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Abstract-The administration of 3,4benzpyrene (BP) increases rat liver microsomal 
hydroxylase activity either by promoting the synthesis of additional enzyme protein or 
by activation of existing enzyme as measured by alterations in the apparent maximal 
velocity (V,,,) or apparent Michaelis Constant (Km) respectively. The values of the 
kinetic constants of the induced enzyme are dependent on the amount of inducer given, 
and by comparing the dosage-dependent trends with the parameters for the uninduced 
control enzyme, it is possible to demonstrate interaction between the inducer and the 
enzyme. Ethionine given at the same time as benzpyrene prevents an increase in the 
V lllnl but permits a reduction of the Km to 10 per cent of the original control level, 
allowing a calculation of the extent of BP binding to the existing enzyme. In the 
absence of ethionine, after BP administration, more enzyme is synthesized, thereby 
decreasing the proportion of BP-bound enzyme. When a second dose of BP is given 24 hr 
after an initial dose, the Km is reduced from the 24-hr enzyme preparation, whereas the 
Vma, is maintained at an equivalent level, which indicates additional interaction between 
the inducer and the enzyme synthesized from 0 to 24 hr. This suggests that the binding 
of BP is to a site other than the active site of the enzyme. Aflatoxin Br (ABr) also 
possesses similar abilities to stimulate hydroxylase synthesis and activation (decrease in 
Km), but the effects are considerably compromised by its inhibitory efrects on protein 
synthesis. 

THE EFFECT of chemical carcinogens and other xenobiotics upon hepatic microsomal 
enzymes which metabolize these foreign compounds is becoming increasingly 
important, since the activities of these “drug metabolizing” enzymes effect the 
resulting physiological properties of the parent compounds. Several factors such as 
age, diet, sex, species, strain and diurnal period influence microsomal activitieql-s 
although the most significant effects are usually demonstrated as a result of the 
administration of xenobiotic compounds.1 Generally speaking, this increased activity 
of microsomal enzymes after the administration of a foreign compound has been 
thought to result from increased protein synthesis since it can be blocked by ethioninea 
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and puromycin,5 as well as actinomycinG which blocks the DNA-dependent RNA 
synthetic reaction. However, recent communications 7, s have shown that synthesis cle 
not10 of microsomal enzyme(s) alone cannot explain the increased activity of’ micro- 
somal benzpyrene hydroxylase after the administration of 3,4-benzpyrene (BP), 

aflatoxin Br (ABr)* or 3-methylcholanthrene, as evidenced by decreased Michaelis 
constants (IL). Both reports.79 s have shown that there are qualitative alterations of 
BP hydroxylase, as demonstrated by the decreased Km values. 

The present experiments were undertaken to examine the effects of the administra- 
tion of the carcinogenic compounds, 3,4-benzpyrene (BP) and aflatoxin Br (ABr), 
upon the kinetic behavior of rat liver microsomal hydroxylase with benzpyrene used 
as the substrate. By measuring the apparent values for the maximal velocity (I’,,,) 
and Michaelis constant (K,,) of this enzyme, we were able to determine whether 
induced enzyme activity results entirely from an increase in protein synthesis. 

ABr is an extremely potent hepatocarcinogena and is reported to be ring hydroxy- 
lated.10~ l1 Using thin-layer chromatography we have found that like BP, AB1 is ring 
hydroxylated to an aflatoxin derivative, aflatoxin MI, as shown in Fig. 1. The hydroxy- 
lation reaction was found to be catalyzed by hepatic microsomes and to require 
NADPH and molecular 0s; under Nz, no product was formed. Thus, like the poly- 
cyclic hydrocarbon BP, AB1 is probably metabolized by the same cytochrome P450- 
requiring mixed-function oxidase system as other xenobiotics.rsmzO Ability of ABr 
to act as an inducer of microsomal enzyme activity should be related both to its 
activity as inducer per se, as well as to its reported activity as an inhibitor of protein 
synthesis.zrp 2s 

MATERIALS AND METHODS 

Sprague-Dawley derived male rats weighing 160-200 g (45 days of age at the time of 
injection) were used. Weanling animals were obtained, caged individually, and fed a 
semipurified 20”/ casein diet for at least 10 days in order to insure adequate basal 

levels of the enzyme for the groups injected with aflatoxin. The percentage composition 
of the semipurified diet was sucrose, 69.6; casein, 20.0; corn oil, 4.0; minerals, 4.0; 
vitamins, 4.0; and L-methionine, 0.2. The mineral and vitamin mixtures were the 
Jones-Foster Salt Mixture and the Vitamin Diet Fortification Mixture of Nutritional 

Biochemicals Corp. respectively. 
Animals were randomly assigned to groups and injected intraperitoneally with the 

respective dosages of ABI (isolated and purified by the method of Hanna and Camp- 
bellas) or BP. The vehicle used was 20 % Tween 80 in saline and an injection volume of 
6.0 ml/kg was employed. Ethionine (ET) was given at a level of 700 mg/kg together 
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FIG. 1. Metabolic transformation of aflatoxin BI to aflatoxin Ml requiring NADPH and 02. 

* The name aflatoxin is given to a group (4) of metabolites produced by Aspergillusflavus. Aflatoxin 
BI is the predominant species. The structure of aflatoxin BI and its polar metabolite aflatoxin MI, 
is shown in Fig. 1. 
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with the respective dose of carcinogen. All animals were killed by decapitation either 

24 or 48 after injection. 
Livers were quickly excised, weighed, chilled, pooled for each group and homo- 

genized in 2-3 vol. of cold O-05 M potassium phosphate buffer containing 0.25 M 
sucrose (pH 7-4). Microsomes were isolated as pellets of the 105,000 g centrifugation, 
according to the method of Silverman and Talalay. z4 The microsomal pellets were 
then suspended in fresh buffer to give a concentration of microsomes equivalent to 1 g 
liver/ml. Protein was determined by the method of Lowry et aZ.25 

The 3H-labeled BP was diluted with cold BP in ethanol to a specific activity of 
1000 cpm/mELmole. Appropriate dilutions were made from this solution so that 
different concentrations of 3H-BP in a volume of 0.05 ml of ethanol were added to 

each reaction mixture. A total of 1.50 ml of reaction mixture contained 3 mM glucose 
h-phosphate, 0.48 mM NADP, 16.7 mM potassium phosphate buffer (pH 7*4), 83.5 
mM sucrose, 1 mg bovine serum albumin, 2 units of glucose 6-P dehydrogenase, 
“H-BP in 0.05 ml ethanol, and the appropriate levels of microsomal protein in buffer 
(used to initiate the reaction; the medium was preincubated in order to convert 
NADP to NADPH). The amount of microsomal protein varied and depended on the 
pretreatment of the different groups of rats. In all cases, less than 0.6 mg microsomal 
protein/ml was used in the assay medium. 19 In all cases, the time course of the reactions 
was determined at each substrate concentration in order to insure the measurement of 
initial velocities; assay times were from 2 to 10 min. Duplicate incubations were 
carried out for each substrate concentration in a Dubnoff metabolic shaker at 37” in 
air. Reactions were stopped with 3.5 ml of 0.25 N KOH in 50% ethanol. Duplicate 

aliquots from each flask were extracted with hexane and the unmetabolized BP was 
counted in a Packard Tri-Carb scintillation counter, according to the method of 
Silverman and Talalay. 24 Initial velocities were recorded for different substrate con- 
centrations and the data were analyzed according to the computer program of 
Clelandg” (V = V,,,,, A/k + A). 

RESULTS 

Table I shows the effect of different dosage levels of AB1 and BP & ethionine (ET) 
on the kinetic parameters Vmmsx and Km. In this table is also shown the efrect on micro- 
somal protein corresponding of different dosages of the inducer(s). 

As shown in Table 1, 24 hr after a single injection of 10 mg BP/kg body weight, 
there is a 66 per cent decrease in the Km for BP while there is an elevation of the 
maximal velocity (V,&) of BP hydroxylase. Accompanying this 14-fold increase in 
Vmax was a 20 per cent increase in microsomal protein. Injection of twice this amount 
of BP (2X) caused a much greater increase in Vms, (23-fold) while lowering the Km 
decrease to 40 per cent of the normal value. Injection of 30 mg BP/kg body weight 
(3X) brought the Km to the control level while further elevating the Vmax, i.e. to 34 
times higher than control. Accompanying the increase in the V,,, was a corresponding 
increase in microsomal protein. After a single dose of BP, simultaneous injection of 
ethionine (0.7 g per kg body weight) blocked the increase in microsomal protein as 
well as the increase in BP hydroxylase (FG,&. However, the Km of BP was reduced to 
10 per cent of the control value. 

Assuming the effect of BP on V,,, was because of the induction of new enzyme, as 
suggested from the results of ethionine treatment, its effect on Km could only be 
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because of some effect of BP on the already present enzyme. Consequently, calcu- 
lations were made to determine the amount of BP bound to the enzyme (Table 2). 
In these calculations it was assumed that after ethionine no new enzyme was syn- 
thesized, and that simultaneously given BP caused a maximal binding to the enzyme. 

The calculations were based on the arbitrary designatiol~ of the difference between the 
control rC, (2.95 PM for BP) and BP-ET & (0.27 PM for BP) as 100 per cent binding. 

TABLE I. HYDROXYLASE KINET~~PARAMETER~ FOR RATS GIVEN VARIOUS DOSAGE LEVELS 

OFAFLATOXIN AND BENZPYRENE* 

Group 

Dosage @g/kg, i.p.) 
M icrosomal f 

Aflatoxin Benzpyrene Ethionine KS, + S. E.-f V,WU -!- S. E.? protein 
.- 

0.67 (2.14)jj 
1.34 (4.28) 

2.95 i 066 ll.Ori7 1.1 14-o 
0.78 & O-24 6.1 :!: 0.6 15.7 
2.07 -+ 068 Il.8 rt 2.6 17.8 

BI (3X) 201 (7.42) 1.82 & 066 14.8 % 3.4 19.4 
BP (IX) 10.0 (39.41 II 1.01 + 0.13 182.0 -t 6.0 16.8 

” 20.0 (78*7j 1.80 IO.34 255.0 71; 23.0 19.0 

;;; (118.1) 700 0.27 3.25 f f 0.86 0.11 378.0 14.6 $ -1: 60.0 1.2 20.0 13.9 

* A range of 0.4 to 8.0 &MBP was used to determine kinetic constants in each experiment. BP was 
found to be soluble in the medium at levels up to 30 iu.M without added albumin, and higher con- 
centrations in the presence of 1 mg albumin per 1-S ml reaction medium. 

7 Standard error obtained from computer analysis of data. Km :-~ pMBP; i’n,ux - nqmoles BP 
disanvearance ver ma per hr. 

$ %ig per g pooled-liver. 
3 Administered diluent alone. All test solutions given in equivalent volumes. 1X 7 single dose 

level in one injection. 2X = double dose level in one injection. 3X = triple dose level in one injection. 
Ii Numbers in parentheses show dosage levels expressed as mpmoles per kg. 

Bound 
(%I ____________-. 

BP (1X) 750 

:: [zz] 
r: 48.6 

i’ i% 

P O 

B: (3x) 
! ;;:; 

BP (IX)-ET 1000 

* An assumption is made that the BP( IX&ET group 
represents maximum (100%) binding, with the BP (3X) 
group representing minimum (0%) binding. 

Differences were represented as per cent of maximal binding. From these calculations 
it can be seen (Table 2) that after a single injection of BP, approximately 75 per cent 
of the enzyme was found 24 hr later, and with increasingly higher injections of the 
carcinogen, proportionately less of the total enzyme was BP-bound. Roughly similar 
results were obtained with different doses of ABI, but with this compound the results 
were not as well defined. 

ln order to further characterize the effect on the Km as being because of the binding 
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of the inducer to the enzyme, the experiments shown in Table 3 were performed. The 
results indicate that the Km value of the newly induced BP hydroxylase can also be 
lowered by further BP injection, as seen with the un-induced enzyme [BP (1X) - ET, 
Table 11. Rats were treated with 30 mg/kg body weight of BP and were killed 24 hr 
after the injection, The amount of BP remaining bound at this time was negligible, as 
determined from the KwL value (Tables 2 and 3). When an additional 10 mg/kg body 
weight of BP was given 24 hr after the BP (3X) induction dose, and the animals killed 

TABLE 3. HYDROXYLASE KINETIC PARAMETERS AFTER ADMINISTRATION OF SUCCESSIVE 

DOSES OFBENZPYRENE 

Group 

Protocol schedule* 
Microsomal 

0 hr 24 hr 48 hr Km + S. E.? Vm,x + S. E.t protein: 

BP (3X) 30.0* Sacrifice 2.69 f 0.55 345 * 34 18.4 
BP (3X) + BP (IX) 30.0 10.0 Sacrifice I.00 * 0.37 318 & 40 17,l 
BP(3X) + ET 30.0 700 Ethionine Sacrifice 3.45 & 1.21 384 f 77 15.4 

* All dosages expressed as mg per kg body weight. Km = PMBP; Vmax = wmoles per mg per hr. 
T Standard error obtained from computer analysis of data. 
$ Mg per g pooled liver. 

24 hr later, the Km value [Table 3, BP (3X) + BP (IX)] suggested that about 75 per 
cent of the enzyme was BP-bound. When ethionine was given 24 hr after BP (3X) 
injection, the induction of the enzyme obtained between O-24 hr was not prevented 
(Vmsx-unchanged), but further new enzyme synthesis was blocked. The Km for BP 
[BP (3X) + ET], however, was elevated markedly above that for the group of animals 
in which BP was injected 24 hr before sacrifice [BP (3X) - Table 31. This indicated that 
the effect on Km was not because of the synthesis of a different protein, but possibly 
because of a loss of something bound to the enzyme during the 48 hr before sacrifice. 

DISCUSSION 

The data presented are in agreement with previous reports’s s that pretreatment of 
animals with polycyclic hydrocarbons affects the Km as well as V,,, of the hydroxylase 
system. The effect of the two compounds studied (BP and ABr) was found to be dosage 
dependent. The greatest reduction in Km was obtained by the lowest level of the 
compound given; successively larger doses had less effect on the Km. In the case of 
ABr, it has been reported27 that 80.02 per cent of the injected dose was excreted 
within 24 hr and, furthermore, that within 2 hr nearly all of the 24-hr excretion was 
secreted into the gut via the bile. Thus, the effect of polycyclic hydrocarbons could 
depend on two phenomena: (a) the presence of the inducer plus (b) an effect begun by 
the presence of inducer but continuing even after its disappearance. The former would 
suggest some sort of interaction with the hydroxylase system, and the latter would 
suggest the activation of some synthetic mechanism. 

This conclusion clearly supports the observation by Schenkman et aI. and Imai 
and Sat029 who showed spectral evidence for substrate interaction with the mixed- 
function oxidase. Recently Schenkman et al. 30 found spectral evidence for the inter- 
action of BP with this system. In addition, they were able to show the presence of 

B.P.-5N 
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BP in liver microsomes of animals pretreated with BP; after extraction with organic 
solvent the absorption spectrum of BP was observed. Binding of substrate has been 
shown to markedly accelerate electron transport through the enzyme system,319 32 
thereby indicating a facilitation of the oxidation of the xenobiotic in question. 

In addition to the polycyclic hydrocarbon being bound to the enzyme active site and 
serving as a substrate, it also serves as an inducer. The data presented in Table 1 
indicate dose dependency for elevation of the V max which would indicate a rapid 
clearance of the inducer. Furthermore, this newly synthesized enzyme would most 

likely be exposed to very little inducer (metabolism would have reduced the level), 
and, therefore, should possess properties, i.e. Km, characteristic of the original enzyme. 

The data presented suggest that the binding of the inducer compound is to some part 
of the enzyme other than the active site (a possible allosteric site), thereby causing a 
decrease in Kqn. The Kpn of the enzyme system measured 24 hr after a single injection 
of BP (1X) represents, then, a composite value, including the value for the original 
enzyme affected by the inducer (low KfTL) and value for the new enzyme which appears 
after most of the inducer is gone (not affected by inducer, high KTn). Thus, when a 
larger level of inducer is given, which would raise the level of enzyme much higher, 
proportionately more unbound enzyme is obtained than when a lower amount of 
inducer is given. That this phenomenon actually occurs is shown by the effect of the 
inducer(s) in the presence of an inhibitor of new enzyme synthesis. The very low K,,,, 
value obtained would indicate the magnitude of allosteric binding uncontaminated by 
newly synthesized enzyme. Using this value as an example of 100 per cent binding, it 
was shown that the percent bound 24 hr after injection decreased with increasing dose 
because of the greater amount of enzyme synthesized. If the inducer were made 
available to the newly synthesized enzyme [Table 3, BP (3X) + BP (IX)] and the 
animals were killed 24 hr later, the KvrL value decreased, indicating that the per cent of 
bound enzyme was increased markedly (an increase from negligible binding to 75 per 
cent bound). The value of Knl. chosen for 100 per cent binding is only an assumption, 
valid only to the extent of inhibition of new enzyme synthesis by ethionine; the 
percentages, therefore, represent only minimal values. Such residual binding has been 
demonstrated by Schenkman et al.30 who estimated from the amount of polycyclic 

hydrocarbon extracted from liver microsomes of induced animals that about 2-4 per 
cent of the enzyme was still polycyclic hydrocarbon-bound 40 hr after the compound 
was given. 

Furthermore, since the Km value obtained for the newly induced enzyme [BP (3X), 
Table 1 and BP (3X) + ET, Table 31 was slightly higher than the control Km value, the 
latter may represent the binding of some endogenous substrate; this conclusion has 
also been reached by Schenkman et aL30 on the basis of spectral studies. This is not at 

all surprising in view of the continual exposure of animals to a wide variety and 
quantity of food additive residues and environmental contaminants, as well as steroid 
substrates of endogenous origin. How much the Km could be made to increase could 
not be determined from these data. 

The single, double and triple doses of ABI, on the other hand, altered the Vmnx 
values from the control value by a factor of only 0.6, 1.1 and 1.3 respectively (Table 1). 
The much lower responses of AB1 in these experiments are most probably because of, 
in part, the well-known aflatoxin property of inhibiting protein synthesis.2l2 22 In 
addition, the much attenuated effect on V m5x after treatment with ABI may also be 
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because of differences in dosages given. When expressed on molar basis (Table I), 
the amount of AB1 given was about & that of BP. Equal amounts of ABI could not 
be used in view of the cost and toxicity. 
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