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Abstract-An enzyme assay for the metabolism of the carcinogenic aza-aromatic polycyclic compound 
7-methyIbenz[c]acridine has been developed using a modification of a radiochemical assay described 
for the polycyclic aromatic hydrocarbon benzo[a]pyrene by DePierre et al. [J. W. DePierre, M. S. 
Moron, K. A. M. Johannesen and L. Ernster, Analyt. Biochem. 63, 470 (1975)] and Van Cantfort et 
al. [J. Van Cantfort, J. DeGraeve and J. E. Gielen, Biochem. biophys. Res. Commun. 79, 505 (1977)]. 
When the activities of control microsomes and microsomes of phenobarbital-, 3-methylcholanthrene- 
and 7-methylbenz[c]acridine-pretreated animals were compared, strong similarities were displayed 
toward oxidation of benzo[a]pyrene and 7-methylbenz[c]acridine. These similarities were seen in 
turnover numbers, Michaelis constants, and inducibihty of both enzyme systems. 7- 
Methylbenz[c]acridine afforded a type I difference spectrum with 3-methylcholanthrene-pretreated 
microsomes. It is suggested that 7-methylbenz[c]acridine is oxidized by the same or a similar set of 
enzymes which is responsible for benzo[a]pyrene metabolism. 

Amongst the environmental air pollutants which are 
known or thought to be carcinogenic are alkylben- 
zacridines, dibenz [a, h]-, and [a, jlacridine [l, 21. 
The dibenzacridines are constituents of tobacco 
smoke formed by pyrolysis of nicotine [3], and these, 
together with benz[c]acridine and many alkylben- 
zacridines, are listed as known or suspected carcin- 
ogens [2,4,5]. Amongst other known carcinogenic 
environmental pollutants are the polycyclic aromatic 
hydrocarbons (PAH)t [4]. Much evidence has been 
obtained that these PAH are metabolized to reactive 
intermediates which are responsible for the mani- 
fested biological properties of the parent hydrocar- 
bon. The major bioactivation pathways for PAH 
involve the MFO system and epoxide hydrase [6] 
and form diolepoxides which are thought to be 
ultimate carcinogens. These have been shown to be 
formed in uitro [7], to react nonenzymically with 
DNA [8,9], and to be mutagenic [lo] and tumori- 
genie [9,11]. 

Apart from some structure-activity relationship 
work [12,13] on polynuclear aza heteroaromatic 
compounds, little work has been done with these 
substances. The “bay region” theory, which corre- 
lates the electrophilicity of postulated ultimate car- 
cinogens with the tumorigenicity of the parent PAH 
[14], has been extended to alkylsubstituted 

* Author to whom all correspondence should be 
addressed. 

f Abbreviations: PAH, polycyclic aromatic hydrocar- 
bons; 7-MBAC, 7-methylbenz[c]acridine; BP, 
benzo[a]pyrene; 3-MC, 3-methylcholanthrene; PB, phen- 
obarbital; AHH, aryl hydrocarbon (benzo[a]pyrene) 
hydroxylase; DMSO, dimethylsulfoxide; and MFO, mixed 
function oxidase. 

benz[a]- and benz[c]acridines [15] using quantum 
mechanical calculations. 7-MBAC, one of the more 
tumorigenic benzacridines, fitted well with these the- 
oretical calculations. In the present work, 7-MBAC 
was selected for study from the polycyclic aza-aro- 
matic compounds with a view to identifying metab- 
olic activation pathways that may be characteristic 
of this class of carcinogen. This paper reports a 
radiochemical assay for total 7-MBAC metabolism 
and its comparison with total BP metabolism. The 
assay is based on that first described by DePierre et 
al. [16] and later modified by Van Cantfort et al. 
[17] for AHH (BP metabolism). 

Materials 

MATERIALS AND METHODS 

[G-3H]Benzo[u]pyrene (BP) was purchased from 
the Radiochemical Centre, Amersham, U.K., was 
purified as described previously [17] and was used 
at a specific radioactivity of 11 mCi/mmole. [G- 
3H]-7-Methylbenz[c]acridine was obtained from Dr. 
M. A. Long, U.N.S. W., Kensington, N.S. W., Aus- 
tralia, and was purified by preparative thin-layer 
chromatography (t.1.c.); it was used at a specific 
activity of 11 mCi/mmole. It was shown to be more 
than 97.8 per cent pure by t.1.c. and 98.6 per cent 
pure by reverse isotope dilution analysis. No radio- 
active impurities could be detected by t.1.c. Thin- 
layer chromatography was conducted on silica gel 
using 2% acetone in chloroform for development. 
Biochemicals were purchased from the Sigma Chem- 
ical Co., St. Louis, MO. 7-MBAC was synthesized 
by the published method [18]. ACS was purchased 
from Amersham Australia Pty. Ltd. and used with- 
out dilution. 
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Microsomes 

Liver microsomes were prepared [19] from groups 
of six male Wistar rats (10&15Og) that had been 
either pretreated with corn oil (control) or with PB, 
3-MC or 7-MBAC. All inducers were administered 
i.p.; doses were 70, 80 and 100 mgikg PB on 3 con- 
secutive days; 20 mgikg 3-MC in corn oil daily for 
2 days; and 20 mg/kg 7-MBAC in corn oil daily for 
2 days. Animals were fasted for 24 hr after the last 
dose and then killed. When preparing microsomes 
for spectral work, the last dose was given 48 hr before 
killing. The protein content of the microsomes was 
determined by literature methods [20] using bovine 
serum albumin as standard in the protein assay. 

Aryl hydrocarbon hydroxylase 

Fluorescence assay. Incubation mixtures (3 ml) 
contained freshly prepared hepatic microsomal pro- 
tein (0.5 mg unless otherwise stated), NADP 
(1.5 pmoles), glucose-6-phosphate (12.5 pmoles) 
magnesium chloride (9 pmoles), glucose-6-phos- 
phate dehydrogenase (1 I.U.), potassium phosphate 
buffer, pH 7.4 (300 pmoles), and BP (195 nmoles). 
The reaction was started by addition of substrate 
dissolved in acetone (50@), and the mixture was 
shaken for 10min at 37” in air under diffuse light. 
Acetone (2 ml) was added to stop the reaction. Hex- 
ane (4 ml) was then added, and after vortexing for 
20 set an aliquot (3.0 ml) of the organic phase was 
stored overnight at 4” [21]. Activity was then meas- 
ured by the published method [22] and expressed as 
nmoles fluorescent phenols equivalent to 3- 
hydroxy-BP produced per min per mg protein. Blank 
values were obtained by addition of acetone (2.0 ml) 
to the incubation mixture before addition of 
substrate. 

Radiochemical assay. Incubation mixtures (1 ml) 
contained microsomal protein (0.2 mg unless other- 
wise stated), glucose-6-phosphate (1.25 pmoles), 
magnesium chloride (4.5 pmoles), NADP 
(0.5 pmole), glucose-6-phosphate dehydrogenase 
(1 I.U.), and 4-(2-hydroxyethyl)-l-piperazine-etha- 
nesulfonic acid [HEPES) buffer, pH7.4 (10 ,umoles). 
The reaction was started by addition of [3H]BP 
(80 nmoles unless otherwise stated) containing 
2 X lo6 dpm in acetone (50 ~1) and shaken for 6.5 min 

(unless otherwise stated) under air in diffuse light 
at 37”. The reaction was stopped by addition of 
sodium hydroxide (0.15 M) in 85% (v/v) DMSO 
(1 ml) and extracted with hexane (3 x 4 ml). The 
organic phases were discarded and the radioactivity 
in the aqueous phase (0.5 ml) was determined after 
addition of water (1.0 ml). Appropriate blank deter- 
minations, obtained by addition of NaOH-DMSO 
before incubation, were subtracted from the enzyme 
determinations. Radioactivity measurements were 
made with a Packard model 3255 liquid scintillation 
spectrometer using ACS (10 ml). Time linearity was 
investigated for 25 min; protein concentrations were 
up to 1.2 mgiml and substrate concentrations to 
120 PM. For Michaelis-Menten kinetics, bovine 
serum albumin (1 mg/ml) was added to the incuba- 
tion mixtures. 

7-MBAC metabolism 
Enzyme activities were determined using [3H]-7- 

MBAC in a method analogous to the radiochemical 
assay for AHH described above. The concentration 
of 7-MBAC was 40 PM unless otherwise stated. 

Difference spectra 

These were determined [23,24] using fresh 
induced microsomes in tandem cuvettes on an 
Aminco-Bowman DW-2 spectrophotometer at BP 
and 7-MBAC concentrations of 0.4pM. A protein 
concentration of 2.5 mgiml was used. 

RESULTS 

In initial experiments the behaviour of [3H]-7- 
MBAC was investigated under the radiochemical 
extraction assay conditions without addition of 
microsomes. Two hexane extractions resulted in 
about 1% of the 7-MBAC remaining in the alkaline 
DMSO phase, and this was decreased to 0.3% by 
the use of a third extraction. This remnant of radio- 
activity sets the limit to the sensitivity of the assay. 
In another experiment hepatic microsomes from 3- 
MC-pretreated rats were incubated with [3H]-7- 
MBAC under conditions which resulted in about 30 
per cent metabolism. The combined hexane phases 
from three extractions were evaporated at 25” under 
a stream of dry nitrogen, and the residue was exam- 

Table 1. Comparison of hepatic microsomal metabolism of 7-MBAC and BP* 

Pretreatment 

7-MBAC BP 

Induced Induced Induced 
Radiochemical Radiochemical Fluorescence 

assayt Control assay? Control assay$ Control 

Corn oil 1.152 2 0.093 0.530 k 0.048 0.110 t 0.001 
PB 3.21 2 0.10 2.79 1.11 kO.10 2.09 0.260 “_ 0.001 2.36 
3-MC 5.15 + 0.20 4.47 2.77 -t 0.30 5.23 0.238 + 0.004 2.17 
7-MBAC 2.09 + 0.10 1.81 1.77 It 0.11 3.34 0.250 + 0.003 2.27 

* Radiochemical assays were carried out using 0.2 mg microsomal protein/ml, incubation times of 6.5 min and 80 PM 
BP or 40 PM 7-MBAC after PB or 7-MBAC pretreatment. After 3-MC-pretreatment, 0.1 mg microsomal protein/ml and 
an incubation time of 3 min were used. The fluorescence assay was carried out using 65 PM BP, 0.5 mg microsomal 
protein/ml, and an incubation time of 10 min. Results are means + S.D. five determinations on each of two batches of 
animals. 

t Results are expressed as nmoles 7-MBAC or BP oxidized.(mg protein)-‘.min-‘. 
$ Results are expressed as nmoles fluorescent phenols equivalent to 3-hydroxy-BP.(mg protein)~ ‘.min-‘. 
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Fig. 1. Protein, time and substrate linearities for 7-MBAC and BP oxidation by rat hepatic microsomes 
from control and PB-pretreated animals. Metabolism was measured at 37” by the radiochemical 
extraction assay using 80 PM BP or 40 PM 7-MBAC for 6.5 min for protein linearity, 80 FM BP or 
40 PM 7-MBAC and 0.2 mg protein/ml for time linearity, and 0.2 mg protein/ml for 6.5 min for substrate 

linearity. 

ined by t.1.c. More than 96 per cent of the applied 
radioactivity cochromatographed with 7-MBAC, 
and no other radioactive peaks were detected. 

The protein, time and substrate linearities of the 
enzyme with 7-MBAC and BP were examined by 
the radiochemical extraction assays. Results were 
obtained for microsomes from control and PB-pre- 
treated rats (Fig. 1) and for microsomal preparations 
from 3-MC- and 7-MBAC-pretreated rats (Fig. 2). 
The reactions were linear for at least lOmin, to at 
least 0.2 mg protein/ml and to substrate concentra- 
tions of about 20-40 PM. For microsomes from 3- 
MC-pretreated animals and 7-MBAC as substrate, 
the reaction was only linear to lower substrate con- 
centrations (=lO@I). For all microsome prep- 
arations, high 7-MBAC concentrations caused inhi- 
bition of enzyme activity; this reached about 40 per 
cent inhibition at 120 PM 7-MBAC. 

A comparison of the activities of microsomes with 
respect to 7-MBAC and BP metabolism was made 
using both the fluorescence and radiochemical assays 
for BP (Table 1). The two AHH assays measure, in 
part, different metabolites [25,26]. The radiochemi- 
cal method measures all the oxidized metabolites of 
BP that partition into the alkaline aqueous DMSO 
phase, while the fluorescence assay measures only 
fluorescent phenols. It is therefore expected that 
results obtained with the radiochemical assay method 
are higher. The ratios of induced to control activities 
for BP metabolism measured by both methods were 
the same for PB microsomes, but differed with 3- 
MC and 7-MBAC microsomes. As measured by the 
fluorescence assay, a 2-fold induction of AHH was 
seen for 3-MC microsomes, whereas a greater than 
5-fold increase was evident with the radiochemical 
extraction assay. The induction ratios for 3-MC 
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Fig. 2. Protein, time and substrate linearities for 7-MBAC and BP oxidation by rat hepatic microsomes 
from 3-MC- and 7-MBAC-pretreated animals. Details of conditions for incubations with 7-MBAC- 
pretreated microsomes are given in the legend to Fig. 1. The details for 3-MC-pretreated microsomes 
are similar except that incubation time was 3 min and the protein concentration used was 0.1 mgiml. 

microsomes which we obtained by the fluorescence 
assay varied from 2 to 5. The higher values are in 
better agreement with other published values 
[27,28], and possible reasons for the differences, 
which also appear in the literature, have been dis- 
cussed [29]. 7-MBAC and BP metabolisms measured 
by the extraction assay were similar for microsomes 
from 3-MC- and PB-pretreated rats as judged by 
induction ratios, but 7-MBAC appeared to be a 
somewhat better substrate than BP as measured by 
rates of metabolism (Table 1). The differences in 
substrate oxidation were not as great when metab- 
olism was measured at lower protein and substrate 

* G. M. Holder, C. M. Ireland, D. J. Wright and A. J. 
Ryan, unpublished resulrs. 

concentrations used in K,,, and V,,,,, determinations. 
The same similarities between BP and 7-MBAC as 
substrates after 7-MBAC induction were not evident, 
possibly due to the presence of unlabeled 7-MBAC 
or metabolites derived from the inducing dose.* 

Attempts to determine apparent Michaelis con- 
stants for 7-MBAC and BP by the radiochemical 
assay over a substrate concentration range of .5- 
30,~M gave poor results. When lower microsomal 
protein and substrate concentrations and bovine 
serum albumin [30,31] were used in the incubation 
mixtures, satisfactory values were obtained (Table 
2). The K,,, values for BP agreed with those reported 
by Robie et al. [31] for microsomes from control and 
3-MC-pretreated rats. 

Difference spectra recorded for microsomes from 
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Table 2. Comparison of kinetic constants obtained for microsomal metabolism of BP and 
7-MBAC* 

Pretreatment 

BPt 7-MBA0 
Apparent Apparent Apparent Apparent 

Kn V Inax KIFI V mar 

Corn oil 0.44 0.39 0.66 0.62 
PB 1.04 1.28 3.24 2.66 
3-MC 0.57 11.39 0.43 11.19 
7-MBAC 0.23 1.34 0.39 1.55 

* Metabolism was measured at 37” by the radiochemical extraction assay using from 0.2 
to 2 fl BP or 7-MBAC, and incubating for 1.5 min (3-MC-pretreated microsomes) or 
3.0 min (all other microsomal preparations) at a protein concentration of 0.02 mg/ml. The 
results were determined using the direct linear plot method of Cornish-Bowden and Eisenthal 
[32] as modified by Porter and Trager [33]. 

t Determinations were performed at eight substrate concentrations in the range of 0.2 
to 2 PM, and are expressed as PM for K,,, and nmoles.mg-‘.min-’ for I’,,,,,. 

3-MC-pretreated animals indicated that 7-MBAC 
behaved similarly to BP (Fig. 3). Both gave type I 
difference spectra, but that obtained with 7-MBAC 
was weaker than that found with BP. A similar 
difference spectrum was found for BP with micro- 
somes from 7-MBAC-pretreated rats. When 7- 
MBAC was added to oxidized microsomes from 7- 
MBAC-pretreated animals, however, a weak atyp- 
ical reverse type I spectrum was seen. In all cases 
7-MBAC afforded weak difference spectra. The 
reduced cytochrome P-450 carbon monoxide com- 
plex [34] displayed a maximum in the difference 
spectrum against reduced microsomes at 448.3 nm 
for preparations from 7-MBAC-induced animals. 

DISCUSSION 

The radiochemical assay of 7-MBAC metabolism 
by liver microsomes offers a method to measure the 
total metabolism of the carcinogenic polycyclic 
aza-aromatic compound 7-MBAC. The assay 
method used is based on that developed by DePierre 
et al. [16] and Van Cantfort et al. [17], and omits an 
acid treatment step designed to convert arene oxides 
to phenols [35]. For BP, dihydrodiols, quinones and 
phenols are formed by liver microsomal preparations 
[26] and are measured by this assay method [17]. 
With 7-MBAC, metabolites identified or partially 
identified by synthetic and spectral techniques after 

DIFFERENCE SPECTRA 
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Fig. 3. Difference spectra for oxidized hepatic microsomes using 7-MBAC and BP. 
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high performance liquid chromatography (h.p.1.c.) 
are dihydrodiols, phenols, 7*bydroxyme~yl- 
benz[c]acridine, and further oxidation products 
of the tatter, No evidence for the formation of 
arene oxide or quinone metabolite fractions has, 
as yet, been obtained.* Crossover of metabolites 
into the hexane phase was not detected, but the 
method has the disadvantage of relativeiy high 
blank values equivalent to 0.2 to 0.3 per cent of 
incubated substrate. This limited the sensitivity of 
the method to about 0.15 nmole per incubation when 
40 PM 7-MBAC was used. 

When BP metabolism was measured by the radio- 
chemical method, several similarities to 7-MBAC 
metabolism were seen (Table I). Induced levels of 
both activities showed the same-fold increases for 
microsomes from 3-&K- and PB-treated animals. 
Apparent Michaelis constants (Table 2) were similar 
when measured at low microsoma1 protein concen- 
trations in the presence of extraneous protein [31], 
Similar type I difference spectra were also observed 
with 3-MC-induced microsomes. These data suggest 
that 7-MBAC and BP are metabolized by the same 
or similar sets of liver microsomai enzymes. 7- 
MBAC, however, appears to be more readily oxi- 
dized than BP (see data of Table 1 and V,,, values 
in Table 2). The apparent K,, and V,,,,, values deter- 
mined for BP agree with those determined previously 
under similar conditions f31 J, and are less than values 
determined by others [l&36,37]. The liver micro- 
somal metabolites of ‘I-MBAC identified thus far 
include methyl modified compounds, phenols and 
dihydrodiols,* and are analogous to some of those 
formed from BP 1261 and the methylbenzanthracenes 
[3&l. As an inducer of MFO, 7-MBAC was analogous 
to other homocyclic PAH. A cytochrome P-448 was 
produced, and the metabolisms of BP and 7-MBAC 
were greatly increased. 
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