
Flavin Adenine Dinucleotide-Dependent Monooxygenase: 
Its Role in the Sulfoxidation of Pesticides in Mammals 

Abstract. The flavin adenine dinucleotide-dependent monooxygenase in mamma- 
lian hepatic microsomes plays a major role in the oxidative metabolism of thioether- 
containing pesticides. Thirty-four compounds were tested, and it was determined 
that organophosphorus insecticides such as disulfoton and phorate are rapidly oxi- 
dized by the purified enzyme to their corresponding sulfoxides. The enzyme does not 
catalyze the oxidation of the thiophosphoryl and thiol sulfur atoms of these or other 
phosphorothioates and phosphorodithioates, or the oxidation of the sulfoxide to the 
sulfone. Carbamates aldicarb and Croneton are also oxidized, but at a lower rate. 

Mammals, insects, and plants are able nm t 
to oxidize the thioether moiety of certain fotoi 
organophosphorus and carbamate pesti- ly b 
cides in vivo. The sulfide is converted to Fror 
the sulfoxide and subsequently to the strat 
sulfone (1, 2). Oxidation of the sulfide in- chae 
creases the water solubility and the anti- 
cholinesterase activity of these com- 
pounds, and this accounts for their good Table 
systemic properties. Increased polarity depe 
allows the compounds to be translo- 
cated, but their net activity as anti- 
cholinesterase inhibitors in mammals 
and insects depends on the balance be- 
tween competing activation and detoxifi- 
cation reactions (1, 2). 1. 

Incubation of these pesticides with mi- 
crosomal enzyme preparations and re- 
duced nicotinamide adenine dinucleo- 3 
tide phosphate (NADPH) under aerobic 4 
conditions results in the formation of the 
same metabolites, the sulfoxide being 5 
the principal product (3). The nature and 6. 
substrate specificity of the enzymes in- 
volved in sulfur oxidation have generally 7. 
been considered to be the cytochrome 8. 

P-450-dependent monooxygenase system 
(3, 4). However, other distinctly dif- 
ferent enzymes are present in hepatic mi- 
crosomes (4, 5). For example, the flavin o0. 
adenine dinucleotide (FAD)-dependent 
monooxygenase (E.C. 1.14.13.8) (5, 6) is 
present in substantial amounts in hepatic 12. 
microsomes and is a different entity from 
either of the other two microsomal flavo- 
proteins, NADPH-cytochrome P-450 re- 3 
ductase and NADH-cytochrome b5 re- 
ductase (4, 5). It is, therefore, important 
to elucidate the function of the different 14. 
monooxygenases present in order to bet- 
ter understand their individual roles in 
the overall metabolism of pesticides and 15 

other xenobiotics. We find that purified 
preparations of this FAD-dependent 
monooxygenase rapidly oxidize the 16 
thioether sulfur atom of many organo- 
phosphorus and carbamate pesticides 
to the corresponding sulfoxide. 17. 

The oxidation of sulfur-containing pes- 
ticides is conveniently measured with 
the purified enzyme (7) by following 18. 
the substrate-dependent oxidation of 
NADPH spectrophotometrically at 340 

under optimum conditions (8). Disul- 
n and phorate are metabolized rapid- 
>y the monooxygenase (Table 1). 
n double-reciprocal plots of sub- 
te velocity (V) data, the apparent Mi- 
Alis constant (Km) and Vmax values 

were 21.3 and 28.0 tM and 394 and 334 
nmote of NADPH per milligram of pro- 
tein per minute, respectively (9), indicat- 
ing that the compounds are excellent 
substrates for the enzyme. The addition 
of n-octylamine (3 mM) increases the 
rate of oxidation two- to threefold for 
oxidizable substrates, but does not initi- 
ate the metabolism of nonsubstrates. 

Disulfoton and phorate have three sul- 
fur atoms each: the thiophosphoryl or 
thiono, the thiol, and the thioether- 
each of which could, potentially, be oxi- 
dized. We find, however, that on in- 
cubation of either of these substrates 
with the enzyme, the thioether sulfur is 
the only sulfur atom oxidized and the 
corresponding sulfoxides are the only 
products formed (10). The reaction stoi- 

1. Oxidation of sulfur-containing pesticides and related compounds (11) by the FAD- 
ndent monooxygenase from pig liver microsomes. Activity is measured as nanomoles of 
)PH per nanomole of enzyme per minute (- standard error). 

Substrate Common Activity name 

(C H50)2 P(S)-S-CH2-CH2-S-C2H5 

(C2H50) 2 P(S)--CH2-CH2-S-C2H5 

(C H 0) P(0)-S-CH2-C-S-C2H5 

(CH30) 2 P(0)-S-C-CHI2-CH--C5 

(C2H50)2 P(S)-S-CH2-S-C2 5 

(C2H50)2 P(S)-S-CH2-S-C (CH3)3 

(C2H50)2 P(S)-S-CH2-S-O_-Cl 

(CH30)2 P(S)- 0-~ -S-CH3 
'CH 

L[CH30)2 P(S)-0-Qc 2S 

2H50) 2 P(S)-S-CH2-CH2-SO-C2H5 

(C2H50)2 P(S)-S-CH2-SO-C2 H5 

C2H50 
f p(S)-S- 

2 5 0 P (0)-S 
C H 

25 

C H R 2 5 P(S)-o-0 

25 

2H5 -. 
P(S)-S-c 

C H 0 

C2H50 2 5 

C2H P(S)-O-\\-NO2 
C o- C2H 50 

252 

Disilfoton 

Demetoft 0 (Thiono) 

Demetofi S (Thiol) 

Demetbti g methyl 

Phorate 

Coiihter 

Carbophenothion 

Fenthion 

Abate 

Disulfoton sulfoxide 

Phorate sulfoxide 

Fonofos 

Fonofos oxon 

EPN 

11.51 ? 0.42 

6.98 + 0.59 

4.24 ? 0.84 

2.61 ? 0.40 

9.58 ? 0.90 

3.77 ? 0.41 

1.45 

7.54 ? 0.32 

0.00 

0.00 

0.00 

6.45 ? 0.30 

0.00 

0.00 

10.36 

0.00 

0.00 

Parathion 0.00 
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chiometries indicate that, throughout the 
reactions, I mole of NADPH is oxidized 
per mole of sulfoxide formed. [This ratio 
remained constant over a tenfold (5 to 50 
,uM) range of substrate concentration.] 
Although the thiono and thiol sulfur 
atoms are not oxidized, they affect the 
rate at which the thioether is attacked. 
The structure-activity relations indicate 
that substitution of either or both of 
these with oxygen reduces the activity, 
possibly because of a difference in elec- 
tronegativity between the sulfur and ox- 
ygen atoms (Table 1) (11). This effect is 
further enhanced by substituting the 
O,O-diethyl groups with O,O-dimethyl. 
Structural changes in the thioether 
moiety that affect the nucleophilicity or 
increase the steric hindrance of the sul- 

fur atom apparently decrease enzyme- 
substrate binding and thus affect the rate 
of oxidation. This is best illustrated by 
the sulfoxides of disulfoton and phorate 
and by abate, which are not substrates. 

The sulfoxides of disulfoton, phorate, 
the carbamate Croneton, and methyl- 
phenyl sulfoxide (12) are not substrates, 
indicating that the FAD-dependent mon- 
ooxygenase does not catalyze the further 
oxidation of sulfoxides to sulfone. This 
further oxidation may be due to another 
oxidase or, in some cases, may be non- 
enzymatic. 

Sulfide-containing methyl carbamates 
such as aldicarb and Croneton are not 
oxidized as readily as the organophos- 
phorus pesticides, while the herbicides 
Eptam and cycloate are not oxidized to 

Substrate Common Activity 
name 

19. CHO 0 
* P (S)-S- >-N02 

C2H50 

20. CH3-S- 

21. 
CH3-SO-a 

22. CH 22 CH3-S- -NO2 

23 
23. (CH30) 2 -P (S)-S-CH2-N-N 

24. 

25. 

26. 

/Sx 
0=C C-OCH 

I 1I 
CH3-S-CH2-N N 

CH3-S-C (CH3) 2-CH=N-0-C (0)-NH-CH 3 

CH3-S-C(CH3) =N-0-C(0)-NH-CH3 

. ,0-C (O) -NH-CH3 

R'CH2-S-C2H5 

. .O-C (0)-NH-CH3 

CH2-SO-C H 

29.2 25 
29 C2H5-S-C(O)-N (C3H7)2 

/ C2H 30. C2H5-S-C(O)-N 

6H5 

31. 3(H20) 'Na-S-C(S)-N-(C2H5)2 

OCH 
32. CH3-S-P(O) 3 

NH2 

OCH3 
33. CH3-S-P(O)3 

NH-C(0)-CH3 

OC2H5 
34. C -S-P(O) 

S-C3H7 

0.00 

Methyl phenyl sulfide 

Methyl phenyl sulfoxide 

Methidathion 

Aldicarb 

Methomyl 

Croneton 

Croneton sulfoxide 

Eptam 

Cycloate 

Diethyl dithiocarbamate 

Methamidophos 

Acephate 

MOCAP 

18.26 

0.00 

18.45 

0.00 

any measurable extent (Table 1). It is 
known, however, that their sulfoxides 
are formed in appreciable amounts in 
vivo and in vitro (13). 

Our findings indicate that, for phos- 
phorodithioate pesticides, the FAD-de- 
pendent monooxygenase is specific for 
the thioether sulfur atom. In agreement 
with this, we find that parathion, its di- 
thio analog, and 0,O-diethyl, S-phenyl 
phosphorodithioate are not substrates 
for this enzyme. Parathion and other 
phosphorothioates are known to be me- 
tabolized to their oxygen analogs by the 
cytochrome P-450-dependent monooxy- 
genase system (14). The phosphonodi- 
thioate pesticide fonofos and its phenyl 
analog (compound 15) may represent yet 
another group of pesticides that are also 
metabolized by the FAD-dependent 
monooxygenase (Table 1). 

The role of the FAD-dependent mono- 
oxygenase from mammalian hepatic mi- 
crosomes in the oxidative metabolism of 
pesticides has thus been demonstrated, 
and it is apparent that it may provide a 
mechanism of considerable importance. 
Methods currently available for the puri- 
fication of a number of microsomal en- 
zymes should be useful in further defin- 
ing their function and relative impor- 
tance in vivo. 

NICOLAS P. HAJJAR 

ERNEST HODGSON 

Toxicology Program, Department of 
Entomology, North Carolina State 
University, Raleigh 27650 
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cubation at 37?C, with continuous stirring, the 
reaction was started by adding enzyme solution 
to a final concentration of approximately 1 
nmole/ml; the oxidation rate in the absence of 
the substrate was recorded for 30 to 40 seconds. 
The substrate (25 or 50 MuM) was then added in 5 
tul of acetone, and the oxidation of NADPH was 
recorded for 30 to 60 seconds. 

9. These values are comparable to those deter- 
mined for dimethylaniline (15 tkM), the substrate 
commonly used for determining the amine oxi- 
dase activity of this enzyme and methimazole 
(6.7 ,uM) (6, 7), the substrate used for assaying 
its sulfur oxidase activity. Since, at saturation, 
all substrates for this monooxygenase appear to 
be oxygenated at the same velocity (6), the rates 
listed in Table 1 presumably reflect differences 
in Km rather than Vmax. In some cases, velocity 
is probably limited by solubility. 

10. Product identification was carried out by first 
oxidizing 50 AiM disulfoton, phorate, or phorate 
fortified with 1.7 x 105 dis/min of methylene- 
[14C]phorate (specific activity, 9.7 mCi/mmole) 
under optimum conditions. In the presence of 
NADPH, the reaction was essentially complete 
in 2 to 3 minutes, and the reaction mixture was 
immediately extracted twice with chloroform. 
The product was identified by one- and two-di- 
mensional thin-layer chromatography on silica 
gel, with development in five different solvent 
systems. 

11. Compounds 1, 5 through 9, 23, 25, 26, 29, 30, 
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Serial Female Sex Changes After Simultaneous 

Removal of Males from Social Groups of a Coral Reef Fish 

Abstract. The simultaneous removal of three to nine males from large social 
groups of Anthias squamipinnis led to close to a one-to-one replacement of the re- 
moved males by sex-reversing females. The females changed sex serially within each 
group with a mean interval between successive onset times of 1.9 days. The timing of 
sex change is thus not independent for each fish but is influenced by the events sur- 
rounding other sex reversals within the group. 

Serial Female Sex Changes After Simultaneous 

Removal of Males from Social Groups of a Coral Reef Fish 

Abstract. The simultaneous removal of three to nine males from large social 
groups of Anthias squamipinnis led to close to a one-to-one replacement of the re- 
moved males by sex-reversing females. The females changed sex serially within each 
group with a mean interval between successive onset times of 1.9 days. The timing of 
sex change is thus not independent for each fish but is influenced by the events sur- 
rounding other sex reversals within the group. 

Female-to-male sex reversal can be 
initiated in several species of marine fish 
by the removal of a male either from 
spatially well-defined, bisexual social 
groups (1-3) or from less tightly struc- 
tured aggregations (4), depending on the 
species. This phenomenon has been ex- 
amined carefully in small, single-male 
groups where the removal of one male 
has led to the sex reversal of one female 
(5, 6). The sexually dichromatic, serran- 
id fish Anthias squamipinnis (Peters) is a 
protogynous hermaphrodite that lives in 
sedentary, bisexual social groups (2, 7, 
8). When females of this species reverse 
sex, their coloration, behavior, and go- 
nadal histology change in well-defined 
sequences (5, 9). This report shows (i) 
that the simultaneous removal of N 
males from large A. squamipinnis social 
groups leads to the sex reversal of N fe- 
males, that is, there is close to a one-to- 
one replacement of sex-reversing fe- 
males for removed males and (ii) that the 
multiple sex reversals initiated within a 
social group by the simultaneous remov- 
al of multiple males do not begin at the 
same time but are evenly spaced in on- 
set, approximately 2 days apart, that is, 
the timing of sex change is not indepen- 
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dent for each fish but is influenced by 
other sex reversals or by the events ini- 
tiating other sex reversals within the 
group. 

Forty-eight social groups (7, 10) of A. 
squamipinnis were identified with num- 
bered floats and visually censused for the 
number of adult males and females, at a 
water depth of less than 15 m on the 
northeast reef of Apo Island, near Duma- 
guete City, Negros Oriental, Philippines, 
in July and August 1978. From this 
sample, 15 control groups and 11 experi- 
mental groups were selected and 
matched for approximate similarity in 
size and adult composition. Groups 
ranged from 2 adult males and 13 adult 
females to 50 males and 294 females, 
with a median group containing 10 males 
and 61 females. In general, from each 
control group one male was removed. 
From each experimental group three to 
nine males were removed (11) within an 
8-hour period. After the males were re- 
moved, the females of each group were 
observed daily to within 2 m and scruti- 
nized for the earliest changes in color- 
ation indicative of sex reversal. Previous 
laboratory and fieldwork on 44 socially 
initiated sex reversals had specified the 

dent for each fish but is influenced by 
other sex reversals or by the events ini- 
tiating other sex reversals within the 
group. 

Forty-eight social groups (7, 10) of A. 
squamipinnis were identified with num- 
bered floats and visually censused for the 
number of adult males and females, at a 
water depth of less than 15 m on the 
northeast reef of Apo Island, near Duma- 
guete City, Negros Oriental, Philippines, 
in July and August 1978. From this 
sample, 15 control groups and 11 experi- 
mental groups were selected and 
matched for approximate similarity in 
size and adult composition. Groups 
ranged from 2 adult males and 13 adult 
females to 50 males and 294 females, 
with a median group containing 10 males 
and 61 females. In general, from each 
control group one male was removed. 
From each experimental group three to 
nine males were removed (11) within an 
8-hour period. After the males were re- 
moved, the females of each group were 
observed daily to within 2 m and scruti- 
nized for the earliest changes in color- 
ation indicative of sex reversal. Previous 
laboratory and fieldwork on 44 socially 
initiated sex reversals had specified the 

0036-8075/80/0905-1136$00.50/0 Copyright ? 1980 AAAS 0036-8075/80/0905-1136$00.50/0 Copyright ? 1980 AAAS 

precise sequence of color changes to be 
expected in five body regions (2, 9). The 
first day of recognizable color change 
was recorded as the day of onset of sex 
change. The sex-reversing individuals 
were distinguished within each group 
primarily by the progress and degree of 
advancement of their respective color- 
ation changes. Experimental groups 
were observed daily for 15 to 25 days and 
control groups for 12 to 24 days after 
male removals. A female was said to 
have changed sex if her color changed 
from characteristically female to typi- 
cally male. This criterion was thought 
sufficient because 96.9 percent of indi- 
viduals (N = 130) in an earlier study 
showed full correspondence between the 
gender of external color pattern and the 
histologically determined gonadal gender 
and because 100 percent of individuals 
(N = 45) that were observed to change 
from female to male coloration contained 
testes with histological evidence of a pri- 
or ovarian state (3). 

After 58 males were removed from 
the experimental groups, 57 females 
changed sex. In each group, very close 
to the same number of females changed 
sex as the number of males removed 
(Fig. 1). Similarly, in most of the control 
groups a single female changed sex after 
the removal of one male, resulting in a 
mean of 1.17 sex reversals per male re- 
moved. The median onset day for sex re- 
versals was day 3 after male removal, 
with a range of 1 to 7, in the control 
groups, and day 5, with a range of 1 to 
16, in the experimental groups. The vari- 
ance in day of onset for the 57 sex re- 
versals in the experimental groups was 
6.7 times as great as the variance in the 
control groups (variance ratio test, 
P < .001, two-tailed) and the onset day 
for experimental groups was significant- 
ly higher than the onset day for control 
groups (Mann-Whitney U test, P < .001, 
two-tailed). In the experimental groups, 
when the first, second, third, fourth, and 
so on successive sex reversals within 
each group were examined separately, 
the onset day varied directly with the or- 
der of sex reversal within the group (Fig. 
2). The sex reversals from the control 
and experimental groups were unlikely 
to have come from a single, homoge- 
neous population (Fig. 2) (Kruskal-Wal- 
lis one-way analysis of variance, 
P < .001; single factor analysis of vari- 
ance, P < .001, two-tailed). The mean 
onset day for the one sex reversal in the 
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ation changes. Experimental groups 
were observed daily for 15 to 25 days and 
control groups for 12 to 24 days after 
male removals. A female was said to 
have changed sex if her color changed 
from characteristically female to typi- 
cally male. This criterion was thought 
sufficient because 96.9 percent of indi- 
viduals (N = 130) in an earlier study 
showed full correspondence between the 
gender of external color pattern and the 
histologically determined gonadal gender 
and because 100 percent of individuals 
(N = 45) that were observed to change 
from female to male coloration contained 
testes with histological evidence of a pri- 
or ovarian state (3). 

After 58 males were removed from 
the experimental groups, 57 females 
changed sex. In each group, very close 
to the same number of females changed 
sex as the number of males removed 
(Fig. 1). Similarly, in most of the control 
groups a single female changed sex after 
the removal of one male, resulting in a 
mean of 1.17 sex reversals per male re- 
moved. The median onset day for sex re- 
versals was day 3 after male removal, 
with a range of 1 to 7, in the control 
groups, and day 5, with a range of 1 to 
16, in the experimental groups. The vari- 
ance in day of onset for the 57 sex re- 
versals in the experimental groups was 
6.7 times as great as the variance in the 
control groups (variance ratio test, 
P < .001, two-tailed) and the onset day 
for experimental groups was significant- 
ly higher than the onset day for control 
groups (Mann-Whitney U test, P < .001, 
two-tailed). In the experimental groups, 
when the first, second, third, fourth, and 
so on successive sex reversals within 
each group were examined separately, 
the onset day varied directly with the or- 
der of sex reversal within the group (Fig. 
2). The sex reversals from the control 
and experimental groups were unlikely 
to have come from a single, homoge- 
neous population (Fig. 2) (Kruskal-Wal- 
lis one-way analysis of variance, 
P < .001; single factor analysis of vari- 
ance, P < .001, two-tailed). The mean 
onset day for the one sex reversal in the 
control groups was significantly lower 
than the mean onset day for the third, 
fourth, fifth, sixth, and seventh plus sex 
reversals in the experimental groups 
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