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Abstract—Three highly purified forms of liver microsomal cytochrome P-450 (P-450a, P-450b and P-
450c) from Aroclor 1254-treated rats catalyzed 1-(2-chloroethyl)-3-(cyclohexyl)-1-nitrosourea (CCNU)
and 1-(2-chloroethyl)-3-(trans-4-methylcyclohexyl)-1-nitrosourea (MeCCNU) monooxygenation in the
presence of purified NADPH-cytochrome P-450 reductase, NADPH, and lipid. Differences in the
regioselectivity of CCNU and MeCCNU monohydroxylation reactions by the cytochrome P-450 isozymes
were observed. Cytochrome P-450-dependent monooxygenation of CCNU gave only alicyclic hydroxy-
lation products, but monooxygenation of MeCCNU gave alicyclic hydroxylation products, an a-
hydroxylation product on the 2-chloroethyl moiety, and a trans-4-hydroxymethyl product. A high degree
of stereoselectivity for hydroxylation of CCNU and MeCCNU at the cis-4 position of the cyclohexyl
ring was demonstrated. All three cytochrome P-450 isozymes were stereoselective in primarily forming
the metabolite cis-4-hydroxy-trans-4-Methyl-CCNU from MeCCNU. The principal metabolite of CCNU
which resulted from cytochromes P-450a and P-450b catalysis was cis-4-hydroxy CCNU, whereas the
principal metabolites from cytochrome P-450c catalysis were the trans-3-hydroxy and the cis-4-hydroxy
isomers. Total amounts of CCNU and MeCCNU hydroxylation with cytochrome P-450b were twice that
with hepatic microsomes from Aroclor 1254-treated rats. Catalysis with cytochromes P-450a and P-450c
was substantially less effective than that observed with either cytochrome P-450b or hepatic microsomes
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from Aroclor 1254-treated rats.

+ Author to whom all correspondence should be
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§ Abbreviations: CCNU, 1-(2-chloroethyl)-3-(cyclohex-
yl)-1-nitrosourea; MeCCNU, 1-(2-chloroethyl)-3-(trans-4-
methylcyclohexyl)-1-nitrosourea;  cis-3-hydroxy-Methyl-
CCNU, 1-(2-chloroethyl)-3-(cis-3-hydroxy-trans-4-methyl-
cyclohexyl)-1-nitrosourea; trans-3-hydroxy-Methyl-
CCNU,  1-(2-chloroethyl)-3-(trans-3-hydroxy-trans-4-
methylcyclohexyl)-1-nitrosourea;  cis-4-hydroxy-Methyl-
CCNU, 1-(2-chioroethyl)-3-(cis-4-hydroxy-trans-4-methyl-
cyclohexyl)-1-nitrosourea; trans-4-hydroxy-cis-4-Methyl-
CCNU, 1-(2-chloroethyl)-3-(trans-4-hydroxy-cis-4-methyl-
cyclohexyl)-1-nitrosourea; trans-4-hydroxy-Methyl-

CCNU, 1-(2-chloroethyl)-3-(srans-4-hydroxy-
methylcyclohexyl)- 1-nitrosourea; a-hydroxy-Methyl-
CCNU, 1-(1-hydroxy-2-chloroethyl)-3-(trans-4-methyl-

cyclohexyl)- 1-nitrosourea; cis-2-hydroxy CCNU, 1-(2-
chloroethyl)-3-(cis-2-hydroxycyclohexyl)- 1 -nitrosourea;
trans-2-hydroxy CCNU, 1-(2-chloroethyl)-3-(trans-2-hy-
droxycyclohexyl)-1-nitrosourea; trans-3-hydroxy CCNU,
1-(2-chloroethyl)-3-(trans-3-hydroxycyclohexyl)-1-nitro-
sourea; cis-3-hydroxy CCNU, 1-(2-chloroethyl)-3-(cis-3-
hydroxycyclohexyl)-1-nitrosourea; cis-4-hydroxy CCNU,
1-(2-chloroethyl) -3 - (cis -4 - hydroxycyclohexyl) - 1 - nitro-
sourea; frans-4-hydroxy CCNU, 1-(2-chloroethyl)-3-
(trans-4-hydroxycyclohexyl)-1-nitrosourea; AC, Aroclor
1254, 3-MC, 3-methylcholanthrene; and PB,
phenobarbital.

Among the growing class of 2-chloroethyl nitrosou-
reas, CCNU$§ and MeCCNU are presently used clini-
cally. Studies on the antineoplastic activity of the
nitrosoureas have demonstrated the importance of
chemical activation by non-enzymatic breakdown to
form the reactive isocyanates and 2-chloroethyl car-
bonium ions responsible for tumor cell death [1-12].
Additionally, CCNU and MeCCNU have been
shown to undergo rapid cytochrome P-450-depen-
dent monooxygenation with hepatic microsomes [13-
16]. For a review, see Ref. 17. Hepatic microsomes
from phenobarbital (PB)-treated rats principally
gave the cis-4-hydroxy metabolite of CCNU and
MeCCNU [14, 15}, whereas hepatic microsomes
from 3-methyicholanthrene (3-MC)-treated rats gave
trans-3-hydroxy and cis-4-hydroxy CCNU [14] as the
main metabolites. Monooxygenation may occur by
homolytic cleavage of the hydrogen with a free radi-
cal intermediate formed prior to hydroxylation {18]

Aroclor 1254 is a potent inducer of microsomal
cytochrome P-450 with mixed substrate specificity
similar to that observed by combined PB and 3-MC
treatment of rats [19). Purification and immunoquan-
titation studies [20-22] have demonstrated that the
major PB-induced cytochrome P-450 (P-450b) and
the major 3-MC-induced cytochrome P-450 (P-450c)
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Table 1. Comparison of CCNU metabolite formation with microsomal and purified enzyme preparations

Percent of total CCNU monohydroxylated derivatives

Microsomes P-450 isozymes

Metabolite Control* PBt 3-MC* AC P-450a P-450b P-450¢
cis-2-hydroxy NDi ND ND ND 1 0 3
trans-2-hydroxy ND 2 ND ND 1 1 4
trans-3-hydroxy 39 6 40 5 17 2 49
cis-3-hydroxy 30 20 25 18 4 20 1
cis-4-hydroxy 21 63 30 72 77 73 43
trans-4-hydroxy 9 6 5 6 ND 5 ND

* See Ref. 14,

t See Ref. 29.

T Not detected.

are both induced by treatment of rats with Aroclor
1254. A minor cytochrome P-450 isozyme,
cytochrome P-450a, which is modestly induced by
Aroclor 1254, was also purified.

This report describes the monooxygenation of
CCNU and MeCCNU catalyzed by cytochromes P-
450a, P-450b, and P-450c purified from the hepa-
tic microsomes of Aroclor 1254-treated rats.
Cytochrome P-450b was catalytically more active
than cytochromes P-450a and P-450c for the metab-
olism of CCNU and MeCCNU. Microsomal and
purified cytochrome P-450s primarily catalyzed the
cyclohexyl ring monohydroxylation of CCNU and
MeCCNU to give cis-4-hydroxy metabolites, with
the exception of CCNU monooxygenation catalyzed
by cytochrome P-450c which gave frans-3-hydroxy
and cis-4-hydroxy CCNU as the major metabolites.

METHODS

Purification of cytochrome P-450. Hepatic micro-
somes from Aroclor 1254-pretreated Long Evans
rats (55-60 g, Blue Spruce Farms, Altamont, NY)
were prepared as previously described [23].
Cytochromes P-450a, P-450b, and P-450c were pur-
ifiled from microsomal preparations by described
methods [20] to a specific content of 12-16 nmoles/
mg protein. Protein was determined by the method
of Lowry et al. [24], and the concentration of
cytochrome P-450 was determined according to
Omura and Sato [25] from the CO-reduced differ-
ence spectrum with an extinction coefficient of
91 mM-tem—1L

NADPH-cytochrome P-450 reductase. By combin-
ing the methods of Dignam and Strobel {26], and
Yasukochi and Masters [27], the NADPH-
cytochrome P-450 reductase was purified to a specific
activity of 35.0 to 40.0 units/mg protein. NADPH-
cytochrome P-450 reductase activity was assayed at
22° by following the rate of cytochrome ¢ reduction
(1 unit equals one umole of cytochrome ¢ reduced/
min) by the method of Phillips and Langdon [28].

Incubation procedure. Reaction mixtures of 1.0 m!
of the reconstituted system contained NADPH-
cytochrome P-450 reductase (1.0 unit), cytochromes
P-450a, P-450b and P-450c (0 to 0.15 nmole), dilau-
roylphosphatidylcholine (0-30 ug), potassium phos-
phate buffer, pH 7.4 (100 pmoles), and CCNU or

MeCCNU (500 nmoles) in 10 ul of dimethyl sulfoxide
{DMSO). Reactions were initiated by the addition
of NADPH (1.0 umole), and the mixture was placed
in a reciprocal shaker water bath at 37°. The addition
of cold ether after 10 min terminated the reactions.
Metabolites were extracted and analyzed by liquid
chromatography as previously described [13-15].

RESULTS

CCNU was metabolized by hepatic microsomes
from Aroclor 1254-treated rats to yield trans-3-
hydroxy CCNU, cis-3-hydroxy CCNU, cis-4-hydroxy
CCNU, and frans-4-hydroxy CCNU in the presence
of NADPH. Metabolite formation was specific for
the cyclohexyl ring region. The cis-4 position was
hydroxylated more rapidly than the trans-4-position.
The cis-4-hydroxy CCNU was the major hydroxyl-
ation product; the trans-4-hydroxy CCNU isomer
was a minor hydroxylation product. The principal
carbon-3-monooxygenation product was cis-3-
hydroxy CCNU with an observed rate of formation
nearly 4-fold greater than the trans-3-isomer. Thus,
the preferred sites of attack by hepatic microsomes
from Aroclor 1254-treated rats were the cis over the
trans and carbon-4 over carbon-3 (Table 1).

In descending order of metabolic rate, these micro-
somes metabolized MeCCNU to yield primarily cis-
4-hydroxy-trans-4-Methyl-CCNU, and  lesser
amounts of cis-3-hydroxy-trans-4-Methyl-CCNU, a-
hydroxy-trans-4-Methyl-CCNU,  trans-4-hydroxy-
cis-4-Methyl-CCNU, trans-4-hydroxymethyl-CCNU
and trans-3-hydroxy-frans-4-methyl-CCNU. The
overall rate of MeCCNU monooxygenation was 84%
compared to that of CCNU with a similar specificity
for cyclohexyl ring monohydroxylation (Table 2).
However, MeCCNU was also hydroxylated on the
methyl and the 2-chloroethyl moieties which
indicates that the microsomes from Aroclor 1254-
treated rats were less regioselective for MeCCNU
than for CCNU.

Figure 1 shows the effect of lipid concentration on
the rates of CCNU and MeCCNU cyclohexyl ring cis-
4 hydroxylation catalyzed by purified cytochromes
P-450a, P-450b and P-450c and NADPH-
cytochrome P-450 reductase. Catalytic activity was
usually greater when purified enzymes were reconsti-
tuted with dilauroylphosphatidylcholine, particularly
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Table 2. Comparison of MeCCNU metabolite formation with microsomal and purified enzyme
preparations

Percent of total MeCCNU monohydroxylated derivatives

0.2

Microsomes P-450 isozymes
Metabolite Control* PB* AC P-450a P-450b P-450c
trans-3-hydroxy 11 4 3 18 4 ND+
a-hydroxy 7 18 12 9 9 2
cis-4-hydroxy 16 41 59 66 63 90
cis-3-hydroxy 13 14 15 3 14 2
trans-4-hydroxy nd# 1 6 4 9 3
trans-4-hydroxy-
methyl 52 12 5 ND 2 3
* See Ref. 15. t Not detected. 1 Not determined.
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Fig. 1. Effect of dilauroylphosphatidylcholine and purified
cytochrome P-450 isozymes on cis-4-hydroxy CCNU (left
three panels) and cis-4-hydroxy-trans-4-methyl-CCNU
(right three panels) formation from CCNU and MeCCNU
respectively. Reaction mixtures of 1.0 ml contained 0.05 to
0.15 nmole of cytochromes P-450a (upper two panels),
P-450b (middle two panels) or P-450c (lower two panels)
and 1.0 unit of NADPH-cytochrome P-450 reductase, re-
constituted without (@---@), or with 10 ug (A-—A) or
30 ug (M- - - W) of dilauroylphosphatidylcholine. Other con-
ditions are described in Methods.

BP 33:4-G

t-2 -3 c-3  c-4 t-4
CCNU METABOLITE
Fig. 2. Formation of cis-2-hydroxy CCNU (c-2), trans-2-
hydroxy CCNU (t-2), trans-3-hydroxy CCNU (t-3), cis-3-
hydroxy CCNU (c-3), cis-4-hydroxy CCNU (c-4), and
trans-4-hydroxy CCNU (t-4), from CCNU, catalyzed by
purified cytochromes P-450a, P-450b, and P-450c. Reaction
mixtures of 1.0 ml contained cytochrome P-450 (0.1 nmole)
and NADPH-cytochrome P-450 reductase (1.0 unit) recon-
stituted with dilauroylphosphatidylcholine (10 ug). Other
conditions are described in Methods.

c-2
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metabolism. Although metabolism of monooxygena-
tion was less effective with cytochrome P-450a than
with cytochrome P-450c, both cytochrome isozymes
were highly selective in attack at the trans-3 and cis-
4 positions. The major monohydroxylated CCNU
metabolites with cytochrome P-450c were trans-3-
hydroxy and cis-4-hydroxy CCNU. The trans-3- and
cis-4-hydroxy CCNU metabolites were formed at
nearly equal amounts and together accounted for
most of the cytochrome P-450c metabolic activity
(Table 1). Cytochrome P-450a-catalyzed formation
of cis-4-hydroxy and trans-3-hydroxy CCNU
accounted for 77 and 17% of the total metabolites,
respectively.

The principal MeCCNU metabolite formed in
the reconstituted system by purified cytochromes
P-450a, P-450b and P-450c was cis-4-hydroxy-trans-
4-Methyl-CCNU. Catalysis of monooxygenation of
MeCCNU, like CCNU, in the presence of purified
cytochrome P-450b was twice as rapid as with micro-
somes from Aroclor 1254-treated rats (Fig. 3). How-
ever, the metabolic profile with cytochrome P-450b
was also similar to that observed with microsomes
from Aroclor 1254-treated rats. As with CCNU, the
trans-3-hydroxy-Methyl-CCNU isomer was formed
by cytochrome P-450a as a minor second metabolite.
In contrast, no more than 10% of the cytochrome
P-450c-dependent MeCCNU hydroxylation activity
was observed at sites other than the cyclohexy! ring
cis-4 position. Cytochromes P-450a and P-450c cata-
lyzed MeCCNU hydroxylation at rates slightly
greater than CCNU.

DISCUSSION

The principal hydroxy metabolites of CCNU were
trans-3- and cis-4-hydroxy CCNU with cytochrome
P-450c, and cis-4-hydroxy CCNU with cytochromes
P-450a and P-450b. All three purified cytochrome P-
450 isozymes metabolized MeCCNU predominantly
at the cis-4-cyclohexyl ring position. When
cytochrome P-450 isozymes and NADPH-

* D. W. Potter and D. J. Reed, unpublished data.
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Fig. 3. Formation of trans-3-hydroxy-trans-4-Methyl-

CCNU (t-3), a-hydroxy-trans-4-Methyl-CCNU (a-OH),

cis-4-hydroxy-trans-4-Methyl-CCNU (c-4), cis-3-hydroxy-

trans-4-Methyl-CCNU (c-3), trans-4-hydroxy-cis-4-Methyl-

CCNU (t-4), and trans-4-hydroxymethyl-CCNU (t-4-Me),

from MeCCNU, catalyzed by cytochromes P-450a, P-450b,
and P-450c as described in Methods.
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cytochrome P-450 reductase were reconstituted with
dilauroylphosphatidylcholine, catalysis was more
efficient than when lipid was not included.

Traditionally, the cytochrome P-450 monooxygen-
ation of foreign substances is regarded to be a detoxi-
fication reaction. However, it is well established that
cytochrome P-450 activates certain compounds to
give metabolites that are more toxic or carcinogenic
than the parent compound. The polycyclic aromatic
hydrocarbons, as an example, undergo cytochrome
P-450 activation to become ultimate carcinogens and
mutagens [30].

Monooxygenation of the cyclohexyl nitrosoureas
give metabolites that are not truly activated or inacti-
vated [31]. The hydroxy metabolites of CCNU and
MeCCNU exhibit antitumor activity as do the parent
nitrosoureas. Since cytochrome P-450 monooxygen-
ation is rapid, the hydroxylated metabolites of
CCNU and MeCCNU are considered to be the prin-
cipal in vivo metabolites that are responsible for
the observed therapeutic activity [32]. Although
the advantages of monooxygenation are difficult
to assess, a comparison of physical and chemical
properties of CCNU metabolites indicates that some
metabolites may have a therapeutic advantage over
CCNU itself [31]. In particular, trans-2-hydroxy
CCNU showed promise. But as studies with micro-
somes [14, 16, 29] and purified enzyme preparations
(this manuscript) demonstrate, trans-2-hydroxy
CCNU formation is barely detectable. Thus, the
advantages or disadvantages of monooxygenation
remain obscure.

With the recent attention given to nitrosourea
denitrosation [33, 34], one advantage of hydroxy-
lation may be that metabolites are less susceptible
to denitrosation. The denitrosation of cis-4-hydroxy
CCNU was 65% and trans-4-hydroxy CCNU was
50% of the rate observed with CCNU and hepatic
microsomes from PB-treated rats.* A slower rate of
denitrosation could change the therapeutic activity,
since loss of the nitroso group renders the nitrosourea
inert.

Although microsomal enzyme induction and inhi-
bition indicated potential cytochrome P-450 isozyme
specificity, the necessity to demonstrate the oxida-
tion of nitrosoureas with purified cytochrome P-450
remained to be determined. CCNU metabolite
formation, first elucidated by May et al. [13, 14] using
microsomes from PB- or 3-MC-treated rats, was
useful in anticipating the ratio of metabolite forma-
tion with cytochromes P-450b and P-450c, yet un-
equivocal assignment of isozyme specificity was not
possible (Table 1). Direct analogy between
microsomes and the purified system cannot be made
since a large number of isozymes are known to exist
and isozyme composition may vary depending on the
age and the genetic strain of animals. Although
microsomes from PB-treated rats and purified
cytochrome P-450b primarily formed cis-4-hydroxy
CCNU, the microsomes gave a larger proportion
of trans-3-hydroxy CCNU than cytochrome P-450b.
With microsomes from 3-MC-treated rats and pur-
ified P-450c¢, trans-3- and cis-4-hydroxy CCNU were
the predominant metabolites. In contrast, cis-3-hy-
droxy CCNU accounted for 25% of the metabolites
formed with microsomes from 3-MC-treated rats;
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only trace amounts were formed with cytochrome
P-450c.

Differences in the stereoselectivity of MeCCNU
metabolism by microsomal and purified enzymes
were also demonstrated. Monohydroxylation studies
performed by others [15] have been included in Table
2 for comparison. The trans-4-hydroxymethyl-
CCNU metabolite is formed primarily with liver
microsomes from untreated rats, while cis-4-hy-
droxy-Methyl-CCNU is the major metabolite with
microsomes from PB-treated rats [15]. Of the three
isozymes analyzed here (cytochromes P-450a, P-
450b, and P-450c), none exhibited specificity towards
the hydroxylation of the cyclohexyl methyl group.
Therefore, the data suggest the involvement of at
least one other cytochrome P-450 isozyme with ster-
eoselective activity for the methyl moiety of the
MeCCNU cyclohexyl ring.
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