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Benzo(a)pyrene is a polycycl ic  aromatic hydrocarbon, which is a common 

environmental po l lu tant  and carcinogen in experimental animals ( I ) .  Polycycl ic 

aromatic hydrocarbons are metabolized to reactive carcinogenic and mutagenic 

intermediates as well as to detoxi f ied products by the microsomal mixed-function 

oxidases and metabol ical ly  related enzymes. The pathways and extent of metabelite 

formation are thus in t imate ly  related to carcinogenic a c t i v i t y .  The microsomal 

aryl  hydrocarbon hydroxylase system, which includes the mixed-function oxygenases 

and epoxide hydratases, converts benzo(a)pyrene to epoxides, phenols, dihydrodiols,  

and quinones (2-7). In experiments with isolated microsomes, small amounts of 

water-soluble metabolites are also formed (8,9). With ce l ls  in culture and systems 

in v ivo,  the amount of water-soluble metabolites formed from BP is much 

higher re la t i ve  to the organic solvent extractable metabolites (10-13). For 

example, b i le  and urinary metabolites of BP are largely  in the form of water- 

soluble conjugates (14,15). Since the conjugation step may be of great importance 

to the removal of carcinogenic, mutagenic and toxic intermediates, we have sought 

to define the enzymatic basis of conjugate formation. The level of these enzymes 

may re late to an ind iv idua l ' s  a b i l i t y  to detox i fy  react ive intermediates of 

benzo(a)pyrene and hence to indiv idual  suscep t ib i l i t y  to carcinogen action. In 

a previous report,  we showed the presence of benzo(a)pyrene oxide S-glutathione 

transferase in the l i v e r  soluble f ract ion (16) and the transferase a c t i v i t y  of 

seven pure homogeneous enzymes from rat l i v e r  and human l i v e r  in the conjugation 

of glutathione with benzo(a)pyrene 4,5-oxide (17). In th is  study, we report that 

a series of hydroxylated metabolites including phenols, dihydrodiols and epoxides 

of benzo(a)pyrene form glucuronide conjugates in the presence of UDP-glucuronic 

acid and microsomes. 
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Microsomal enzyme fract ions were obtained from the l i vers  of male Sprague- 

Dawley rats by u l t racent r i fugat ion  of the postmitochondrial f ract ion at 105,000 g 

for 60 min. The standard incubation contained 5 x 10 -5 M 3H-labeled or non- 

radioact ive 3-OH-BP (or other substrates), 1.5 mM non-radioactive or ur idine 

diphosphate [14C~glucuronic acid (UDPG), 50 ug microsomal protein and 5 mM 

MgCI 2 in 0.2 ml of 20 mM Tris-HCI buffer,  pH 7.5. The mixture was incubated 

for 30 min at 37 o and the reaction was stopped by the addit ion of cold 

acetone; the amount of conjugate formed was calculated a f ter  i ts  i so la t ion  

by S i l i ca  gel th in - layer  chromatography (Eastman Kodak) with a solvent mixture 

of ethyl acetate-methanol-water-formic acid, at a ra t io  of 100:25:20:1. With 

this chromatographic system, the conjugate product migrated with an Rf of 0.8. The 

unreacted 3-OH-BP or UDPG migrated with the solvent f ront  and an Rf of 0.1-0.2 

respect ively.  The product contained both 3H and 14C when the incubation was 

performed in the presence of [3H]-3-OH-BP and ([14C]-qlucuronic acid) UDPG. The 

amount of glucuronide formed was ident ica l  when calculated on the basis of e i ther  

the speci f ic  a c t i v i t y  of 3H or 14C. The molar equivalent in the conjugate of 

3-OH-BP and glucuronic acid was ident ica l .  Treatment with fi-glucuronidase 

decreased the amount of the product (Table I ) .  The product was not extractable 

into ethyl acetate. These results suggest that the product formed during the 

incubation is a glucuronide conjugate of 3-OH-BP. 

The reaction was l inear  with incubation time for 60 min and the amount of the 

conjugate formed was l inear  in the range of microsomal protein concentration from 

5 to 50 ug protein. ~Io conjugate was formed when e i ther  bovine serum albumin or the 

105,000 g l i v e r  supernatant replaced the microsomes. Thus, conjugate formation is 

mediated by microsomal bound enzymes. Enzyme a c t i v i t y  was affected by treatment 

with compounds which destroy or digest the ~icrosomal matrix. We used two proteinases, 

trypsin and pronase (Table I ) .  Treatment with trypsin s l i gh t l y  enhanced the enzyme 

a c t i v i t y ,  and treatment with pronase destroyed most of the ac t i v i t y .  Pronase 

digests peptide bonds more randomly than t rypsin,  and the milder digestion by 

trypsin may expose the enzyme to make i t  more avai lable to substrate. 



Table I .  

Preli l l l i l lary ( 'otl/ i l l  UllicaI iolls 

Effects of various treatments on the conjugation of 

3-hydroxybenzo(a)pyrene with UDPG 
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Incubation condit ions 
Formation of 
glucuronide conjugate 
(nmoles/mg protein)  

Expt. 1 Control 33.7 

B-Glucuronidase (pre-treatment) 2.6 

#-Glucuronidase (post-treatment) I0.4 

Expt. 2 Control 29.7 

Minus microsome + bovine serum albumin 0 

Minus UDPG O.l 

Microsome pretreatment lO0 ° for  5 min O.l 

Expt. 3 Control 30.8 

Trypsin (200 ug) 36.2 

Pronase (200 ~g) 6.5 

Expt. 4 Control 3n.a 

Tr i ton X-lO0 (0.025%) 16.1 

Tr i ton X-lO0 (0.1%) 3.6 

Expt. 5 Liver 30.5 ± 7.4 

Lung 7.3 ± 4.4 

Kidney 5,0 ~ 1.8 

Severe digest ion by pronase may destroy the enzyme. Af ter  treatment with Tr i ton 

X-IO0, the enzyme a c t i v i t y  decreased d ras t i ca l l y  (Table I ) .  This may be due to 

inac t i va t ion  of the enzyme or to a change in the ion ic  environment which prevents 

access of the benzo(a)pyrene der ivat ive to the enzyme. Treatment with Tr i ton X-IO0 

(0.025%) has been reported to enhance the glucuronidat ion of p-nitrophenol (18). 

We observed a 9- fo ld st imulat ion of p-nitrophenol conjugation and a 50 per cent 

decrease in 3-OH-BP conjugation. Thus, the enzyme conjugating the benzo(a)pyrene 

der ivat ive may be d i f f e ren t  than that conjugating p-ni trophenol.  The character 

and re la t ionsh ip  of th is  enzyme to the UDPG transferase system have not been 

establ ished. I t  may well be related although not ident ica l  to the UDPG transferase 

described for  other substrates (19-24). We also examined the re la t i ve  a c t i v i t y  of 

th is  enzyme system in l i v e r ,  lung and kidney microsomes and found lung and kidney 

to exh ib i t  a c t i v i t y  at about I /5  to I /7  the level in l i v e r .  

Table 2 shows the conjugation of a number of known metabolites and synthet ic 

oxygenated der ivat ives of benzo(a)pyrene. #I I  of the phenols tested were conjugated 

to about the same extent except 8-OH, 2-OH, 4-OH and 6-OH which were conjugated to 

a lesser extent.  3-OH-BP is a major metabolite and 9-nH-BP is a metabolite 
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Table 2. Formation of  glucuronide conjugates with various oxygenated 

metabolites and der ivat ives of benzo(a)pyrene* 

Amount of conjugates 
BP der iva t ives  (nmoles/mg protein/30 min) 

I-OH 29.6 

2-OH 9.6 

3-OH 32.0 

4-OH 9.6 

6-OH 12.0 

7-OH 35.4 

8-OH 7.O 

9-OH 36.2 

lO-OH 35.8 

12-OH 20.2 

ci s -4 ,5-d io l  2.0 

t rans-4 ,5-d io l  9.0 

t rans-7 ,8-d io l  2.4 

t rans-9,10-d io l  0 

1,6-dione 0 

3,6-dione 0 

6,12-dione 0 

4,5-oxide 6.4 

7,8-oxide 26.8 

*BP der ivat ives at a concentration of 5 x 10 -5 M were incubated at 37 o for  30 min 

with 50 g ra t  l i v e r  microsomes, 5 mM MgCl 2 and 1.5 mM 14C -UDPG in 0.2 ml of 

20 mM Tris-HCI, pH 7.5. The amounts of conjugates were determined as described 

in the tex t .  A l l  of the above der ivat ives were synthesized by published methods 

by Midwest Research I n s t i t u t e  on NCI Contract No. I-CP-33387. Small quant i t ies  

of these compounds are avai lab le upon request to: Dr. Marcia Litwack, Mgr., 

Information and Resources Segment, National Cancer I n s t i t u t e ,  Bethesda, Md., 

20014. 

general ly found in somewhat lesser amounts (4,6). Recently, studies with a new 

method of high-pressure l i qu i d  chromatography have isolated and i den t i f i ed  I-OH-BP and 

7-OH-BP as benzo(a)pyrene metabolites (25). The other examined phenols have not been 

isolated as metaboli tes, although the metabolic formation of 6-OH-BP can be deduced 

from the known act iva t ion  of the 6 posi t ion (26) and the i so la t ion  of 1,6-quinone, 

3,6-quinone and 6,12-quinone. We found that each of the four metabol ica l ly  formed 
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phenols are conjugated by the UDPG transferase system. No conjugation of 

quinone metabolites was detected. The 4,5-oxide ("K-region") is also 

conjugated. This conjugation, however, may be via the dihydrodiol  which is 

formed by BP 4,5-oxide hydratase, another microsomal enzyme (27). The 

7,8-oxide is conjugated to a large extent,  greater than that observed for  

the corresponding dihydrodiol  formed by the epoxide hydratase. The pathway of 

conjugation may be determined by the s t ructura l  character izat ion of the conjugate. 

The 7,8-d io i  has been shown to be the most act ive metabolite which binds 

to DNA in the presence of act ive microsomes (6). The synthet ic 7 ,8-d io l -9 ,10-  

oxide was found to be the BP der ivat ive most act ive in the a b i l i t y  to bind 

to DNA (28). In experiments tes t ing d i rec t  mutagenicity, we found that the 

7 ,8-d io l -9 ,10-ox ide was about 3500- to 4000-fold more potent as a mutagen in 

mammalian ce l l s  than e i ther  benzo(a)pyrene or the K-region BP-4,5-oxide (29). 

The 7,8-d io l -9 ,10-ox ide has also been shown to be a metabolite and i t s  precursor 

is the 7,8-d io i  (29). We also found that  the 7,8-dio i  was the most act ive 

metabolite converted to a mammalian ce l l  mutagen by metabolic ac t iva t ion (29). 

These studies suggest that  a spec i f i c  form (29) of the diol  oxide may be the 

act ive carcinogenic form of benzo(a)pyrene. The l a t t e r  was also most act ive as 

a bacter ia l  mutagen when act ivated by microsomal enzymes (30), although in the 

l a t t e r  report  the 7,8-d io l -9 ,10-ox ide was no more act ive than the 4,5-oxide. 

The 7,8-dihydrodio l  is  conjugated to a lesser extent than the phenol metabolites 

and the K-region 4 ,5 -d io i .  Thus, once formed, the 7,8-dio i  may be more susceptible 

to conversion to the potent mutagen (and carcinogen?) 7,8-d io l -9 ,10-ox ide than 

the glucuronide conjugate. 

This report  establ ishes d i r ec t l y  the enzymatic basis for  the glucuronidat ion 

of the oxide, phenol and dihydrodiol  metabolites of benzo(a)pyrene. This pathway of 

po lycyc l ic  hydrocarbon metabolism may be of key importance as a determinant of 

po lycyc l ic  hydrocarbon carc inogenic i ty .  
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