This may account not only for the loss of cytochnome
P-450 hut also for the centnilobular hydropic degeneration seen in vito.

Previous work has shown that the toxicity

of carbon disulfide to the liver is greatly
enhanced when rats have been treated with

phenobarbitone prior to CS, administration
(1, 2). Prior treatnielit with phenobarbitone

also results in a greater conversion of ‘4CS2
to ‘4CO, by the whole animal (3). These

findings and tile observation that CS,
causes a marked loss of cvtochrome P-450
in vitro OnlY ill the presence of XADPH

suggest. that CS, may require metabolism
before it damages the liver.

The conversion of CS� to C(�)2 can be

visualized as an oxidative desulfuration,
possibly giving rise to elemental sulfur in
two successive stages, through the mono-
oxygenated intermediate COS. The possi-

bility has therefore been considered (3)
that reactive sulfur liberated from meta
bolism of CS, may become bound to corn-

ponents of the microsomes and the cell,
thus imtiatrng toxic liver changes.

The results reported here strongly sup-
port. this interpretation. When liver micro-

somes are incubated with CS, in the pres-
ence of NADPH, there is a marked loss of

cytochrome P-450 and sulfur becomes co-
valentlv hound to the microsomes. In
addition, loss of cytochnome P.450 is ob-
served during the oxidative desulfuration of

parathion and of several other chemically
unrelated compounds which contain either a
P==S or a C=S grouping.

\\ashed liver microsomes were obtained
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from male rats (230-250 g) which had been

treated with phenobarbitone and fasted
for 24 hr (3). A suspension of microsornes
from the pooled livers of three rats was in-
cubated for 15 or 30 mm at 38#{176}in air (100

cycles/mm) ill 25-ml conical flasks or in
sealed Warburg flasks. Thunbeng tubes were

used when the incubations were carried out
under N,, and 1-oz screw-capped bottles
(universal containers) for the incubations
with labeled CS,. Each flask, tube, or bottle

contained the following components in a
total volume of 3 ml (filIal concentrations
ill parentheses) : the micnosomes from 220

nig of wet liven (which gave an average
protein and cytochnome P-450 concentra-

tioll of 2 mg/mI and 4.5 nmoles/ml, re-
spectively), sodium phosphate buffer, pH

7.4 (100.0 mM), KC1 (66.6 mxu), MgCl,

(4.9 m�i), EDTA (1 m�i), and, where appro-
pniate, NADPH (0.74 m�i) and/or one of
the drugs to be tested. The drugs were

added either in phosphate buffer on in ace-
tone (25 �l) ; CS, was delivered undiluted

illto small vials placed inside the screw-
capped bottles, s that contact between
microsomes and CS, could only take place
through the air phase. In some experiments

NADPH was generated in the incubation
mixture from added NADP (0.19 mM) and
an XADPH-generating system (4), with

identical results. At the end of the incubation
the samples were quickly transferred to an
ice bath, diluted with ice-cold 0.1 iu phos-

phate buffer, pH 7.4, and gassed for 30 sec
with N,. Their cytochnome P450 content
was then determined (5), using as the ref-

erence a similarly diluted suspension of
the same microsomes which had been kept
in �Il ice bath under N, and without addi-

tioti of either XADPH or drugs.
In the experiments with radioactive CS,,

trichloracet.ic acid was added at the end
of the incubation to a final concentration
of 7 � , and air was gently blown on the
surface of the illcubatioll mixtures for 30
mill to displace the unchanged CS,. The
samples were then cooled and subjected to
tWo 10-sec bursts of ultrasound. An aliquot
correspondmg to approximately 800 zg
of protein was transferred OlIto a Whatman

OF/A glass-fiber paper filter (2.5 cm). The

precipitate was extensively washed on the

filter first with 7 #{182}�t.nichloracetic acid, then
with chloroform-methanol (2 : 1 by vol-
ume), methanol, and ether. Washing with
either acid or organic solvents was con-

turned until DO more counts could be re-
moved from the precipitate. The filters

were then dried at 50#{176}for 30 mm and trans-
ferred to a counting vial; 10 ml of Insta-Gel
(Packard Instruments) were added to the
vials, and the precipitate was solubilized
by vigorous shaking. The radioactivity of

both ‘4C and 355 was measured in a Packard
Tni-Carb liquid scintillation spectrometer
and corrected for quenching by the use of

internal standards. Insta-Gel (10 ml) was

also added to vials containing an aliquot

(1 ml) of the acid washings or the residue
obtained by evaporating the organic solvent

washings in a stream of air.
When microsomes were incubated with

either ‘4C- or ‘5S-labeled CS, in the presence
of NADPH, labeled sulfur became covalently
bound to the micnosomes. Although some

increase of ‘4C binding (over the values ob-
tamed iii controls incubated without NAD-
PH) was also observed, the binding of 355

was greatly ill excess of that of ‘4C (Table
1), indicating that sulfur itself became
bound. An even greater excess of 355 over

‘4C radioactivity could be demonstrated in
the trichloracetic acid washings from micro-
somal samples incubated with NADPH,

and a slight excess of 355 radioactivity was

also found in the organic solvent washings

( results not shown). In contrast, when frac-
tiOll V from bovine plasma (2 rng/ml of

incubation mixture) was substituted for the

micnosomes in the incubation experiments,
110 355 radioactivity ill excess of ‘4C radio-

activity could be demonstrated in either the
protein precipitate (Table 1) or the acid
washings thereof. In addition, no radio-
activity could be demonstrated in either
precipitate or washings when tnichloracetic
acid was added to the incubation mixture
before CS, (results not shown). These
observations clearly indicated that in the
presence of liven microsomes and NADPH,
Cs, was actively desulfurated and that. a

portion of the sulfur liberated became co-
valently bound to the microsomes. A 43 %



Addition

Cs2 NADPH

S ource of protein

Hat liver

microsomes

Bound radioactivity recovered

‘fotal radioactivity recovered 35S in excess. _. . -� _ - � � - - � of ‘4C

(‘vtochrome
P-450 after

incubation

+ - 9.44 ± 0.93 8.79 ± 0.81 0.63 96.8 ± 1.6

+ + 32.36 :1: 2.31� 14.96 ± 1.82C 17.40 .)7.4 ± 34d

+ - 2.99 3.00 0

+ + 3.20 3.10 0.10
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TABLE 1

Covalent binding of labeled sulfur to �nierosomes and loss of microsomal cytochrome P-450 after incubation

with CS, in the presence of NADPH

Rat liver microsomes or fraction V from bovine plasma were incubated aerobically in stoppered,

screw-capped bottles for 13 mm in an incubation mixture, whose composition is given in the text, with
33.3 Mmoles of either ‘4CS, (6.5 nCi/smole) or CubS, (19.8 nCi/Mmole). At the end of the incubation the

protein precipitates from the inicrosomes or fraction V were extensively washed and the covalently
bound radioactivity was determined. Values given refer to averages ± standard errors of four observa-

tions in the case of microsomes, or to one observation with fraction V. Both the total radioactivity of

� and ‘4C and the ‘#{176}Sradioactivity in excess of “C radioactivity are expressed as nanomoles of CS,

equivalents recovered bound to the total protein precipitate of each bottle. Hat liver microsomes were

also incubated under identical conditions with NAI)PH and/or unlabeled CS, (33.3 ,.tmoles), and at the

end of the incubation the cytochronle P-4bOcont.ent was determined directly in the incubation mixture,

using as a reference a mierosomal suspension kept in an ice bath under N, without either NAI)PH or

CS2. Values of cytochrome P-450 in samples incubated with NAI)PH alone did not differ significantly

from those of unincubated samples. Values of P-450 observed after incubation with CS, are given below
and are averages ± standard errors of five observations.

Fraction V from

bovine plasma

abs

nmoles CS2 Eq,botile 1 unincubate.d
sample

a p < 0.001 compared with radioactivity of the same isotope in samples incubated without NAI)PH.
b � < � compared with corresponding “C radioactivity of samples incubated with NAI)PH.

C p < 0.05 compared with radioactivity of the same isotope in samples incubated without NAI)PH.

d � < � compared with unincubated samples.

loss of cytochnome P-450 was observed in

these experiments (Table 1 ) when micro-

somes were incubated with CS, in the pres-
ence of NADPH-that is, under conditions

in which both desulfuration of CS, and eo-

valent binding of sulfur to the microsomes

were observed.
Covalent binding of sulfur to microsomes

has already been reported during the oxida-
tive desulfuration of parathion (6, 7). Ex-

periments were therefore carried out to
discover whether a loss of microsomal cyto-

chrome P.450 would also occur during the
desulfunation of parathion and other chem-
icals. Three pairs of drugs were studied,
each pair consisting of a compound contain-

ing sulfur (as either P=S on C=S) and the
corresponding OXVgeIl analogue. The con-

cent ratioii of cvtochrome I)_45Q was (‘St i-
mated 111 samples incubated with drug alone

on with drug together with NADPH and
compared wit h the appropriate cont r( )ls

incubated under identical conditions (with
and without NAD1�H, respectively) but
without drug (Table 2). All three sulfur-
containing drugs caused loss of eytochronie
P-450 in the presence of NADPH. %%ith

tWo ()f them a loss of the cytochnome was

also observed ill the absence of NAD1�H,

but when the cofactor was j)resent. the loss
was far greater. In clear contrast, tilt’ OX�-

gell-contailling analogues either did not

cause any loss (not even in the presence of
NADPH) or, when they caused a loss of the
cytochrorne (as with 1 -naphthylisocyanat e),
it could not be increased significantly by



TABLE 2

Effects of several chemicals on levels of cytochrome P-450 of liver microsonies in vitro

Rat liver microsomes were incubated aerobically in 25-ml conical flasks (sealed Warburg flasks in
the case of 1-naphthylisocyanate) for 30 mm in an incubation mixture as described in the text. At the
end of the incubation the cytochrome content was determined directly in the incubation mixture, using

as a reference a microsomal suspension kept in an ice bath under N, and without either NADPH or

drugs. Values of cytochrome P450 in samples incubated without drugs (either with or without NADPH)
did not differ significantly from those of unincubated samples. Hesults given are averages, with mdi-

vidual values in parentheses, or averages ± standard errors of the number of observations in paren-

theses.

Drug added Final
concentration

mM

Cytochrome P-450 after incubation with drugs

-NADPH (A) +NADPH (B)

control wit/iou! druR

100None (controls)

Sulfur-containing drugs

Phenylthiourea

Parathion

1 -Naphthylisothiocyanate

Oxygen-containing analogues
Phenylurea

Paraoxon

1-Naphthylisocyanate

Sodium deoxycholate
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1.00

0.10
0.04

1.00

0.10
0.10
0.01

1 . 13

1.20

0.12

0.08

0.04

0.008

1.00

100

103.4 (102, 104.8)

103.2

101.0 (101.6, 100.6)

78.1 ± 4.4 (4)

89.0 ± 4.0(3)

89 (96, 82)

95

101 (101.5, 100.6)

97 (94.3, 99.7)

108

69.8 (70.2, 69.5)

88.9

101.2

67.2 (67.7, 66.8)

88.3 (88.9, 87.8)

93.9

94.5 (100.3, 88.8)

32.6 ± 7.1#{176}(4)

55.3 ± 14.1(3)

65 ± 6.2(3)

76

101.7 (101.3, 102.2)

100.9 (101.5, 100.3)

109

69.4 (70.3, 68.6)

88.4

103.1
67.7 (67.6, 67.8)

a p < 0.01 compared with result.s obtained without NADPH.

addition of NADPH. In this respect. the
effect of 1-naphthylisocyanate was similar
to that of a detergent, sodium deoxycholate
(Table 2). The difference between the two
groups of drugs is best illustrated by the

differences between the values given in
columns A and B of Table 2, which repre-

sent the fractional loss of P.450 dependent

on NADPH and, therefore, probably due
not to the drugs themselves but. to any

reactive derivative which might be pro-
duced through their oxidative metabolism.

The oxidative desulfuration of parathion

to paraoxon in vitro (and the covalent bind-
ing of sulfur to micnosomes which accom-

panies it) is known to take place also in the
presence of NADH (though to a lesser extent
than with NADPH) alld to be inhibited by

the addition of piperonyl butoxide (6).
Table 3 shows that the loss of cytochnorne

P-450 due to parathion � also inhibited by
piperonyl butoxide and stimulated by eithen
NADH on, to a larger extent, by NADPH.
Furthermore, both desulfuration of para-
thion (8) and loss of cytochrome P-450

caused by parathion in the presence of

NADPH (Table 4) required the presence
of 0, and were inhibited when N, replaced
air. Piperonyl butoxide caused an apparent
increase in the amount of cytochnome P-450

(Table 3) ; this has already been reported
by Franklin (9) as a turbidity effect. The
reason why NADPH led by itself to a loss

of the cytochrome under N2 but not in air
(Table 4) is not known.

In further experiments Ivlicrosomes were
incubated aerobically with 1-naphthyliso-
thiocyanate or 1-naphthylisocyanate, and

both aerobically and under N, with para-

thion. At the end of the incubation the mi-



<0.01

<0.001

<0.05

>0.03
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TABLu 3

Effects of NADJI, NADPH, and piperonyl butoxide on 1088 of microsomal cytochrome

P-450 caused by parathion

Rat liver microsomes were incubated aerobically in the presence and absence of parathion (0.1 nliu)

in 25-mi conical flasks for 15 mm in an incubation mixture described in the text with the additions mdi-
cated below. At the end of the incubation the cytochrome content was determined in the incubation

mixture as indicated in the legend to Table 2. Results are averages ± standard errors of three observa-

tions.

Additio ns (final concentration) Cytochrome P450 after incubation p (B vs. A)

Piperonyl
butoxide

NADPH
(0.74 mM)

NADH
(0.77 mM)

-Parathion (A) +Parathion (B)

(0.4 mM)

- - -

% unincuba/e4 sam pie

99.0 ± 3.0 98.0 ± 3.2 >0.8

- + - 97.8 ± 2.7 53.0 ± 1.0 <0.001

- - + 102.0 ± 1.5 76.3 ± 2.0 <0.001

+ - - 109.0 ± 1.1 107.0 ± 2.3 >0.4

+ + - 107.0 ± 1.1 72.6 ± 0.9 <0.001

TABLE 4

Requirement of oxygen for loss of microsomal cytochrome P-450 caused by parathion in vitro

Rat liver microsomes were incubated in sealed Thunberg tubes under air or N, for 30 mifl in an incu-
bation mixture described in the text with the additions indicated below. At the end of the incubation

the cytochrome P450 content was estimated directly in the incubation mixtures as indicated in the

legend to Table 2. Results are averages ± standard errors of three observations or individual observa-

tions.

Atmosphere and addition
(final concentration)

Cytochrome P45 0 after incubation

- Parathion (A) +Parathion (B)

% unincubal ed sample

Air
No addition 100. 1 ± 0.47 93. 1 ± 0.35

NADPH, 0.74 mxt 100 ± 0.33 55.7 ± 1.3

N,

No addition 100.9 ± 0.5 93. 1 ± 2.22

NADPH, 0.74 mM 80 ± 2.6 72.2 ± 1.94

N,, 30 mm; air, 30 mm

No addition 93 94.4

NADPH, 1.48 mM#{176} 80.7 57.5

p (B vs. A)

a In two equal additions at the beginning of each 30-mm incubation.

cnosomes were isolated by centnifugation and
resuspended in phosphate buffer. The cyto-
chrome was then estimated by the conven-
tional method of assay, with both reference
and sample cells contairnng the same sus-

pension of incubated microsomes. The
results were very similar to those obtained
( Tables 2 and 4) when the cytochrorne was

estimated directly in the incubation mixture
against a reference of unincubated micro-

somes. In most experiments the loss of cyto-

chrome P-450 seen during the oxidative
desulfunation was accompanied by the ap-

peanance of a peak at. about 420 nm, so it is
possible that, as suggested for CS, (3), the
loss of the cytochnome caused by parathion

and the other sulfur-containing compounds
studied here may also occur through con-
version of P450 to the labile heme-contain-

ing species known as P-420, followed by
degradation of some of the heme.

It is concluded from these findings that
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1 A. A. Seawright, unpublished observations.

reactive sulfur liberated during the oxidative

desulfuration of CS, and of several other
compounds may become bound to cellular
components and initiate toxic changes in

the liven. This may account not only for the
loss of cytochnome P450 but also for the
centnilobular hydropic degeneration which

is seen in vivo after CS, (2) or phosphoro-

thionates.1 This interpretation is in line

���ith the findings from several laboratories
[reviewed by Uehleke (10)] that covalent
billdiflg of reactive metabolites to macro-

molecules accompanies, and may be re-
sponsible fon, the toxicity of several other

chemicals, which require metabolic activa-

tiori for their toxicity.
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