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SUMMARY

The microsomal fraction of ram seminal vesicles (RSV), when fortified with arachidonic
acid, catalyzed the dealkylation of various N-methyl compounds. These included an
analogous series of monomethyl- and dimethyl-substituted anilines as well as the drugs
aminopyrine and benzphetamine. In contrast, S-alkyl and O-alkyl compounds were poor
substrates for dealkylation by RSV microsomes fortified with fatty acid. RSV microsomal
N-dealkylation was completely dependent on enzyme and arachidonic acid and could be
inhibited by the prostaglandin synthetase inhibitors indomethacin, phenylbutazone, and
flufenamic acid as well as by anaerobic conditions. Butylated hydroxyanisole also in-
hibited the reaction, whereas SKF-525A and metyrapone, which are inhibitors of cyto-
chrome P-450-dependent N-dealkylation, did not. In addition to arachidonic acid, N-
dealkylation was elicited by 15-hydroperoxyarachidonic acid, terz-butyl-hydroperoxide,
and hydrogen peroxide; these latter reactions were not inhibited by either prostaglandin
synthetase inhibitors or anaerobic conditions but did require the presence of microsomal
protein. The time course of RSV N-dealkylation, which paralleled O; consumption by
this tissue (an indicator of prostaglandin biosynthesis) implied arachidonic acid-depen-
dent irreversible self-inactivation of catalytic activity. Apparently, oxidizing agents are
formed during the interaction of hydroperoxide intermediates of prostaglandin biosyn-
thesis with prostaglandin synthetase, with the oxidizing agents then causing both sub-
strate N-dealkylation and destruction of the enzyme. The metabolism of N-alkyl com-
pounds during the biosynthesis of prostaglandins may provide an additional xenobiotic
oxidation pathway to cytochrome P-450-dependent monooxygenases.
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INTRODUCTION

Recent investigations have shown that a number of
biosynthetic steps are involved in the formation of pros-
taglandins from the fatty acid precursor, arachidonic
acid. The initial reaction is dioxygenation of arachidonic
acid to the cyclic hydroperoxy-endoperoxide, PGG..*
PGG; is reduced to PGH, a hydroxy-endoperoxide,
which is subsequently converted to the physiologically
important prostaglandins, thromboxanes and prostacy-
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vesicle; cumene OOH, cumene hydroperoxide; ¢-butyl-OOH, tert-butyl-
hydroperoxide; AA, arachidonic acid; PCMA, p-chloro-N-methylani-
line; HPLC, high-pressure liquid chromatography.
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clin (1). Both reactions involved in the formation of
PGH: from arachidonic acid are catalyzed by prostaglan-
din synthetase,” an enzyme present in almost all mam-
malian cell types (2).

Prostaglandin synthetase can utilize a wide variety of
reducing cofactors to provide the requisite pair of elec-
trons involved in the reduction of PGG. to PGH: (3-5).
Although most of these cofactors undergo simple dehy-
drogenation, several compounds have oxygen inserted
into their carbon framework during the course of the
reaction. These latter compounds include the carcino-
genic polycyclic aromatic hydrocarbons benzo[ a Jpyrene,

® Prostaglandin synthetase appears to consist of two enzymatic com-

ponents, each catalyzing a separate reaction,; fatty acid cyclooxygenase
(prostaglandin endoperoxide synthetase, EC 1.14.99.1), which converts
arachidonic acid to PGG:, and a hydroperoxidase, which reduces PGG:
to PGHo. It is the latter activity which appears to be responsible for
the xenobiotic co-oxidations observed during prostaglandin biosyn-
thesis.
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benzo[ a]Jpyrene 7,8-dihydrodiol, and 7,12-dimethylben-
zanthracene (6, 7); the anti-inflammatory agent oxyphen-
butazone (6); the oxygen trap diphenylisobenzofuran (8);
and the chemiluminescence indicator luminol (6). The
oxygenation of these xenobiotics is very rapid in the
presence of both enzyme and arachidonic acid, does not
occur with omission of either, and is inhibited by indo-
methacin, a known inhibitor of prostaglandin biosyn-
thesis. Prostaglandin synthetase will also convert several
of the above compounds to their oxygenated derivatives
when 15-HPAA or other organic hydroperoxides are sub-
stituted for arachidonic acid (6, 8, 9). Significantly, in the
case of the polycyclic aromatic hydrocarbons, oxidation
of these compounds during prostaglandin biosynthesis
generates metabolities which covalently bind to both
DNA and protein (10) and are mutagenic to Salmonella
typhimurium (11).

Prostaglandin synthetase may thus play an important
role in the oxidative metabolism of xenobiotics, a prop-
erty almost exclusively attributed to the cytochrome P-
450-dependent monooxygenases of liver and other tis-
sues. Besides substrate oxygenation, however, it is not
known whether prostaglandin synthetase also catalyzes
other drug-metabolizing activities characteristic of the
monooxygenases, such as N- and O-dealkylation, N-oxi-
dation, or deamination. It has been recently demon-
strated that certain plant hemeproteins with peroxidase
activity, including chloroperoxidase, horseradish peroxi-
dase, and pea seed peroxygenase, can catalyze O- and N-
dealkylations and hydroxylations in the presence of or-
ganic hydroperoxides or H20; (12-15). In addition, cyto-
chrome P-450 itself may function as a peroxidase, oxidiz-
ing various compounds when hydroperoxides are substi-
tuted for NADPH and O, (16-19). Therefore, prostaglan-
din synthetase, a hydroperoxide-generating enzyme with
peroxidatic activity, may provide an alternative pathway
to the cytochrome P-450-dependent monooxygenases
with regard to oxidative drug metabolism.

This communication describes our investigation of the
prostaglandin synthetase-dependent metabolism of for-
eign compounds using an enzyme preparation from ram
seminal vesicles. This tissue was chosen because it has
extremely high prostaglandin biosynthetic capacity and
very low cytochrome P-450-dependent monooxygenase
activity. The substrate specificity, cofactor requirements,
and kinetics of xenobiotic oxygenation by RSV micro-
somal prostaglandin synthetase were examined. Our re-
sults indicate that RSV microsomes, when fortified with
arachidonic acid or organic hydroperoxides, dealkylate
various N-alkyl compounds at significant rates which are
comparable to those reported for rat liver microsomes
fortified with NADPH. In addition, the mechanisms by
which these tissues catalyze N-dealkylation appear to be
very different.

EXPERIMENTAL PROCEDURES

Materials. Arachidonic acid (99% pure) was obtained
from Nu Chek Preparations, Inc. (Elysian, Minn.). 15-
Hydroperoxyarachidonic acid was prepared from arachi-
donic acid using soybean lipoxygenase (Sigma Chemical
Company, St. Louis, Mo.) according to published
methods (20). Indomethacin, NADPH, butylated hydrox-

yanisole, glutathione (reduced), phenylbutazone, and flu-
fenamic acid were also obtained from Sigma Chemical
Company. p-Chloro-N-methylaniline was purchased
from Calbiochem (San Diego, Calif.). SKF-525A was
obtained from Smith Kline & French Laboratories (Phil-
adelphia, Pa.). Benzphetamine, 7-ethoxycoumarin, 7-
ethoxyresorufin, and metyrapone [2-methyl-1,2-bis(3-
pyridyl)-1-propanone] were generously provided by Dr.
J. Fouts, National Institute of Environmental Health
Sciences. Aminocarb (4-dimethylamino-m-tolyl-methyl-
carbamate) and Methiocarb [4-[methylthio]-3,5-xylyl-N-
methylcarbamate] were obtained from Mobay Chemical
Corporation (Kansas City, Mo.). Cumene hydroperoxide
was obtained from ICN-K&K Laboratories (Plainview,
N. Y.) and was purified by alumina chromatography
prior to use. £-Butyl-OOH was obtained from Pennwalt
Corporation (Buffalo, N. Y.). All other reagents used
were obtained from either Aldrich Chemical Company
(Milwaukee, Wisc.) or Eastman Kodak (Rochester,
N.Y)

Enzyme preparation. Ram seminal vesicles were ob-
tained from a local slaughterhouse, trimmed of excess fat
and connective tissue, and stored at —70° until use.
Microsomes were prepared from the vesicles as previ-
ously described (7) and used on the same day. Micro-
somal prostaglandin synthetase activity was determined
by measuring the AA-dependent oxygen uptake using a
Clark-type electrode; RSV microsomes with low enzy-
matic activity were discarded. Attempts to detect cyto-
chrome P-450 spectrally in RSV microsomes (see below)
following reduction with dithionite and carbon monoxide
gassing (21) revealed no detectable absorbance at or near
450 nm at protein concentrations of up to 3 mg/ml.

Male Sprague-Dawley rats (200-250 g, Sprague-Daw-
ley, Madison, Wisc.), male guinea pigs (300-400 g, Charles
River Breeding Laboratories Inc., Wilmington, Mass.),
male New Zealand White rabbits (2.5-2.7 kg, Dutchland
Laboratories Inc., Denver, Pa.), and female A/J mice
(20-25 g Jackson Laboratories, Bar Harbor, Me.) were
provided with food and water ad libitum until immedi-
ately prior to sacrifice. Animals were killed by decapita-
tion, and the livers, lungs, and kidneys were quickly
removed and washed in ice-cold 1.15% KCl. All subse-
quent procedures were performed at 4°. After being
weighed, the tissues were coarsely chopped with scissors
and a 25% (v/v) homogenate was made in 66 mm Tris-
HCI buffer (pH 7.4), using a Polytron-type homogenizer.
Microsomes were then prepared by differential centrifu-
gation as previously described (22, 23). Microsomes were
resuspended in 0.25 M sucrose containing 5.4 mm EDTA
at a final protein concentration of approximately 20 mg/
ml and frozen at —70° under N; until use. Protein con-
centration was measured by the method of Lowry et al.
(24) using bovine albumin as a standard. The cytochrome
P-450 concentration was determined from the reduced
CO difference spectrum by the method of Omura and
Sato (21) using an Aminco DW-2a spectrophotometer
(American Instrument Company, Silver Spring, Md.) in
the split-beam mode. An extinction coefficient of 91 mm™’
cm™! between 450 and 490 nm was used.

Incubation procedures. Microsomal protein was sus-
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pended in 2 ml of 66 mMm Tris-HCl buffer (pH 7.4)
containing 15 umoles of semicarbazide and 10 pmoles of
MgCl;. Substrates were then added to the incubation
mixture in 20 ul of acetone; the final concentration of
these substrates was 1 mM. The reactions were initiated
with 0.8 umole of AA and were run in a Dubnoff incubator
with shaking for 1 min at either 20° or 37°. Separate
experiments were performed in which the incubation
times or the concentrations of PCMA, RSV microsomes,
or AA were varied (see Results). Metabolic blanks were
run using heat-denatured microsomes or by omitting AA.
The reactions were terminated by the addition of 0.7 ml
of 15% ZnSO,, followed by 0.7 ml of saturated Ba(OH)..
Formaldehyde formation was then determined according
to the method of Nash (25). 7-Ethoxycoumarin and 7-
ethoxyresorufin-O-deethylase activities were measured
using previously published methods (26, 27).

During this investigation, we observed that the N-
demethylase activity of RSV microsomes was quite un-
stable. Excessive Polytron homogenization of ram sem-
inal vesicles, lengthy microsomal preparation times, or
just exposing RSV microsomes kept on ice for periods
greater than 2 hr resulted in a drastic reduction of enzy-
matic activity. This decrease in enzymatic activity par-
alleled a similar reduction in AA-dependent RSV micro-
somal O; uptake. Experiments utilizing RSV microsomes
were therefore planned in such a way that all incubations
were completed within 45 min of the final resuspension
of the microsomal pellets.

HPLC analysis was performed using a Waters Associ-
ates liquid chromatograph (Milford, Mass.) consisting of
two M6000A pumps, M440 UV detector, U6K injector,
M660 gradient programmer and a C-18 u Bondapak re-
verse-phase column (300 X 3.9 mm). After termination of
the reaction with ZnSO,, a 25-ul aliquot of the incubation
mixture was directly injected onto the HPLC. PCMA
and metabolites were then separated by gradient elution
at room temperature. The initial solvent composition
was 15% methanol and 85% water, changing to a final
solvent concentration of 60% methanol and 40% water at
a rate of 3%/min. The flow rate used was 2.0 ml/min.
Compounds appearing in the column eluates were de-
tected by monitoring the UV absorbance at 254 nm.
Identification was made by comparison of the retention
times to that of authentic standards.

All experiments were carried out in duplicate or trip-
licate and the data presented are either average values
or the means =+ standard error.

RESULTS

Xenobiotic metabolism by RSV microsomes. In initial
experiments, a series of structurally diverse chemicals
was employed to determine the substrate specificity of
RSV microsomal prostaglandin synthetase. The results
shown in Table 1 indicate that various N-methyl aniline
compounds underwent dealkylation in the presence of
RSV microsomes and AA to produce formaldehyde. In
general, rates of N-demethylation were greater with un-
substituted monomethyl and dimethyl compounds than
with the substituted analogues. Of the various deriva-
tives, substitution with the NO. group had the greatest

TABLE 1
N-Demethylation of various xenobiotics by RSV microsomes

Reaction mixtures contained 0.2 mg of RSV microsomes, 15 umoles
of semicarbazide, 10 umoles of MgCl., and 2 umoles of substrate
suspended in 2 ml of 66 mM Tris-HCI buffer (pH 7.4). Reactions were
initiated with 0.4 umole of AA and were terminated after 1 min at 37°.
Formaldehyde formation was determined as described under Experi-
mental Procedures.

Compound Rate of N-demethylation”
nmoles HCHO formed/min/
mg protewn
Monomethyl-substituted
N-Methylaniline 403 x1
N-Methyl-p-chloroaniline 33514
N-Methyl-o-nitroaniline ND*
N-Methyl-p-nitroaniline ND
N-Methyl-o-toluidine 2241
N-Methyl-m-toluidine 3991
N-Methyl-p-toluidine 10.7 £ 1
N-Methyl-o-phenylenediamine 351
N-Methyl-p-phenylenediamine 165+ 1
N-Methyl-n-nitrosoaniline 591
Dimethyl-substituted
N,N-Dimethylaniline 3533
N,N-Dimethylaminobenzoic 1351
acid
N,N-Dimethyl-p-nitroaniline 601
N,N-Dimethyl-p-phenylenedia- 102+1
mine
Miscellaneous
Aminopyrine 538 + 2
Aminocarb (4-dimethylamino- 564 £ 1
m-tolyl-methylcarbamate
Benzphetamine 5292
p-Nitroanisole ND
1,2,4-Trimethoxybenzene ND
Methiocarb ND
7-Ethoxycoumarin ND
7-Ethoxyresorufin ND

“ Values represent the means + standard error of at least three
separate experiments.
* ND, not detectable.

inhibitory effect on dealkylation catalyzed by RSV mi-
crosomes. In addition to these N-alkyl aniline analogues,
the drugs aminopyrine and benzphetamine as well as the
insecticide aminocarb were N-demethylated by RSV mi-
crosomes and AA. Metabolism of the above N-alkyl
compounds was dependent on RSV microsomes, which
could not be replaced by boiled enzyme. The reaction
was also dependent on the presence of AA; no other
components were needed for dealkylation by this tissue.

In addition to N-dealkylation, other drug-metabolizing
activities characteristic of the hepatic cytochrome P-450-
dependent monooxygenase system were examined using
RSV microsomal prostaglandin synthetase. The S-de-
methylation of the insecticide methiocarb, O-demethyl-
ation of p-nitroanisole or 1,2,4-trimethoxybenzene, and
O-deethylation of 7-ethoxycoumarin or 7-ethoxyresoru-
fin were not catalyzed by RSV microsomes fortified with
AA. Although attempts were made to optimize incuba-
tion conditions, dealkylation did not occur with any of
these compounds. The results indicate that RSV micro-
somal dealkylation, in comparison to cytochrome P-450-
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catalyzed dealkylation, is quite specific; hepatic monoox-
ygenases are known to catalyze all of the above described
reactions.

As shown in Table 2, RSV microsomal N-demethyla-
tion was profoundly inhibited when indomethacin, a clas-
sic inhibitor of prostaglandin biosynthesis, was preincu-
bated with microsomal protein before the addition of AA.
In the cases of PCMA, N,N-dimethylaniline, benzpheta-
mine, and aminocarb, formaldehyde formation was com-
pletely abolished by preincubation of enzyme with 500
uM indomethacin; inhibition was not as complete when
aminopyrine was employed as a substrate. The observed
inhibitory effect of indomethacin was much less pro-
nounced when the inhibitor and AA were added concur-
rently to the incubation mixture.

Kinetics of PCMA metabolism by RSV microsomes.
Incubation of PCMA with RSV microsomes and AA
resulted in the formation of formaldehyde and p-chlo-
roaniline. No other major metabolites of PCMA were
detected by HPLC analysis. PCMA was therefore chosen
as a model substrate to examine the parameters of RSV
microsomal N-demethylation because this compound
was metabolized at high rates to products for which exist
simple and rapid assay methods for the determination of
either formaldehyde or p-chloroanaline.

Formaldehyde formation from PCMA catalyzed by
RSV microsomes was characterized by an initial burst
lasting 10-20 sec, then proceeded more slowly, reaching
a plateau after 4-5 min (Fig. 1). For convenience, the
amount of formaldehyde formed during the 1st min of
incubation was used to calculate initial velocities. Figure
1 also shows that the rate of RSV microsomal N-demeth-
ylation of PCMA was dependent on the incubation tem-
perature; rates obtained at 20° were only 50% of those at
37°. When RSV microsomal protein was boiled prior to
incubation, product formation was not observed.

TABLE 2

Inhibition of prostaglandin synthetase-dependent N-demethylation
by indomethacin

Reaction mixtures contained 0.2 mg of RSV microsomal protein, 15
pumoles of semicarbazide, 10 pmoles of MgCl., and 2 umoles of substrate
suspended in 2 ml of 66 mM Tris-HCI buffer (pH 7.4). Reactions were
initiated with 0.4 umole of AA and were terminated after 1 min at 37°.
When added, indomethacin (final concentration 500 uM) was preincu-
bated with the reaction mixture for 5 min at 4° before the addition of

AA. Formaldehyde formation was determined as described under Ex-
perimental Procedures.
Compound Indomethacin Formaldehyde
formation*
nmoles/min/mg RSV
protein

PCMA - 57.3

+ ND*
N,N-Dimethylaniline - 42.1

+ ND
Benzphetamine - 52.9

+ ND
Aminopyrine - 53.8

+ 13.6
Aminocarb - 56.4

+ ND

“ Values represent the means of two or more experiments.
* ND, not detectable.

37°C

8

]
o

fotal nmol HCHO formed

120 160 200 240 260
Time (sec)

F1G. 1. Time course of HCHO formation from PCMA by RSV

Reaction mixtures contained 0.2 mg of RSV microsomes, 2 umoles
of PCMA, 15 pmoles of semicarbizide, and 10 umoles of MgCl, sus-
pended in 2 ml of 66 mM Tris-HC] buffer (pH 7.4). Reactions were
initiated with the addition of 0.8 umole of AA and were terminated at
the times indicated. Formaldehyde formation was determined as de-
scribed under Experimental Procedures. @——@®, RSV microsomes at
20°; O——O, RSV microsomes at 37°.

a0 80

Regarding the effect of PCMA concentration on the
N-demethylase activity of RSV microsomes, N-demeth-
ylation rates were found to increase in a linear fashion
with PCMA concentrations up to 100 uMm; further in-
creases in the substrate concentration had relatively little
effect on the rate of N-demethylation (data not shown).
However, K,, and V... values for RSV microsomal
PCMA dealkylation could not be obtained in this study
because of the nonlinearity of substrate demethylation
with respect to time (see Fig. 1).

Effect of protein concentration on PCMA metabolism.
Figure 2 illustrates the effect of RSV microsomal protein
concentration on the rate of PCMA N-demethylation.
Only small amounts of RSV microsomal protein were

nmol HCHO formed min-!

—

0 0% 6) 5 20 25
mg RSV microsomes

Fi1G. 2. Effect of protein concentration on HCHO formation from
PCMA by RSV

Reaction mixtures contained the indicated amounts of RSV micro-
somes, 2 umoles of PCMA, 15 umoles of semicarbazide, and 10 umoles
of MgCl, suspended in 2 ml of 66 mM Tris-HCl buffer (ph 7.4). Reactions
were initiated with 0.8 umole of AA or 5 umoles of NADPH and were
terminated after 1 min at 37°. Formaldehyde formation was determined
as described under Experimental Procedures.
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required to catalyze the formation of substantial amounts
of formaldehyde from PCMA; rates of product formation
at a protein concentration of 0.15 mg/ml were about 50%
of those at 2 mg/ml. Increasing the RSV microsomal
protein concentration above this latter value had practi-
cally no effect on N-demethylation rates.

RSV microsomal N-demethylation using various hy-
droperoxides. The ability of several structurally diverse
compounds to catalyze RSV microsomal PCMA metab-
olism was examined (Table 3). Of the compounds tested,
the highest rates of PCMA N-demethylation were ob-
tained using AA. However, appreciable RSV microsomal
N-demethylase activity was also observed when the or-
ganic hydroperoxides 15-HPAA, and ¢-butyl-OOH as well
as hydrogen peroxide were used in place of AA. Micro-
somal protein had to be present in order for PCMA N-
demethylation to occur; hydroperoxide alone was not
effective. Cumene hydroperoxide, which can replace
NADPH in cytochrome P-450-catalyzed N-demethyla-
tion reactions, was not effective in catalyzing RSV micro-
somal PCMA N-demethylation. In addition, no product
was formed when either NADPH or PGH; was employed.
Unfortunately, we could not include PGG., the naturally
occurring hydroperoxide derived from AA, in this group
of compounds because it proved very difficult to synthe-
size and was not available from other sources.

Inhibition of PCMA N-Demethylation. Figure 3 illus-
trates the inhibition of the PCMA N-demethylase activ-
ity of RSV microsomes as a function of indomethacin
concentration. The concentration of indomethacin nec-
essary to inhibit 50% of the original enzyme activity (so)
was 15 uM; this value corresponds closely with the indo-
methacin Is, determined for prostaglandin biosynthesis
in RSV microsomes (28). The indomethacin I5, was de-
pendent on both the arachidonic acid and microsomal
protein concentration but was independent of the con-
centration of PCMA when this compound was present in
amounts exceeding 75 uM.

N. and CO were also effective inhibitors of RSV mi-

TABLE 3
N-Demethylation of PCMA by RSV microsomes using various
cofactors
Reaction mixtures contained 0.2 mg of RSV microsomes, 2 umoles
of PCMA, 15 umoles of semicarbazide, and 10 umoles of MgCl. sus-
pended in 2 ml of 66 mmM Tris-HCI buffer (pH 7.4). Reactions were
initiated with the addition of cofactor and were terminated after 1 min
at 37°. Formaldehyde formation was determined as described under
Experimental Procedures.

Cofactor added“ Formaldehyde formation®
nmoles/min/mg protein

None 0

AA 404

15-HPAA 25.2

PGH: ND

Cumene OOH ND
t-Butyl-OOH 395

H0. 48.4

NADPH 0

% Amounts of cofactors added were: AA, 0.8 umole; 15-HPAA, 0.15
pmole; Cumene OOH, 2 pmoles; PGH;, 0.8 umole; ¢-butyl-OOH, 2
umoles; H,0, 0.5 umole; NADPH, 5 pmoles.

® Values represent the means of at least two separate experiments.

“ND, not detectable.

1001~

% Inhibition
5 8 8
1 1 T

8

0 20 % 0 80 100
Indomethacin M

F1G6. 3. Indomethacin inhibition of RSV microsomal PCMA N-
demethylation

Reaction mixtures contained 0.2 mg of RSV microsomes, 15 umoles
of semicarbazide, 10 umoles of MgCl,, 2 umoles of PCMA, and the
indicated concentrations of indomethacin suspended in 2 ml of 66 mm
Tris-HCI buffer (pH 7.4). Reactions were initiated with the addition of
0.8 umole of AA and were terminated after 1 min at 37°. Formaldehyde
formation was determined as described under Experimental Proce-
dures.

crosomal PCMA N-demethylase activity (Table 4). How-
ever, anaerobic conditions employing either N; or CO
had no effect on PCMA metabolism when 15-HPAA was
substituted for AA. These results indicate that oxygen is
not directly involved in the RSV microsome-catalyzed
reaction but is required for the synthesis of the hydro-
peroxy intermediate, PGG;. The failure of CO to inhibit
15-HPAA-catalyzed RSV microsomal PCMA metabo-
lism also suggests that the ferrous (Fe?*) form of heme in

TABLE 4
Inhibition of RSV microsomal PCMA N-demethylation

Reaction mixtures contained 0.2 mg of RSV microsomes, 15 umoles
of semicarbazide, 10 umoles of MgCl., and 2 umoles of PCMA suspended
in 2 ml of 66 mm Tris-HCI buffer (pH 7.4). The compounds listed were
preincubated with microsomal protein for 5 min at 4° before the
addition of cofactor. The reactions were terminated after 1 min at 37°
and formaldehyde was determined as described under Experimental
Procedures.

Agent Formaldehyde formation”
RSV microsomes/ RSV microsomes/
AA® 15-HPAA®
None 100 100
N:¢ 55 96
CO° 60 99
Cyanide (1 mm)“ 81 95
SKF-525A (1 mm) 98 95
Metyrapone (1 mm) 121 100
Indomethacin (0.1 mm) 8 99
Phenylbutazone (0.1 mm) 72 101
Flufenamic acid 13 100
Butylated hydroxyanisole 3 96
(0.5 mm)
Glutathione (1 mm) 112 101

“ Product formation is expressed relative to “none” (=100).

* Concentrations of cofactors used were: AA, 400 uM; 15-HPAA, 120
M.
“ Gases were gently bubbled through the reaction mixture for 1 min
before the addition of cofactor.

9 Values in parentheses indicate the final concentration of compound
used.
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prostaglandin synthetase is not involved in the reaction.
[It should be pointed out here that neither anaerobic
conditions nor CO is capable of inhibiting cytochrome P-
450-catalyzed N-dealkylation in the presence of certain
hydroperoxides (16).] Cyanide, which is capable of serv-
ing as a ligand to the heme iron atom in the ferric (Fe’*)
form, was also ineffective as an inhibitor of PCMA N-
demethylation of RSV microsomes, in the presence of
either AA or 15-HPAA.

SKF-525A and metyrapone, known inhibitors of many
hepatic monooxygenase reactions, did not inhibit RSV
microsomal PCMA N-demethylation (Table 4). In fact,
metyrapone slightly stimulated this reaction when AA
was used as a cofactor. Conversely, indomethacin, phen-
ylbutazone, and flufenamic acid, all of which are inhjbi-
tors of prostaglandin biosynthesis, inhibited RSV micro-
somal PCMA metabolism in the presence of AA but had
little effect when 15-HPAA was utilized as cofactor,
indicating that they inhibit the reaction by interfering
with the synthesis of PGG: by the cyclooxygenase com-
ponent of prostaglandin synthetase (2). Glutathione,
which has been reported to stimulate prostaglandin bio-
synthesis (29) had no effect on RSV microsomes or
PCMA N-demethylation. Butylated hydroxyanisole also
dramatically inhibited AA-dependent RSV microsomal
N-demethylase activity. This compound has been previ-
ously reported to inhibit RSV microsomal drug oxida-
tions (30, 31).

Release of oxidants during AA metabolism by RSV
microsomes. As described previously, the formation of
formaldehyde during RSV microsomal PCMA N-de-
methylation was characterized by an initial burst lasting
10-20 sec, then proceeded more slowly and finally ceased
after 4-5 min. The N-demethylase activity of RSV mi-
crosomes could not be restored after this time by adding
more substrate or cofactor; only the addition of fresh
microsomal protein to the incubation mixture restored
enzymatic activity. Apparently, this phenomenon was
limited not only to PCMA, for we obtained similar results
using other substrates (aminopyrine, N,N-dimethylani-
line, and aminocarb) which were N-demethylated by
RSV microsomes. Inactivation of RSV microsomal en-
zyme activity paralleled a similar time-related decrease
in prostaglandin biosynthesis by this tissue.® Egan et al.
(32) have shown that both enzymatic components of
prostaglandin synthetase are subject to AA-dependent
self-inflicted deactivation, which is due to indirect attack
on the enzyme by oxidants released during the reduction
of PGG: to PGH.. To determine whether oxidants were
formed during AA metabolism and were responsible for
the deactivation of the N-demethylase activity of RSV
microsomes, we first examined the effect of active pros-
taglandin biosynthesis on rat liver microsomal p-nitroan-
isole O-demethylation. Table 5 shows that addition of
RSV microsomes together with AA inhibited the O-de-
methylation of p-nitroanisole by rat liver microsomes
fortified with NADPH (p-nitroanisole is not demethy-
lated by RSV microsomes). This inhibition was propor-
tional to the amount of RSV microsomal protein added,
and neither RSV microsomes nor AA were capable of

%J. M. Lasker and K. Sivarajah, unpublished observations.

TABLE 5
Effect of prostaglandin biosynthesis on the O-demethylation of p-
nitroanisole by rat liver microsomes

Reaction mixtures contained 1.25 mg of rat liver microsomes (0.8
nmole of cytochrome P-450 per milligram) plus varied amounts of RSV
microsomes, 1 pmole of p-nitroanisole, 7.5 umoles of semicarbazide, and
5 pmoles of MgCl. suspended in 1 ml of 66 mm Tris-HCl buffer (pH
7.4). Reactions were initiated with 0.8 umole of AA plus 5 umoles of
NADPH and were run for 5 min at 37°. Formaldehyde formation was
measured as described under Experimental Procedures.

Amount of RSV
microsomes added

Formaldehyde formation” % of control

mg nmoles/min/mg microsomal

protein
0 5.12 £ 0.7 100
0.25 2.80 + 0.4 55
0.50 191 £ 0.3 37
1.0 1.39 £ 0.1 27
2.0 0.85 0.1 17

“ Values represent the means + standard error of three separate
experiments.

producing this effect alone. The inhibition of rat liver
microsomal O-demethylase activity was apparently due
to the destruction of cytochrome P-450 in the micro-
somes, as determined by measurements of the Soret band
of the reduced hemeprotein-CO difference spectrum at
450 nm. In other experiments, incubation of PCMA with
both RSV and rat liver microsomes and the necessary
cofactors resulted in the formation of significantly less
formaldehyde than the sum of the amounts formed by
each tissue separately (Table 6). This lack of product
additivity with the two microsomal systems was not due
to consumption of PCMA, because saturating amounts
of substrate were used, and was not due to end-product
inhibition, since PGF.,, PGE;, and PGD. do not inhibit
the N-demethylase activity of either tissue. Finally, we
observed the same type of time-related decrease in RSV
microsomal PCMA N-demethylase activity when 15-
HPAA was substituted for AA as a cofactor in the reac-
tion. These data indicate that oxidants are released dur-

TABLE 6
Product additivity of RSV and rat liver microsomal PCMA N-
demethylation

Reaction mixtures contained the indicated amounts of microsomal
protein, 15 umoles of semicarbazide, 10 umoles of MgCl,, and 2 pmoles
of PCMA suspended in 2 ml of 66 mM Tris-HCl buffer (pH 7.4).
Reactions were initiated with the addition of 0.8 umole of AA and/or
5 umoles of NADPH and were terminated after 5 min at 37°. Formal-
dehyde formation was determined as described under Experimental
Procedures.

Microsog:it:}ld protein Amount Formaldehyde formation
a
Observed  Expected"
mg nmoles/mg RSV or rat
liver microsomes/5 min
RSV 1 25.8 —
RSV 3 45.5 —
Rat liver 0.6 10.5 —
Rat liver 1.8 29.4 —
RSV + rat liver 1+18 37.3 55.2
RSV + rat liver 3+06 49.1 56.0

“ Expected values represent the sum of the observed rates of form-
aldehyde formation by the two different microsomal preparations.
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TABLE 7
N-Demethylation of PCMA by lung and kidney medullary

microsomes

Reaction mixtures contained 2 mg of microsomal protein, 15 umoles
of semicarbazide, 10 umoles of MgCl;, and 2 umoles of substrate
suspended in 2 ml of 66 mM Tris-HCI buffer (pH 7.4). Reactions were
initiated with 0.8 umole of AA and were terminated after 1 min at 37°.
When added, indomethacin (final concentration 100 uM) was preincu-
bated with the reaction mixture for 5 min at 4° before the addition of
AA. Formaldehyde formation was determined as described under Ex-
perimental Procedures.

Tissue Indomethacin Formaldehyde
formation
nmoles/min/mg protein
Guinea pig lung - 6.5
+ ND’
Mouse lung - 4.0
+ ND
Rabbit kidney - 6.2
medulla + ND

“ Values represent the mean of two or more experiments.
ND, not detectable.

ing the reduction of hydroperoxides by RSV microsomes
which can inactivate functional proteins, including those
proteins responsible for their formation. Although we did
not attempt to identify the oxidizing species, this area
deserves further investigation.

Prostaglandin synthetase-dependent PCMA N-de-
methylation by renal and pulmonary tissues. In addition
to seminal vesicles, other mammalian tissues such as
lung and kidney possess significant prostaglandin synthe-
tase activity. We therefore examined whether prostaglan-
din synthetase-dependent N-demethylation could also
occur in these tissues. As shown in Table 7, microsomes
derived from mouse lung, guinea pig lung, and rabbit
kidney medulla catalyzed PCMA N-demethylation when
fortified with AA. Preincubation of microsomal protein
with 200 uM indomethacin completely inhibited prosta-
glandin synthetase-dependent co-oxidation in all of these
tissues. Although the rates of PCMA N-demethylation
obtained with lung and kidney medullary microsomes
were somewhat less than that observed with RSV micro-
somes, the former tissues possess less than 1% of the
prostaglandin synthetase activity of vesicular tissue (33).

DISCUSSION

Our results show that various N-alkyl compounds are
enzymatically cleaved to their corresponding dealkylated
derivatives in a system which promotes the biosynthesis
of prostaglandins. The microsomal fraction of ram sem-
inal vesicles, when fortified with AA, catalyzed the de-
methylation of various monomethyl- and dimethyl-sub-
stituted aromatic anilines as well as several drugs and
pesticides with N-methyl moieties. Such xenobiotic de-
alkylations are common to the cytochrome P-450-depen-
dent monooxygenases present in liver and other tissues.
However, the prostaglandin synthetase-dependent sys-
tem did not exhibit the broad substrate specificity re-
ported for the hepatic monooxygenase system (34) with
regard to dealkylation. (This difference in substrate spec-

ificity may be a result of the different dealkylation mech-
anisms employed in each case and is further discussed
below.) Nevertheless, rates of prostaglandin synthetase-
dependent N-dealkylation were comparable, on a per
milligram of protein basis, to those reported with the rat
liver microsomal monooxygenase system.

Prostaglandin synthetase-dependent metabolism of
drugs and other foreign chemicals has important impli-
cations with regard to the disposition of such compounds,
since the biosynthesis of prostaglandins occurs in many
cell types (1). Although the majority of experiments
described in this study utilized an enzyme system derived
from seminal vesicles (whose size, anatomical location,
and sexual dependence would preclude a major role for
this organ in xenobiotic metabolism), significant prosta-
glandin synthetase-dependent N demethylase activity
was also observed in guinea pig lung, mouse lung, and
rabbit kidney medulla. These latter tissues are intimately
involved in the disposition of foreign chemicals. In a
previous study (33), we demonstrated that microsomes
derived from human lung, guinea pig lung, mouse skin,
and rabbit kidney medulla catalyzed the AA-dependent
co-oxidation of benzo[a]pyrene 7,8-dihydrodiol to
benzo[a]pyrene epoxide I, the ultimate carcinogenic me-
tabolite of the parent hydrocarbon. In addition, Zenser
et al. (31, 35) have reported that the urinary bladder
carcinogens N-[4-(5-nitro-2-furyl)-2-thiazolylJformamide
and benzidine are metabolized by rabbit kidney medul-
lary microsomes fortified with AA to products which
covalently bind to nucleic acids. The renal inner medul-
lary tissue is the last tissue in contact with urine prior to
its entry into the urinary space. Clearly, additional stud-
ies are warranted to ascertain further the pharmacologi-
cal and/or toxicological importance of prostaglandin syn-
thetase-dependent xenobiotic co-oxidation in vivo.

N-dealkylation catalyzed by prostaglandin synthetase
appears to be due to the peroxidative activity of this
enzyme. Oxidative conversion of AA to the hydroperoxy
endoperoxide PGG; by the cyclooxygenase component of
prostaglandin synthetase (2) was a prerequisite for N-
dealkylation. Inhibition of PGG. formation by cyclooxy-
genase inhibitors (indomethacin, phenylbutazone, and
flufenamic acid or by anaerobic conditions also inhibited
N-dealkylation. However, these treatments had no effect
on the N-dealkylation reaction when the hydroperoxy
compound 15-HPAA was substituted for AA. Neither 15-
HPAA nor the other organic hydroperoxides examined
were the sole catalysts but required the presence of RSV
microsomal protein to effect N-dealkylation. The fact
that these hydroperoxides mimicked the action of AA,
whereas PGH; did not, further indicates the importance
of the hydroperoxy moiety in the N-dealkylation reac-
tion. It is of interest that several hemeproteins with
peroxidase activity, such as myoglobin, catalase, and
chloroperoxidase, have also been reported to catalyze N-
dealkylations in the presence of hydroperoxides (12, 13,
15, 36, 37).

In addition to NADPH, various hydroperoxy com-
pounds can also support cytochrome P-450-dependent
drug oxidations (16-19). The possibility therefore exists
that the N-dealkylations observed during prostaglandin
biosynthesis were due to the interaction of PGG; with
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cytochrome P-450 in the RSV microsomes. However,
evidence argues against this possibility. First, we were
unable to detect spectrally any cytochrome P-450 in the
RSV microsomes following dithionite reduction and CO
gassing. Second, SKF-525A and metyrapone, which are
inhibitors of cytochrome P-450-dependent N-dealkyla-
tion (38), were not inhibitory to N-dealkylation by RSV
microsomes fortified with either AA or organic hydro-
peroxides. Third, there was no NADPH-dependent N-
dealklylation by RSV microsomes; this nucleotide cofac-
tor would have elicited N-dealkylation had any cyto-
chrome P-450 (and NADPH cytochrome P-450 reduc-
tase) been present in the RSV microsomal preparations.

The nature of the oxidizing agent formed during the
interaction of hydroperoxides with prostaglandin synthe-
tase is a matter of speculation. If it is typical of other
peroxidatic enzymes, the interaction of hydroperoxides
such as PGG; with the enzyme would be expected to
generate PGH; and a Compound I-type derivative of
prostaglandin synthetase. This enzyme derivative would
be two oxidizing equivalents above the resting state of
the enzyme (39). Sequential one-electron reductions of
the enzyme with reducing equivalents provided by de-
hydrogenation (electron abstraction) of a suitable sub-
strate would complete the catalytic cycle. In this case,
the oxidizing agent catalyzing N-dealkylation would be
protein-derived. It should be noted here that Lasker and
co-workers (40) have reported that the incubation of
aminopyrine with prostaglandin synthetase and AA re-
sults in the formation of a free radical cation and iminium
cation by sequential one-electron oxidations, the latter of
which are hydrolyzed to formaldehyde and the demethy-
lated amine. On the other hand, prostaglandin synthetase
could reduce hydroperoxides by only one electron ini-
tially, producing an alkoxy free radical and an enzyme
derivative one oxidizing equivalent above the resting
state. The oxidizing agent formed here would be either
hydroperoxide or protein-derived. In either case, the
ability of a compound to serve as a reductant of the
oxidizing agent would determine the over-all substrate
specificity of prostaglandin synthetase. A dehydrogena-
tion mechanism of N-dealkylation for prostaglandin syn-
thetase (40) would be very different from the N-dealky-
lation mechanism suggested for cytochrome P-450; in the
latter case, oxygen purportedly attacks the N-alkyl group,
forming an unstable carbinolamine compound which
breaks down spontaneously to the aldehyde and the
dealkylated amine (41).

In conclusion, the microsomal fraction of sheep vesic-
ular glands contains an enzyme system capable of metab-
olizing a number of structurally diverse N-alkyl com-
pounds when incubated with either arachidonic acid or
lipid hydroperoxides. The metabolism of N-alkyl com-
pounds during the biosynthesis of prostaglandins may
provide an additional oxidation pathway. to the cyto-
chrome P-450-dependent monooxygenases. Such alter-
native metabolic pathways could conceivably play a sig-
nificant role in xenobiotic disposition, especially in those
tissues rich in prostaglandin synthetase activity and lack-
ing monooxygenase activity. In addition, these investi-
gations have raised the intriguing questions of which
cellular constituents are oxidized during prostaglandin

biosynthesis in vivo and how this is involved in cellular
physiology and/or pathology.
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