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FIG. 5. UV- and mass spectrographs of N-benzylethyl-a-phenylni-

trone

Bz (1 mM) was incubated with PB-microsomes; an extract containing

N-benzylethyl-a-phenylmtrone was prepared from the incubation mix-

ture and applied to an HPLC column as described under Materials and

Methods. The nitrone was eluted in Fraction 8 (Fig. 1), purified and

subjected to UV- and mass spectroscopy.

plot for H202 production. This linearity demands that, if

a single enzyme is uncoupled to produce both N-hydroxy-
NorBz and H2O2, H202 must be a constant percentage of
all products formed at all concentrations of NorBz em-

ployed. If this were not the case, the plot would curve
with a change in the substrate concentration as the
formation of one product was favored over that of the
other (21). This constant percentage is consistent with
uncoupling rather than with the formation of an inter-
mediate that breaks down to produce alternate products.

Nitrone metabolism. The HPLC chromatograph
shown in Fig. 1 includes a peak (Peak 8) obtained after
Bz (1 mM) was incubated with PB-microsomes. The
fraction responsible for this peak was subjected to gas
chromatography/mass spectrometry. The spectrum (Fig.
5) was identical with that obtained by Beckett and Gib-

son (22) for N-benzylethyl-a-phenylnitrone. The metab-
olite also exhibited the characteristic UV-absorption
peak (Fig. 4) for this nitrone.

When the mtrone obtained from Fraction 8 was incu-

bated with microsomes and an NADPH-generating sys-
tem, the nitrone disappeared, as was determined by
HPLC analysis, and a 455-nm peak appeared, thus mdi-

cating the formation of 2-nitroso-i-phenylpropane. The
nitrone did not disappear and the 455-nm absorbance
peak did not appear when the NADPH-generating sys-

tem was absent. This finding appears to contradict the
hypothesis (23) that the nitrone is hydrolyzed to N-
hydroxyamphetamine prior to formation of 2-nitroso-i-

phenyipropane, at least in microsomal preparations. It
was therefore concluded that the nitrone is an interme-

diate in the metabolism of NorBz to 2-mtroso-1-phenyl-
propane. This does not exclude the possibility that the

nitrone might be hydrolyzed by some non-microsomal
enzyme in the hepatocyte to N-hydroxyamphetamine,
which in turn could be oxidized to 2-nitroso-1-phenylpro-
pane.

Lack of amphetamine formation during Bz metabo-

lism. It might be argued that NorBz could undergo a-C-
oxidation to amphetamine, followed by N-oxidation to 2-

nitroso-1-phenylpropane (Steps 7 and 8, Scheme 1),
rather than via N-oxidation to the nitrone (Steps 2 and

3, Scheme 1) followed by a a-C-oxidation to 2-nitroso-i-
phenylpropane (Step 4, Scheme 1). When microsomes

from untreated rats are incubated with 1 mr�,i amphet-
amine, less 455-nm complex is produced than when 0.1
mM NorBz is the substrate (Table 6). This implies that
amphetamine is not on the pathway between NorBz and
2-mtroso-i-phenylpropane. This implication was
strengthened when it was determined that no amphet-
amine of p-hydroxyamphetamine was formed when
NorBz was incubated with microsomes for 10 mm (HPLC

data not shown). p-Hydroxyamphetamine did accumu-
late when amphetamine or methamphetamine was the
substrate (HPLC data not shown). H202 production,
nitrone formation, and 2-nitroso- i-phenylpropane for-
mation from 0.i mM NorBz were determined in the
presence and absence of i nmi amphetamine (Table 6) to
determine whether amphetamine is on the metabolic
pathway from NorBz to 2-mtroso-1-phenylpropane. The
presence of amphetamine had no effect on any of these
measurements, and it was therefore concluded that a-C

oxidation of NorBz to amphetamine does not occur and
is not required for 2-nitroso-i-phenylpropane formation
from NorBz. Two other points might be used to argue
that the pathway of Bz oxidation via amphetamine has
not been eliminated by the presented evidence: (a) the
failure to detect amphetamine as a product of NorBz
could mean that the amphetamine produced from NorBz

is so rapidly converted to N-hydroxyamphetamine that
a detectable concentration is not reached; (b) failure to

produce 2-nitroso-1-phenylpropane when microsomes
are incubated with a relatively high concentration of
amphetamine could be due to inhibition of the conversion

TABLE 6

Effect of excess amphetamine on product formation from NorBz incubated with U-microsomes

Microsomes (1 mg of protein per milliliter) were incubated as described under Materials and Methods except that Bz was excluded and either

no drug (basal), amphetamine (1 mM), NorBz (0.1 mM), or both drugs were included. Results are means and standard error of three separate

experiments.

Product formed Basal Amphetamine (A) NorBz (B) A + B

H2O2 (nmoles/min/mg) 4.9 ± 0.09 4.8 ± 0.09 7.0 ± 0.2 7.4 ± 0.2

2-Nitroso-1-phenylpropane (A4M �m at 10 min) 0.00 0.0002 ± 0.0001 0.0018 ± 0.0001 0.0017 ± 0.0001

Nitrone formation (nmoles/min/mg) 0.00 0.00 0.55 ± 0.6 0.56 ± 0.06
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756 JEFFERY AND MANNERING

of N-hydroxyamphetamine to 2-nitroso-1-phenylpropane
(Scheme i, Reaction 8) by amphetamine. Both argu-
ments were eliminated by the observation that a high

concentration of amphetamine (1 mM) did not alter the

production of 2-nitroso- i-phenylpropane from NorBz (0.1

Inhibition of nitrone metabolism by Bz and NorBz.

The 2-nitroso-1-phenylpropane formed from the mtrone
(Scheme 1, Step 4) complexes with the cytochrome P-

450 responsible for its formation to give a maximal ab-
sorbance at 455 nm (6, 7) . The complex occurs when 1
mM Bz is incubated with PB-microsomes but not with
U-microsomes (Fig. 2C). However, it is formed in U-
microsomes when relatively low concentrations of Bz are
used (Figs. 2F and GA). The effect of Bz concentration
on the formation of the complex in U- and PB-micro-
somes is shown in Fig. 6A. Complex formation was in-

creasingly depressed in both microsomal preparations as
the concentration of Bz was increased between 0.1 and

1.0 mM. Werringloer and Estabrook (6) observed a de-
crease in complex formation in PB-microsomes with in-
creasing concentrations of Bz, but they did not describe
the pathway of Bz metabolism or locate the site of
inhibition. NorBz was also tested as an inhibitor of com-

plex formation (Fig. 6B) . Concentrations of NorBz above
0. 1 mM inhibited complex formation in U-microsomes
but not in PB-microsomes; therefore, the depressant

effect of Bz on complex formation in PB-microsomes
(Fig. 6A) must be due to Bz directly, not to NorBz or
another metabolite. NorBz has a lesser depressant effect

than Bz on complex formation in U-microsomes (Fig. 6A
and B). Therefore the inhibition by Bz in U-microsomes
cannot be due entirely to NorBz formation; both Bz and

NorBz must inhibit 2-nitroso-1-phenylpropane forma-
tion. The question was then raised as to how Bz and
NorBz produce their inhibitory effects. Steps 1 (3), 2 (24),
and 4 (7) are believed to be cytochrome P-450-dependent;
Step 3 is not (25). The current studies (Figs. 3 and 4)
suggest that Steps 1 and 2 involve the same cytochrome
P-450 in U-microsomes. The data in Fig. 6 are consistent
with the view that the P-450 isozyme involved in Step 4
is also the isozyme involved in Steps 1 and 2 in U-
microsomes. This statement is based on the observation
that at high concentration, both Bz and NorBz inhibit
complex formation (Fig. 6A and B) and that Bz (1 mM)
inhibits complex formation by about 50% when the ni-

�: � �: �

[Bz] mM [NorBz] mM

FIG. 6. Effect of substrate concentration on the extent of 455-nm

complex formation

The absorbance change at 455 nm was monitored by difference

spectroscopy during the incubation of U-microsomes (0) or PB-micro-

somes (#{149})with Bz (A) or NorBz (B).

trone (1 /.LM) is incubated with U-microsomes (data not
shown).

Whereas a metabolic pathway involving a single cyto-

chrome P-450 for Steps 1, 2, and 4 is compatible with the
data obtained for U-microsomes, it is not compatible
with the data obtained for PB-microsomes because (a)
NorBz inhibits complex formation in U-microsomes but
not in PB-microsomes; (b) Bz inhibits 455-nm complex
formation but not NorBz metabolism in PB-microsomes;
(c) although increasing the concentration of NorBz above
0.1 mM does not increase the 455-nm complex formed,
neither does it inhibit complex formation. The results
obtained with PB-microsomes can be explained if the
cytochrome involved in Step 2 is not the same isozyme
as that involved in Steps 1 and 4. The suggestion that
Steps 1 and 2 are mediated by different cytochrome P-
450s in PB-microsomes is supported by the observation
that in these microsomes Bz does not inhibit NorBz-
induced hydrogen peroxide production (Fig. 3B).

In summary, the data presented in this communication
support a metabolic pathway of Bz to 2-nitroso-i-phen-

ylpropane in U-microsomes via Steps 1, 2, 3, and 4 rather

than Steps 5, 6, 7, and 8; Steps 1, 10, and 4; Steps 1, 9, 7,
and 8; or Steps 1, 2, 3, 12, and 8 (Scheme 1). Step 1 is
preferred over Step 5 because Bz disappearance and
NorBz disappearance are stoichiometric with HCHO for-
mation; this could not be the case if HCHO had been
formed via Steps 5 and 6. Moreover, the rate of HCHO
formation was linear (Fig. 2A); ifHCHO had been formed
via Steps 5 and 6, an initial lag phase in the rate of

HCHO formation would have occurred. Finally, no am-
phetamine (Steps 5 and 6 or Steps 1 and 9) orp-hydroxy-
amphetamine (Step 11 ) was detected in the incubation
medium. Step 2 is preferred over Step 9 because no
amphetamine or p-hydroxyamphetamine was formed;
however, N-benzylethyl-a-phenylnitrone, which could
not be derived from amphetamine, was formed (Step 3).
Finally, incubation of amphetamine (1 mM) with U-mi-
crosomes produced very little 2-mtroso-1-phenylpropane,
and the inclusion of amphetamine with NorBz did not
increase the amount of 2-nitroso-1-phenylpropane above
that produced by NorBz alone (Table 6). The absence of
Step 9 precludes the involvement of Step 7 in the oxi-
dation of Bz to 2-nitroso-1-phenylpropane. Steps 2 and 3
are preferred over Step 10 because stimulators and inhib-
itors of hydroxylamine oxidase alter N-benzylethyl-a-
phenylmtrone formation predictably. Step 4 is preferred
over Steps 12 and 9 because the disappearance of the
nitrone required NADPH, which would not be the case
for Step 12, a hydrolytic reaction. In summary, of five
pathways that have been considered feasible, only the
pathway involving Steps 1, 2, 3, and 4 survives the
elaborated processes of elimination. It is of interest that
two of the feasible pathways were deficient in only a

single step. When methamphetamine was incubated with
microsomes, 2-nitroso- 1-phenylpropane complex was
formed, thus demonstrating that only Step 5 is missing
in the pathway involving Steps 5, 6, 7, and 8. Step 9 is
likewise the only step missing in the pathway involving

Steps 1, 9, 7, and 8.

PB induction of a given monooxygenase activity has
been attributed to (a) formation of an increased amount
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of one or more of the P-450 isozymes responsible for that

activity, (b) the formation of P-450 isozyme(s) with
greater substrate selectivity, or both a and b. The current
study shows that PB can also induce drug metabolism,
in this case that of Bz, by inducing a P-450 isozyme(s)
that relieves substrate inhibition.
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SUMMARY

The source of the oxygen atom in the product of the cytochrome P-450-catalyzed N-
demethylation of N-methylcarbazole was determined by mass spectral analysis of the
carbinolamine precursor of formaldehyde formed during incubation in oxygen 18-enriched
medium. Initial experiments demonstrated that N-(hydroxymethyl)carbazole, the carbi-
nolamine product of the metabolism of N-methylcarbazole, did not exchange oxygen with
solvent water. When N-methylcarbazole was incubated in oxygen 18-enriched medium
with purified cytochrome P-450 in the presence of either purified NADPH-cytochrome
P-450 reductase and NADPH, cumene hydroperoxide, t-butyl hydroperoxide, or peracetic
acid, there was no incorporation of oxygen i8 from the medium into N-(hy-
droxymethyl)carbazole. These results clearly demonstrate that the oxygen atom in-
serted into N-methylcarbazole by cytochrome P-450 to yield N-(hydroxy-
methyl)carbazole does not come from the medium and show that the N-demethylation
reactions catalyzed by cytochrome P-450 proceed in a manner similar to hydroxylation

reactions, with the oxygen atom in the product being derived from the oxidant.

INTRODUCTION

Hepatic microsomal cytochrome P-450 can utilize
NADPH and molecular oxygen as well as many peroxy

compounds to catalyze the hydroxylation or hetero-atom
dealkylation of a wide variety of endogenous and exoge-
nous organic compounds (1, 2). Studies utilizing oxygen
18-enriched media have demonstrated that one oxygen
atom from molecular oxygen or organic hydroperoxides
is incorporated into the product of cytochrome P-450-
catalyzed hydroxylation reactions (3-5). The cytochrome
P-450-catalyzed N-demethylation of tertiary amines is
generally accepted to occur by hydroxylation of the N-
methyl group to form a carbinolamine (3 in Fig. 1), which
is often unstable and spontaneously decomposes to yield
formaldehyde and the desmethylamine (6, 7). A carbi-
nolamine intermediate has also been proposed for the

cytochrome P-450-dependent oxidative deamination of
alicyclic primary amines, where the oxygen atom in the
ketone product is derived from molecular oxygen (8).
Although oxygen 18 studies of the microsomal N-deben-
zylation of several 4-disubstituted N-benzylpipendines
suggested that the oxygen atom in benzaldehyde was
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2 Northwestern University Medical and Dental Schools.
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derived from molecular oxygen (9, 10), oxygen-labeling
studies of cytoch.rome P-450-catalyzed demethylation re-
actions have not been possible because of the rapid
exchange of the carbonyl oxygen of formaldehyde with
solvent water oxygen (1 1). However, this problem can be
circumvented by using the N-methylamine substrate N-
methylcarbazole, which yields a stable isolatable carbi-
nolamine intermediate (12-15).

Several possible mechanisms for the formation of the
carbinolamine intermediate (3) are shown in Fig. 1. One
possible mechanism involves the two-electron-equivalent

oxidation of the amine, either directly or via the substrate
radical (1), to form an iminium cation (2), which could
then react with water to form 3. If 2 were the product
released from the enzyme, then the oxygen atom in 3
would be derived from the aqueous medium (16-18).
Alternatively, 2 could react with the iron-oxo species in

the active site of cytochrome P-450 (19) and then the
oxygen atom in 3 would be derived from the oxidant. The
oxygen atom in 3 would also be derived from the oxidant

if the substrate radical (1 ) recombined with the iron-
bound oxygen moiety in the active site of cytochrome P-
450 (20, 21). In this communication we describe oxygen
18-labeling studies of the cytochrome P-450-catalyzed N-
demethylation of N-methylcarbazole, where the carbi-
nolamine intermediate, NHMC,4 was analyzed directly.
Our experiments were designed using H2180-enriched

4 The abbreviation used is: NHMC, N-(hydroxymethyl)carbazole.
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FIG. 1. Possible mechanisms for the cytochrome P.450-catalyzed

N-demethylation of tertiary amines

buffer as the common medium to allow investigation of
the reaction supported by NADPH and molecular oxygen
as well as by several other oxidants.

EXPERIMENTAL PROCEDURES

MateriaLs. N-Methylcarbazole and NHMC were synthesized as pre-

viously described (14). Both compounds were >99% pure as judged by

high-pressure liquid chromatography. Cumene hydroperoxide was ob-

tamed from Matheson, Coleman, and Bell (Cincinnati, Ohio); t-butyl

hydroperoxide from ICN Pharmaceuticals, Inc. (Irvine, Calif.); pera-

cetic acid from Pfaltz and Bauer, Inc. (Stamford, Conn.); and NADPH

from Sigma Chemical Company (St. Louis, Mo.). Dilaurylphosphati-

dylcholine was obtained from Serdary Research Laboratories (London,

Ont., Canada) as a chloroform solution. Before use, the chloroform was

removed under a stream of nitrogen, and a 1 mg/mi aqueous suspension

was made by sonication. Oxygen 18 water was obtained in 97% enrich-

ment from KOR, Inc. (Cambridge, Mass). All other materials were

reagent-grade and were obtained from commercial sources.

Enzyme preparations. Cytochrome P-45OLM. was purified from liver

microsomes of phenobarbital-pretreated rabbits by the procedure of

Coon et al. (22). The preparation had a specific content of 15.7 nmoles

of cytochrome P-450 per milligram of protein. NADPH-cytochrome P-

450 reductase was purified from liver microsomes of phenobarbital-

pretreated rabbits (23, 24) and had a specific content of 10.5 nmoles of

flavin per milligram of protein. Both preparations gave only one band

upon sodium dodecyl sulfate/polyacrylamide gel electrophoresis.

Assay procedure. The mixtures contained potassium phosphate

buffer (0.1 M), pH 7.7, or phosphate buffer containing 19.4% H2MO,

cytochrome P-4SOLM2 (0.99 nmole), dilaurylphosphatidylcholine (30 pg),

N-methylcarbazole (0.5 mM), and either NADPH-cytochrome P-450

reductase (0.99 nmole) and NADPH (0.5 mM), cumene hydroperoxide

(3 mM), t-butyl hydroperoxide (3 mM), or peracetic acid (1.5 mM) in a

final volume of 1.0 ml. The incubation mixtures were preincubated at

300 for 3 min. The reaction mixtures containing NADPH-cytochrome

P-450 reductase were initiated by the addition of NADPH and incu-

bated for 15 mm. The reactions supported by the peroxy compounds

were initiated by the addition of the oxidant and incubated for 5 mm.

All incubations were carried out in duplicate. The incubation mixtures

were extracted twice with 3 ml of ethyl acetate containing 1% diethyl-

amine, and the extracts were prepared for chromatographic analysis as

previously described (14). The dried extracts were allowed to react with

bis(trimethylsilyl)trifluoroacetamide (Supelco, Inc., Bellefonte, Pa.),

evaporated to dryness under a stream of nitrogen, and redissolved in

ethyl acetate; aliquots (1.0 �d) were injected onto a Finnigan 3200 gas

chromatograph/mass spectrometer equipped with a INCOS 2300 data

system and a 30-rn fused silica capillary column (0.25 mm inner diam-

eter) coated with SE-54 (J and W Scientific, Rancho Cordoba, Calif.).

Duplicate splitless injections were made from each sample with the

column held at 60#{176}.After 1 mm, the column was heated to 250#{176}at fl40/

mm. The carrier gas was helium at a flow rate of 3 ml/min. The

trimethylsilyl ether of NHMC had a retention time of 10.7 mm. Ioni-

zation was by electron impact with the filament operated at 70 eV.

80

52

139 � 167

150
M /Z

FIG. 2. Mass spectrum of the trimethylsilyl ether of NHMC

Ions were observed at m/z 269 (M)�, m/z 254 (MCH:1)�, m/z 239

(M-[CH:112)�, m/z 224 (M[CH3]:i)4, and m/z 180 (M-OSi[CH.,].) �.

Oxygen 18 incorporation into NHMC was quantitated by taking the

ratio of the integrated ion current at m/z 271 (M[”O1)� to that at m/z

269 (M[6O])� under the gas chromatographic peak due to NHMC (see

Fig. 2 for the complete mass spectrum of the trimethylsilyl ether of

NHMC).

RESULTS AND DISCUSSION

Initial experiments were carried out to determine
whether the carbinolamine of N-methylcarbazole,
NHMC, exchanged oxygen with the aqueous medium.
Synthetic NHMC was incubated in potassium phosphate
buffer (0.1 M), pH 7.7, and in phosphate buffer containing
19.4% H2180 for 15 mm at 30#{176}in duplicate. The incuba-
tion mixtures were extracted twice with ethyl acetate
containing 1% diethylamine, and the extracts were pro-
cessed and analyzed as described under Experimental
Procedures. The ratio of m/z 271:269 was 5.25 ± 0.07%

for NHMC incubated in phosphate buffer and 5.70 ±

0.28% for NHMC incubated in H2180-enriched phosphate
buffer, indicating that NHMC does not significantly ex-
change oxygen with solvent water.

TABLE I

Oxygen isotope content of the NHMC formed by cytochrome P-4S0,.M2

N-Methylcarbazole was incubated with cytochrome P-4501M2 and

the indicated oxidants in phosphate buffer and in phosphate buffer

containing 19.4% H2MO. The oxygen isotope content of the NHMC

formed was determined by monitoring the ions in the mass spectrum at

m/z 271 and m/z 269. The incubation conditions and analytical proce-

dure are described under Experimental Procedures. The data presented

are average values of duplicate determinations, with the individual

values varying by less than 10%.

%

Molecular oxygen (NADPH-cytochrome P-450 5.90

reductase + NADPH)

Cumene hydroperoxide 6.00

t-Butyl hydroperoxide 6.05

Peracetic acid 5.65
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Experiments were carried out to determine the source
of the oxygen atom in the NHMC formed during the
cytochrome P-450LM9-catalyzed N-demethylation of N-
methylcarbazole supported by several different oxidants.
The results are shown in Table 1. In all four oxidant
systems, NHMC was the major metabolite of N-meth-
ylcarbazole. Small amounts of the three ring-hydroxy-
lated metabolites (13-15) were observed but were not

analyzed for oxygen isotope content because the oxidant
has previously been established to be the source of the
oxygen atom in the product of cytochrome P-450-cata-
lyzed aromatic hydroxylation reactions (5). The average
ratio of m/z 271:269 for the NHMC formed in H216O
phosphate buffer was 5.90 ± 0.30% in all four oxidant
systems, with the individual determinations ranging from
5.2 to 6.1%. In H2180-enriched phosphate buffer, the
average ratio of m/z 271:269 was 5.81 ± 0.18%, with the
individual determinations ranging from 5.6 to 6.2%.

These results indicate that 160 from the oxidant rather
than ‘�o from the medium is incorporated into the prod-
uct of the cytochrome P-450-catalyzed N-demethylation
of N-methylcarbazole when the reaction is supported by
NADPH and molecular oxygen, cumene hydroperoxide,
t-butyl hydroperoxide, or peracetic acid. Our results with

purified cytochrome P-45OLM2 are consistent with the
results of a recent oxygen 18 study of the NADPH-
dependent oxidation of N-methylcarbazole by rat liver
microsomes (25). The data are inconsistent with the
mechanism of cytochrome P-450-catalyzed demethyla-

tion reactions proposed by Griffin and co-workers (16-
18), where the imine (2 in Fig. 1) dissociates from the
enzyme and reacts with water to form the carbinolamine
(and ultimately formaldehyde and the desmethylamine).

Although this mechanism may be operative in the de-
methylation of aminopyrine (16-18), it is clearly not a
general mechanism for the N-demethylation reactions
catalyzed by cytochrome P-450. If 2 is actually an inter-

mediate in the demethylation of N-methylcarbazole, then
it must react with an oxygen species derived from the
oxidant in the active site of cytochrome P-450. Alterna-
tively, 2 may not be involved as an intermediate in
demethylation reactions, and the substrate radical (1 in
Fig. 1) may react with the iron-bound oxygen species in
the active site of cytochrome P-450 to form the carbino-
lamine (3 in Fig. 1) directly, as has been proposed by
White and Coon (21). While the results presented here
cannot distinguish between these two mechanisms, they
do establish that, as in hydroxylation reactions (3-5), the
oxygen atom in the product of N-demethylation reactions

catalyzed by cytochrome P-450 is derived from the oxi-
dant and not the aqueous medium.
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SUMMARY

Cysteine conjugate $-lyase from rat liver, an enzyme participating in a shunt from
mercapturic acid synthesis, has been purified and found to be active with a number of
compounds that bear nonpolar leaving groups on the $-carbon of an amino acid substrate.
Pyridoxal phosphate is considered to be a participant in the reaction. In addition to
aromatic thioethers of cysteine, the enzyme is also active with two aliphatic amino acid
derivatives, S-1,2-dichlorovinyl-L-cysteine and fl-chloroalanine. Evidence is presented

that catalysis results in “suicide” inhibition with a partition ratio of about 600 for each of
the substrates.

INTRODUCTION

Thiol and thiomethyl metabolites in which sulfur is

derived from glutathione have been identified during the
last decade as excretion products of a variety of xeno-
biotics (1-3). Glutathione participates in the formation
of thioethers by reaction with xenobiotics, or their me-

tabolites, that bear an electrophilic center (4). Generally,
the glutathione conjugate undergoes sequential enzy-
matic hydrolysis (5, 6) to yield the thioether of cysteine
which, in turn, is acetylated to form the excretion product
(7), a mercapturic acid. Tateishi and Shimizu (8) have
demonstrated that metabolism of bromazepam results in
the excretion of a urinary thiomethyl metabolite, the
sulfur of which is derived from cysteine. Tateishi et al.
(9) subsequently obtained an enzyme preparation, cys-
teine conjugate $-lyase, capable of cleaving between the
fl-carbon of cysteine and sulfur (Eq. 1). The respective
thiomethyl metabolites of either 4-bromobenzene or 2,4-
dimtrophenol were formed (9), presumably after catalysis
by thiol S-methyltransferase (10, 11) (Eq. 2), when mi-

crosomes were added to incubation mixtures containing
S-adenosylmethionine and the L-cysteine conjugates.

Cysteine-S-R + H20 -* RSH

+ CH3COCOOH + NH3

RSH + S-adenosyl-L-methionine -+ RSCH:3 (2)

+ S-adenosyl-L-homocysteine

Although the /1-lyase was inactive with a number of
aliphatic cysteine conjugates (9), the possibility that
dichlorovinyl-L-cysteine might serve as a substrate was

intriguing since this is the type of reaction that had been
postulated as responsible for the high toxicity (12) of the
compound. Such evaluation requires the availability of a

‘ Present address, Laboratory of Cellular Carcinogenesis and Tumor

Promotion, National Cancer Institute, Bethesda, Md. 20205.

highly purified enzyme, which we sought to obtain. This

report is concerned with that purification, with the char-
acterization of the enzyme, and with an account of suicide
inactivation by each of the substrates.

MATERIALS AND METHODS

Livers from male Sprague-Dawley rats weighing 200-250 g (ARS

Sprague-Dawley, Madison, Wisc.) were stored at -70#{176}before use. CBZ2

was synthesized by the method of Colucci and Buyshe (3) from 2-

chlorobenzothiazole and solid sodium amide (Aldrich Chemical Corn-

pany, Milwaukee, Wisc.); Dohn and Anders (13) have presented NMR

and mass spectral data on CBZ which they prepared. S-1-propyl-L-

cysteine, S-1-butyl-L-cysteine, and S-2-(p-dintrophenethyl)-L-cysteine

were prepared as previously described (7). The following compounds

were generously provided as gifts: S-2-chloroethyl-L-cysteine from M.

w_ Anders, of the University of Rochester; dichlorovinyl-L-cysteine

from Gopal Krishna, of the National Heart, Lung and Blood Institute;

and the L-cysteine derivative of propachlor (14) from J. E. Bakke, of

the University of North Dakota. All other compounds tested as sub-

strates were obtained from Sigma Chemical Company (St. Louis, Mo.).

Enzyme Assays

Cysteine conjugate /3-lyase activity was measured by either of two

methods. The standard assay for the enzyme utilized CBZ as substrate

and measured the appearance of 2-mercaptobenzothiazole as product

at 316 nm (#{128}= 19,600 at pH 7.0) with a dual-beam Cary 219 spectro-

photometer at 30#{176}.The standard incubation mixture of I ml contained

50 5M CBZ, 50 mM potassium phosphate at pH 7.0, and an appropriate

amount ofenzyme; the reaction was initiated by the addition of enzyme,

which was not added to a reference cell. Under the conditions described,

the reaction was linear for 3 mm with respect to time and protein

concentration when less than 0.3 nmole of product was formed per

minute. A unit of enzyme activity is defined as that amount of enzyme

catalyzing the formation of I nmole of product per minute under

standard assay conditions; specific activity is defined in terms of units

of activity per milligram of protein. Protein was measured by the

method of Bradford (15) with bovine serumalbumin (Armour) as a

standard.

#{149}2The abbreviations used are: CBZ, S-2-benzothiazolyl-L-cysteine:

SDS, sodium dodecyl sulfate.

0026-895X/83/030761-05$02.00/0
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FIG. 1. Elution patterns upon chromatography from the DEAE-

cellulose �‘A.), hydroxylapatite I (‘B,), and chromatofocusing steps (C) in

the purification of cysteine conjugate /3-lyase

Enzyme activity is indicated by the solid lines, A2,�.o by the dashed

lines, and the pH or conductivity by the dotted lines.
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Livers (4(X) g) were partially thawed and rinsed in distilled water at

room temperature. Thawing was completed at 4#{176}in 800 ml of 0.25 M

All other substrates were assessed by measuring the rate of formation

of pyruvate in an assay in which the $-lyase reaction (Eq. 1) was

coupled with lactate dehydrogenase and NADH; the resultant decrease

at 340 nm is a function of pyruvate formation. Incubation mixtures of

I ml at 30#{176}contained 50 mM potassium phosphate at pH 7.0, varying

amounts of substrate, 100 tsi NADH, 0.1 unit oflactate dehydrogenase

(Sigma Chemical Company), and an appropriate amount of enzyme

that was used to initiate the reaction. Rates were linear with time and

protein concentration when less than 0.3 nmole of product were formed

per minute. With each of the substrates, deviations from linearity were

present that became obvious at higher rates of product formation and

at higher pH values; data are presented that the effect is due to suicide

inactivation by substrate.

Inactivation was followed by using higher concentrations of sub-

strates, as noted, and measuring product formation by either the

standard assay or that for pyruvate. Nonlinear regression analysis was

Performed with an interactive curve-fitting program ( 16) on a Decasys-
tem-I0 computer. Product formation curves were fitted to the expres-

SiOn, A = Be k�, where A is proportional to enzyme inactivated at time,

t, and B is proportional to the initial concentration of enzyme. Partition

ratios were calculated by dividing A, the total product formed, by the

molar concentration of enzyme. Substrate concentrations yielding half-

maximal inactivation, � and the reciprocal of the maximal rate of

inactivation, t �1’, were calculated from double-reciprocal plots of first-
order constants versus substrate concentration (17).

Electrophore.sis and Molecular Weight

Electrophoresis was performed in gels, 10% in acrylamide, in Tris-

glycine at pH 8.3 (18). Protein was visualized with 0.04% Coomassie

Blue G-250 in 3.5� (w/v) perchloric acid (19). For SDS gels, 1% SDS

and � 2-mercaptoethanol were added to protein samples and the

solution was boiled for 5 mm prior to application to the gel (18). Trypsin

inhibitor (21,500), carbonic anhydrase (31,000), ovalbumin (45,000),

albumin (66,000), phosphorylase B (93,000), /3-glactosidase (116,000),

and myosin (200,000) served as standard globular proteins for estima-

tion of Mr. SDS gels were stained with Coomassie Blue as described by

Maizel (18). Cross-linking of protein prior to electrophoresis was per-

formed with bis-2-(succinimidooxycarbonyloxy)-ethylsulfone as de-

scribed by Zarling et a!. (20); the product was dialyzed against 10 mM

sodium phosphate at pH 7.5 prior to application to an SDS gel.

After electrophoresis, activity of the protein was assessed by cutting

the cylindrical polyacrylamide gels into 2-mm slices which were then

crushed in tubes containing 1 ml of 50 mM potassium phosphate at pH

7.0 and 40 /�LM CBZ. Incubation of the suspensions at 30#{176}for 15 mm

allowed determination of absorbance at 316 nm as a function of product

formation; duplicate gels were stained for protein.

Mr was also determined with columns of Ultragel ACA 34 (1.5 x 90

cm), equilibrated with 50 mM potassium phosphate at pH 7.0 containing

60 �LM pyridoxal phosphate. Under identical conditions, catalase, oval-

bumin, hemoglobin (66,000), and alcohol dehydrogenase (141,000)

served as standards.

Antibody Preparation

Antibody to the fl-lyase was raised in goats by injection of 100 �tg, 60

ILg, and 50 �tg of the enzyme on days 1, 18, and 32, respectively. In each
instance the purified enzyme was subjected to acrylamide gel electro-

phoresis as described above, and the single band was sliced and ho-

mogenized together in 1 ml of saline prior to injection; the initial dose

was supplemented with Freund’s adjuvant. Antibody was obtained by

plasmaphoresis on day 50. Preimmune serum served as control in all

assays with the antibody. Determination of enzyme activity after ad-

dition of the antibody was performed in both the presence and absence

of Pansorbin (Calbiochem). Interaction of the enzyme with antibody

was also examined by Ouchterlony immunodiffusion (21).

Purification of Cysteine Conjugate f3-Lyase

sucrose containing 10 mM Tris-HCI at pH 7.5. Homogenization and all

subsequent steps were carried out at 4#{176}.

Step 1: extraction. Livers were homogenized for 30 sec in two batches

of 200 g each in a Waring Blendor. After centrifugation at 9,000 x g for

30 mm, the supernatant liquid was filtered through a plug of glass wool

and centrifuged at 100,000 x g for 60 min. The supernatant fluid was

collected and retained.

Step 2: DEAE-cellulose I. A column of DEAE-cellulose (5 X 50 cm)

was equilibrated with 10 mat Tris-HC1 at pH 7.5 containing 50 mM

potassium chloride (Buffer A) and charged with the cytosol from Step

1. After washing with 1 liter of Buffer A, a 3-liter linear gradient from

0.05 to 0.35 M KC1 in Buffer A was applied, and fractions of 23 ml were

collected (Fig. 1A). Active fractions, eluted at a conductivity of approx-

imately 6 mmho, were pooled and concentrated 10-fold with an Amicon

ultrafiltration apparatus and a PM 30 filter. All subsequent concentra-

tion steps were performed in an entirely similar manner.

Step 3: DEAE-cellulose II. A column of DEAE-cellulose (2 x 40

cm) was equilibrated with 10 mrs Tris-HC1 at pH 7.5 (Buffer B) and

charged with the concentrate from Step 2 which had been diluted 2-

fold in Buffer B. After washing with 100 ml of Buffer B, a 1-liter

gradient of 0-0.3 M potassium chloride in Buffer B was applied. Frac-

tions of 15 ml were collected in tubes containing 50 �tl of 15 mM

pyridoxal phosphate adjusted to pH 6.5. Active fractions were concen-

trated 10-fold.

Step 4: hydroxylapatite I. A column of hydroxylapatite (2 x 20 cm)

was equilibrated with 10 mM potassium phosphate at pH 7.0 containing

50 LM pyridoxal phosphate (Buffer C), after which the concentrated
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TABLE 1

CYSTEINE CONJUGATE f3-LYASE 763

protein solution was applied to the column. The column was washed

with 200 ml of Buffer C, and an 800-mi linear gradient of Buffer C, 0-

0.2 M in potassium phosphate at the same pH was applied. Active

fractions (Fig. 1B), eluting at approximately 7 mmho, were pooled and

concentrated 10-fold.

Step 5: hydroxylapatite II. The concentrate was diluted 2-fold and

applied to a column of hydroxylapatite (1 x 10 cm) equilibrated with

Buffer C. After washing with 50 ml of Buffer C, the column was

developed with a 0-0.3 M linear gradient of potassium phosphate in 400

ml of Buffer C. Active fractions were pooled, concentrated 10-fold, and

dialyzed against 1 liter ofpotassiumphosphate at pH 7.0 that contained

50 �LM pyridoxal phosphate.

Step 6: chromatofocusing. A column of Polybuffer exchanger gel

(Pharmacia PBE 94) (0.5 x 20 cm) was washed and equilibrated with

25 mai histidine HC1 (pH 6.0) as described (22). After 5 ml of Polybuffer

96, a 10-fold dilution of the supplied concentrate at pH 5.0 was run

onto the column, and the dialysate from Step 5 (9 ml) was applied.

Elution was with the diluted Polybuffer, allowing collection of fractions

of 5 ml. In initial experiments, active fractions eluted at pH 5.3 (Fig.

1C), a pH at which the enzyme was unstable. Subsequently, each

fraction was collected in a tube containing 0.5 ml of 0.5 M potassium

phosphate (pH 7.0) and 50 �.tl of 50 �sa� pyridoxal phosphate. Active

fractions were pooled and concentrated to approximately 2 ml.

Step 7: Sepharose 6B. The concentrate was applied to a column of

Sepharose 6B (1.5 x 90 cm) equilibrated with 0.1 M sodium phosphate!

50 �LM pyridoxal phosphate at pH 7.5, and washed with the samebuffer.

Fractions of 2 nil were collected, and those containing lyase activity

were pooled and concentrated to 1.5 ml.

Step 8: AH-Sepharose. A column of AH-Sepharose (0.5 x 5 cm) was

equilibrated with 10 mai sodium phosphate at pH 7.8 (Buffer D) and

then charged with the concentrate from Step 7 after the protein solution

was diluted 3-fold. After washing with 20 ml of Buffer D, enzyme was

eluted in 2-nil fractions with 100 ml of a 10-200 mist linear gradient of

sodium phosphate at pH 7.0. As in the second DEAE-cellulose step,

sufficient pyridoxal phosphate was added to each collection tube to

yield a final concentration of 5 jzM in each fraction. Active fractions

were pooled and concentrated to 2 ml.

RESULTS

The product of extensive series of steps for purification
of cysteine conjugate $-lyase was a protein with specific
activity increased about 1500-fold (Table 1). Polyacryl-
amide disc gel electrophoresis of the product revealed a
single concomitant band of protein and catalytic activity

(Fig. 2A). That band could be excised and eluted from
the gel, and subjected to treatment with SDS followed
by SDS/polyacrylamide gel electrophoresis. Enzyme
that had been cut from a disc gel, as well as the purified
enzyme which had not undergone electrophoresis, dis-
closed two major bands with Mr estimated at 39,000 and

Purification of cystein e conjugat e fi-lyase fr om 400 g o f rat liver

Step Volume Total pro-
temn

Total ac-
tivity

Specific ac-
tivity

ml rag nmoles/
mm

nmoles/
mm/mg

1. Extract 800 25,600 5,120 0.2

2. DEAE-cellulose I 202 1,480 5,590 3.8

3. DEAE-cellulose II 190 266 5,080 19

4. Hydroxylapatite I 80 72 3,380 47

5. Hydroxylapatite II 88 62 3,280 53

6. Chromatofocusing 1.85 7.0 2,090 297

7. Sepharose 6B 1.35 3.5 1,100 314

8. AH-Sepharose 1.4 2.1 668 318

CM

FIG. 2. Electrophoresis ofpurified enzyme preparations

A, Densitometric scan of a disc gel stained for protein; a duplicate

gel, assayed for enzyme activity, is shown in arbitrary units on the bar

graph. B, Densitometry of an SDS gel of the purified protein and after

treatment (20) with a cross-linking reagent.

47,000, respectively (Fig. 2B), on the basis of comparison
with standard proteins in SDS gels. Electrophoresis in

detergent also revealed two additional bands of slightly

larger size that, together, were estimated as constituting
less than 5% of the stained proteins (Fig. 2B); the minor
bands showed no change in concentration during Steps

6, 7, and 8, nor after using Sephadex G-100 when gel
filtration was added as an additional procedure. After the
purified enzyme was cross-linked by action of bis-(2-
(succinimidoxycarbonyloxy)-ethylsulfone (20), SDS gel
electrophoresis disclosed the presence of a protein species
estimated at 94,000 daltons (Fig. 2C). In accord, gel
filtration on Ultragel ACA-34 with globular protein stan-
dards allowed estimation of Mr as 100,000.

Goat immunoglobulin raised against the purified en-
zyme produced a single line of identity when tested by
immunodiffusion against the enzyme and an extract of
rat liver; no line of precipitation was evident with an

extract of rat kidney or with a $-lyase preparation from

that organ which had been taken through the first three
purification steps outlined for liver, to yield 100-fold
purification. Solutions of the liver /3-lyase treated with
the antibody retained their activity, which could be re-
moved by centrifugation following addition of Pansor-
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.� The compound was added to the otherwise standard assay system

in 10 ILl of acetone; the solvent had no effect on the reaction rate.

Apparent kineti c const ants for cysteine conjugate f3-lyase

Substrate Activity Inactivation

K� Vmax K�tHCt t� Partition
ratio

CBZ

mM

0.1

�unoles/min/mg

2.0

mM mm

0.17 2.3 580

S-2,4-Dinitrophenyl- 0.08 1.8 0.08 1.5 620

L-cysteine

S-1,2-Dichlorovinyl- 0.11 1.5 0.20 1.6 630

L-cysteine

,E3-Chloroalanine 2.6 1.7 2.9 4.1 680

bin’; the kidney enzyme was unaffected by these proce-
dures.

Substrates. Substrates for the $-lyase include those
compounds that bear a good leaving group on the $-

carbon of the amino acid substrate. Thus, three thioe-
thers of L-cysteine that fit this generalization serve as
substrate, including the nonaromatic derivative, S-2-
dichlorovinyl-L-cysteine (Table 2). The following com-
pounds, each tested at approximately 1 m�i within the
limits of solubiity, were not active as substrates: cysts-
thionine, 4-nitrophenethyl, benzyl, methyl, ethyl, 2-chlo-
roethyl, and butyl thioethers of L-cysteine, L-aspartate,
L-phenylalanine; L-serine; and L-tryptophan. Compounds
that were not substrates were not, in the same concen-
tration range, inhibitors of the fl-lyase reaction under

standard assay conditions.

Inactivation. The time course of the /3-lyase reaction
is a hyperbolic curve, although the standard enzyme
assay, over a limited time period and product concentra-
tion, approaches linearity. This phenomenon was not due

to inhibition by reaction products, metal ions, or thiol
oxidation, since 100 mM NH4C1, 10 nmt pyruvate, 100

/.LM 2-mercaptorenzothiazole, 10 nmi EDTA, or 10 mi�i 2-
mercaptoethanol had no effect on reaction rates or non-
linearity. Additional substrate resulted in no further
product formation, suggesting that enzyme was being
inactivated. The departure from linearity was first-order,
with higher rates of inactivation noted as substrate con-
centration or pH (Fig. 3) were increased.

The effect is achieved with all substrates, and the

partition ratio (i.e., the rate of product formed per mac-
tivation event) is essentially the same for each of them
(Table 2), as it is over the pH range tested despite a 3-
fold increase in the rate of inactivation with pH.

pH Optimum. As noted, the rate of inactivation during
the enzyme-catalyzed reaction increases with increasing

pH (Fig. 3), resulting in difficulty in obtaining accurate
rate data. The results of testing pH activity relationships
must be presented with the caveat that all rates were

curvilinear, even during the first 2 mm of reaction. Esti-
mation of initial rates for otherwise standard assay sys-

tems in 50 mM Tris-HC1 disclosed a pH optimum at 8.8
with half-maximal activity at pH 7.5 and 9.5. In order to

approach linearity, the standard enzyme assay was con-
ducted at pH 7.0 in potassium phosphate rather than at

0
7.0 7.5

pH

FIG. 3. Effect of pH on the inactivation of the enzyme with sub-

strate

The fJ-lyase (10 units) was incubated with 41 nmoles of CBZ in the

presence of 0. 1 M potassium phosphate. The data shown are based on

initial rates ( V)) in nanomoles per minute.

the pH optimum observed for Tris; Tris-HC1 was actually
inhibitory at pH 7.0 in the presence of 50 nmi potassium
phosphate buffer, resulting in 50% inhibition at 100 nmi

Tris-HC1. When several buffers were compared at pH 7.5
and at 50 mM in an otherwise standard assay system, the
following relative rates were attained: potassium phos-
phate, 1.0; sodium pyrophosphate, 1.8; Tris-HC1, 0.8; and
sodium borate, 0.6. The addition of 2 or 10 nmi EDTA
had no effect on the rate with phosphate buffer.

Role ofpyridoxal phosphate. Despite inability of the
enzyme to accept cystathionine as a substrate, the reac-
tion that is catalyzed is analogous to that of a cystathio-
nase for which pyridoxal phosphate is the prosthetic
group (23). Attempts at depleting cysteine conjugate $-

lyase of pyridoxal phosphate, while resulting in complete

loss of activity, never allowed reactivation by the coen-
zyme. Nevertheless, when large losses in activity were
incurred at early, relatively benign, purification steps,

pyridoxal phosphate was added to each of the enzyme
buffers in which this was practical and acted as a stabi-
lizer for the enzyme. Purification with hydroxylapatite,
for example, resulted in a 5-fold increase in the recovery
of enzyme upon elution when pyridoxal phosphate was
present in the eluting buffer. Because of the requirement
for the coenzyme, the usual spectral and fluorescent
methods could not be used to identify pyridoxal phos-
phate bound to the enzyme.

Reagents known to inhibit enzymes bearing pyridoxal
phosphate (24) were effective inhibitors of the f3-lyase in
the standard reaction system. L-Cysteine and potassium
cyanide were not inhibitory when added to enzyme in
the presence of substrate in an otherwise standard incu-
bation mixture; the enzyme was inhibited maximally
after 5 mm of preincubation of the enzyme with cysteine
(Ir,� 3 nmi). Although hydroxylamine did inhibit in the
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presence of substrate (I�,o 50 jIM), inhibition was 50-fold
greater upon preincubation with enzyme alone.

DISCUSSION

In keeping with other enzymes of detoxication (25),

cysteine conjugate f3-lyase has markedly low specificity
for its substrates despite the few compounds that have

been found to serve that function. It is also clear that its
designation is somewhat a misnomer since it is not spe-
cific for cysteine conjugates. $-Chloroalanine, which has

a good leaving group at the /3-carbon and an otherwise
identical structure, also serves as substrate.

The inactivation phenomenon observed is consistent
with that described as suicide inactivation (17) in which
an enzyme-bound intermediate will react with the en-
zyme itself, thereby inactivating it. In analyzing the in-

hibition, none of the three products of the reaction (Eq.
1) was found to be inhibitory nor would soluble electro-
philes be good candidates, since high concentrations of
mercaptoethanol or dithiothreotol have no effect on the

observed first-order inactivation. Each of the substrates
acts in an apparently identical manner, and the partition

ratio is between 580 and 680 for all of them. Indeed, over
a 3-fold change in rate, because of differences in pH (Fig.
3), the partition ratio remains the same. These data
suggest that, independent of the absolute rate of forma-
tion, the inactivating chemical species that is produced
inactivates once in every 600 or so catalytic cycles re-
gardless of the substrate. Despite the absence of data on
covalent binding, we suggest that inactivation depends
on the partitioning of an enzyme-bound eneamino acid
between release into solution followed by hydrolysis to

pyruvate, and covalent modification by Michaelis addi-
tion to an enzyme nucleophile that leads to inactivation.
Since the eneamino acid, dehydroalanine in this case, is
a common intermediate to pyridoxal phosphate-me-
diated a,fl-elimination reactions at the $-carbon, any
substrate leading to its formation by a susceptible en-
zyme wifi lead to inactivation. Indeed, /3-haloalarnnes
have been shown by elegant means to act in this manner

with alanine racemase (26) and aspartate decarboxylase
(27).

The presence of cysteine conjugate $-lyase represents
a shunt mechanism for the handling of premercaptunc
acids. Although the need for such a shunt pathway is not
clear, the products of the reaction, i.e., the thiols, would
be expected to be toxic. Indeed, the cleavage catalyzed

by /3-lyase produces a reactive fragment from dichloro-
vinyl-L-cysteine that is known to bind covalently to pro-
tein (28) and to DNA (29), resulting in cell damage. It is
only the presence of a second enzyme, thiol S-methyl-
transferase, that, with S-adenosylmethionine, completes

the detoxication function.
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SUMMARY

The oxidation of benzidine, a carcinogenic aromatic amine, by H202 is catalyzed by

horseradish peroxidase or lactoperoxidase. The resulting cation free radical is moderately
stable at pH 5.0, and was identified by electron spin resonance spectroscopy. Two-electron

oxidation yields the benzidine di-imine. This species reacts with phenol or catechol
derivatives to give colored adducts. Monoacetylbenzidine is a relatively poor peroxidase
substrate, and the biological implications of this difference are discussed.

INTRODUCTION

Occupational exposure to benzidine resulted in greatly
increased rates of bladder carcinoma among workers in
the dyestuff industry (1). Benzidine-based azo dyes are
reductively cleaved by intestinal anaerobic bacteria (2);
this metabolism may constitute a previously unrecog-

rnzed route of exposure to benzidine in the human pop-
ulation. The carcinogemcity of benzidine and other aro-
matic amines is probably a consequence of their metab-
olism to reactive species capable of binding to cellular
macromolecules, particularly DNA. The possible role of
peroxidases in the activation of chemical carcinogens is

receiving increasing attention. Of the various proteins
that possess peroxidative activity, horseradish peroxidase
is the best-studied. Lactoperoxidase, an enzyme obtained
from mammalian milk, is similar to horseradish peroxi-
dase in physical properties and chemical activities. In

addition, the microsomal enzyme prostaglandin synthase,
which initiates the biosynthesis of prostaglandins from
arachidomc acid, catalyzes the co-oxidation of xenobiot-
ics via a peroxidase-like reaction (3) . This enzyme cata-
lyzes both the formation of a hydroperoxide (prostaglan-
din G2) and the peroxidative reduction of prostaglandin
G2 to prostaglandin H2.

Zenser and colleagues (4, 5) have demonstrated that

benzidine is metabolized by rabbit renal medullary mi-
crosomal preparations. This metabolism is arachidonate-
dependent and indomethacin-sensitive, suggesting the
involvement of prostaglandin synthase. In the presence

of exogenous nucleic acids, the microsomal system cata-
lyzes the formation of benzidine metabolites that bind to
macromolecules (5). Kadlubar et al. (6) have studied the
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prostaglandin synthase-catalyzed binding of radiolabeled
aromatic amine carcinogens to DNA. Benzidine was the
most reactive substrate examined, and gave more than
300 times as much bound product as did 2-aminofluorene,
itself a potent carcinogen. However, the chemical nature

of the metabolites formed by the prostaglandin synthase
system has not been determined.

Benzidine is a well-known substrate for peroxidases.

Indeed, the peroxidative activity of blood is the basis for
the so-called “benzidine test”: the presence of blood is
revealed by the oxidation of benzidine to a blue product
(7). The carcinogenic hazard presented by the use of
benzidine in the blood test prompted its replacement by
the noncarcinogenic derivative 3,5,3’S’-tetramethyl-
benzidine (7). We have studied the oxidation of 3,5,3’,5’-

tetramethylbenzidine by horseradish peroxidase/H202

(8) and by prostaglandin synthase/arachidonic acid (9)
and have demonstrated the formation of a cation free
radical in both systems. In the present paper, we examine
the oxidation of benzidine itself, using horseradish per-

oxidase and lactoperoxidase.

MATERIALS AND METHODS

Benzidine dihydrochloride was obtained from Sigma Chemical Com-

pany (St. Louis, Mo.) in ISOPAC containers, the contents of which

were dissolved in H20 or 2H20 as required. H2O2 (ACS grade) was

obtained from Fisher Scientific Company (Pittsburgh, Pa.). Horserad-

ish peroxidase (Type VI), lactoperoxidase (bovine milk), BHA,4 guaia-

col, epinephrine, serotonin, and 2,7-diaminofluorene were obtained

from Sigma Chemical Company. Monoacetylbenzidine was obtained

from ICN Pharmaceuticals, Inc. (Plainview, N. Y.) and recrystallized

as recommended by Martin et al. (10).

Optical experiments were performed using an Aminco DW-2A spec-

trophotometer. ESR experiments were performed using a Varian E-104

spectrometer equipped with a o cavity and aqueous flat cell; the

cell was filled using a modified Gilford rapid sampler.

4 The abbreviations used are: BHA, butylated hydroxyanisole;

HPLC, high-pressure liquid chromatography.
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