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A COMPARISON OF BENZO(A)PYRENE-4,5-EPOXIDE HYDRASE 

LIVERS USING HIGH-PRESSURE LIQUID CHROMATOGRAPHY 
ACTIVITY IN HAMSTER EMBRYO C E L L S ,  HEPATOCYTES A N D  

Ronald Raineri, Judi th  A. Poiley,  
Tove Hillesund and Roman J .  Pienta 

Chemical Carci nogenesi s Program 
NCI, Frederick Cancer Research Center 

Frederick, Maryland 21701 

ABSTRACT 

The benzo (a)pyrene-4 , 5-epoxide (BP-4,5-epoxide) hydrase a c t i v i -  
t i e s  of i n t a c t  hamster hepatocytes and embryo c e l l s ,  and homogenates 
of these  c e l l s  a s  well as of a d u l t  l i v e r  a r e  compared. The product 
of t he  epoxide hydrase ( E H )  r eac t ion ,  trans-4,5-dihydro-4,5-dihy- 
droxybenzo(a)pyrene (BP-4,5-diol) , was i so la ted  by high-pressure 
l i qu id  chromatography ( H P L C )  w i t h  a Waters Bondapak CIB/Corasil 
column and ace toni t r i le -water  a s  the  mobile phase. Using this  pro- 
cedure to  determine BP-4,5-epoxide hydrase a c t i v i t y  i n  i n t a c t  c e l l s ,  
i t  was found t h a t  266 nmoles o f  BP-4,5-dio1/106 c e l l s  were produced 
by hepatocytes while no diol formation was detected w i t h  embryo 
c e l l s .  
than i n  hepatocyte homogenates. 

EH a c t i v i t y  i n  the i n t a c t  hepatocytes was 8-fold g rea t e r  

"By acceptance of this a r t i c l e ,  the publisher o r  r ec ip i en t  
acknowledges the right of the  U. S. Government to  r e t a i n  
a nonexclusive, royalty-free l i cense  i n  and t o  any copy- 
r i g h t  covering the a r t i c l e . "  
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578 M I N E R 1  ET AL. 

I N T RO D U C T M  

A1 though the  hamster c e l l  t r a n s f o r m a t i o n  assay can d e t e c t  many 

carcinogens, t h e  chemical t r a n s f o r m a t i o n  o f  c e l l  s i n  c u l t u r e  o f t e n  

r e q u i r e s  t h e  a d d i t i o n  o f  enzyme systems t o  m e t a b o l i c a l l y  a c t i v a t e  
t h e  chemical be ing  t e s t e d  ( 1 ) .  Therefore,  i t  i s  i m p o r t a n t  t o  d e t e r -  

mine f i r s t  if t h e  a c t i v a t i o n  system ( i . e . ,  " f eeder  l a y e r "  c e l l s  and 

i s o l a t e d  enzyme systems such as l i v e r  microsome p r e p a r a t i o n s )  i s  

a b l e  t o  me tabo l i ze  carc inogens.  

i n c l u d i n g  t h e  EH r e a c t i o n ,  which has been me3sured w i t h  a v a r i e t y  o f  

epoxide subs t ra tes ,  namely s t y r e n e  o x i d e  ( Z ) ,  t h e  K - reg ion  epoxide 

o f  3-methy lcholanthrene (3,4) and BP-4,5-epoxide ( 5 - 7 ) ,  may be used 

f o r  t h i s  purpose. 

Enzymes prepared f rom d i s r u p t e d  c e l l s  may be used t o  determine 

the  me tabo l i c  c a p a b i l i t i e s  o f  c e l l s .  However, a more v a l i d  measure 
o f  me tabo l i c  events  can be ob ta ined  o n l y  by u s i n g  i n t a c t  c e l l s  which 

a r e  m e t a b o l i c a l l y  f u n c t i o n a l .  We r e p o r t  he re  t h e  EH a c t i v i t y  i n  

c u l t u r e d  c e l l s  u s i n g  as a subs t ra te ,  t h e  K-region epoxide o f  t h e  
widespread carc inogen BP. Us ing a m o d i f i c a t i o n  o f  p r e v i o u s l y  pub- 

l i s h e d  HPLC procedures f o r  t h e  s e p a r a t i o n  o f  BP m e t a b o l i t e s  (5,8),  
we measured t h e  EH a c t i v i t y  i n  i n t a c t  hamster hepatocytes and embryo 

c e l l s ,  as w e l l  as i n  enzyme p r e p a r a t i o n s  f r o m  hamster hepatocytes,  

embryo c e l l s  and l i v e r .  

A number o f  me tabo l i c  r e a c t i o n s ,  

EXPERIMENTAL 

Apparatus 

A Spect ra-Phys ics Model 35008 Grad ien t  L i q u i d  Chromatograph 
equipped w i t h  a Model 770 V a r i a b l e  Wavelength De tec to r  (Spect ra-  

Phys ics,  Santa Clara,  CA)  and a Waters Bondapak C lB /Coras i l  column 

( 2 '  x 1 / 8 " )  (Waters Associates,  I nc . ,  Framingham, MA) was used i n  
a1 1 experiments. 
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BP-4,5-EPOXIDE HYDRASE ACTIVITY 5 79 

Materials 

BP-4,5-dihydrodiol, BP-4,5-epoxideY 5-hydroxy-BP and randomly 
labeled BP-4,5-epo~ide-[~H], (438 mCi/mmole) were generously pro- 
vided by the  NCI Carcinogenesis Research Program, Bethesda, MD.  
Syrian golden hamsters of the Graffi s t r a i n  were supplied by 
Dr. Robert J .  Huebner of the  Viral Oncology Program a t  the  Frederick 
Cancer Research Center. 
biological Associates, Inc . ,  Walkersville, M D )  , supplemented w i t h  

10% heat-inactivated f e t a l  ca l f  serum (Flow Laboratories,  Rockville, 
M D )  and 2 mM L-glutamine, was used as the growth medium. 

Dulbecco's modified Eagle 's  medium (Micro- 

Preparation of Cel l s ,  Cell Homogenates and Liver 9,000 x g Super- 
natants 

Hamster embryo c e l l s  and hepatocytes were prepared from Syrian 
golden hamsters as described el  sewhere (9,lO).  Pel l e t ed  c e l l  s were 
homogenized in 0.05 M Tris buf fer ,  pH 7.5 containing 0.25 M sucrose,  
with a Dounce homogenizer. 
were prepared by homogenizing l i v e r s  (8-10 week old animals) in 
0.05 M Tris buffer (pH 7.5) containing 0.25 M sucrose, w i t h  a motor 
d r ive  te f lon-g lass  Potter-Elvehjem homogenizer followed by cen t r i -  
fugation of the  homogenate a t  1,000 x g f o r  15 m i n .  
was t h e n  centrifuged a t  9,000 x g f o r  20 m i n .  
t ions  were determined by the method of Lowry e t  a1 ( 1 1 ) .  

Hamster l i v e r  9,000 x g supernatants 

The supernatant 
Protein concentra- 

Determination of BP-4,5-Epoxide Hydrase Act iv i ty  i n  Liver and Cellu- 
l a r  Enzyme Preparations and in  In t ac t  Cells 

The reaction mixture and ex t rac t ion  procedure were s imi l a r  t o  
those used by Nesnow and Heidelberger ( 4 )  f o r  determination of E H  i n  
enzyme preparations,  except t h a t  we used t r i t i a t e d  BP-4,5-epoxide i n  
place of unlabeled 3-methylcholanthrene-llYl2-epoxide as the s u b -  
s t r a t e .  
each experiment, an a l iquot  was evaporated t o  dryness under N, and 
dissolved i n  dirnethylsulfoxide (DMSO). For determination of EH 

BP-4,5-epoxide was s tored  i n  tetrahydrofuran and before 
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5 80 RAINERI ET AL. 

a c t i v i t y  i n  9000 x g f r a c t i o n s ,  t h e  enzyme p r e p a r a t i o n s  were added 

t o  0.1 M sodium phosphate b u f f e r ,  pH 8.0 ( t o t a l  volume, 0.44 m l )  and 

pre incubated a t  37°C w i t h  shaking f o r  1 min.  

[ 3 H ]  (0 .4 pC i )  was added i n  10 p1 o f  DMSO, t h e  i n c u b a t i o n  was con- 

t i n u e d  f o r  5 min un less  o the rw ise  s ta ted .  

Fo r  t h e  d e t e r m i n a t i o n  o f  EH a c t i v i t y  i n  i n t a c t  c e l l s ,  2.5 x l o 5  
hamster embryo c e l l s  o r  5 x l o 4  hamster hepatocytes were t r e a t e d  f o r  

20 min w i t h  88 pM BP-4 ,5 -e~ox ide - [~H]  (1.1 p C i )  i n  a t o t a l  volume 

o f  1 m l  o f  Dulbecco 's  m o d i f i e d  E a g l e ' s  medium w i t h o u t  serum i n  

60 mm2 dishes.  
i n c r e a s i n g  t h e  r a t i o  o f  r a d i o l a b e l e d  t o  un labe led  BP-4,5-epoxide 

which i n  these experiments i s  o n l y  1:45. 

immediate ly  p laced  on i c e  and e x t r a c t e d  t w i c e  w i t h  4 volumes of 

methylene c h l o r i d e .  

under n i t r o g e n ,  t h e  r e s i d u e  was d i s s o l v e d  i n  0.4 m l  o f  methanol, and 
the  product ,  BP-4,5-diol was i s o l a t e d  u s i n g  t h e  HPLC procedure 

desc r ibed  below. 

A f t e r  BP-4,5-epoxide- 

The s e n s i t i v i t y  o f  t h i s  procedure may be enhanced by 

Fo l l ow ing  i ncuba t ion ,  t h e  c e l l s  were scraped i n  t h e  medium, 

A f t e r  t h e  e x t r a c t  was evaporated t o  dryness 

I s o l a t i o n  o f  Benzo (a)pyrene-4,5-d io l  

The BP-4,5-diol was separated f rom BP-4,5-epoxide and BP u s i n g  

a Waters Bondapak C18/Corasi l  column and an ace ton i  t r i l e - w a t e r  e l u -  

t i o n  system ( F i g u r e  l a ) .  
e l u t e d  r a p i d l y  ( w i t h i n  3 min)  w i t h  50% a c e t o n i t r i l e  i n  water .  

2 min, a l i n e a r  g r a d i e n t  (25%/min) t o  100% a c e t o n i t r i l e  was i n i -  

t i a t e d .  

by-product  formed spontaneously f rom BP-4,5-epoxide, i s  shown i n  

F i g u r e  l b .  

The r e a c t i o n  p roduc t ,  BP-4,5-diol was 
A f t e r  

Separa t i on  o f  BP-4,5-diol . f r om 5-hydroxy-BP, a p o t e n t i a l  
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A. 

B. 

A 

BP 
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h 

5-diol e 

5-OH - BP 
0 
h 

2 

0 4 8 

Retention Time (min) 

FIGURE 1 

Separation of BP-4,5-diol from BP-4,5-epoxide and BP. Condi- 
tions: Column, Waters Bondapak CIB/Corasil ( 2 '  x 1/8"); elution 
solvent system, acetonitrile-water; gradient conditions, a) 50% 
acetonitrile for 2 min b) gradient of 25%/min to 100% aceto- 
nitrile; flow rate, 2 ml/min; temperature, ambient. 

Chromatogram of mixture of BP-4,5-epoxide and 5-hydroxy-BP. 
Conditions were the same as those used in Figure 1A.  
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582 RAINERI ET AL. 

Dete rm ina t ion  o f  Epoxide Hydrase A c t i v i t y  i n  Enzyme Prepara t i ons  

f rom Hamster L i v e r ,  Hamster Embryo C e l l s  and Hepatocytes and i n  

I n t a c t  Hamster Embryo C e l l s  and Hepatocytes 

Enzyme p r e p a r a t i o n s  were i ncuba ted  w i t h  v a r y i n g  c o n c e n t r a t i o n s  

of BP-4,5-epoxide [ 3 H ]  and t h e  p roduc t  o f  t h e  EH r e a c t i o n ,  BP-4,5- 

d i o l ,  was q u a n t i f i e d  by  measurement o f  r a d i o a c t i v i t y  p r e s e n t  i n  t h e  

d i o l  peak which was i s o l a t e d  by HPLC. 

d i o l  standard, 80% o f  t h e  p r o d u c t  was recovered.  

A 9,000 x g supernatant  f rom hamster l i v e r s  was used as t h e  

source o f  enzymes t o  determine t h e  e f f e c t  o f  s u b s t r a t e  c o n c e n t r a t i o n ,  

i n c u b a t i o n  t ime  and p r o t e i n  c o n c e n t r a t i o n  on enzyme a c t i v i t y .  

r a t i o n  o f  t he  enzyme occurred when s u b s t r a t e  c o n c e n t r a t i o n s  o f  

approx imate ly  25 pM o r  more were used i n  t h e  presence o f  0.2 mg o f  
p r o t e i n  (F igu re  2 ) .  F i g u r e  3 shows t h a t  t h e  r a t e  o f  f o r m a t i o n  o f  
t he  enzymat i ca l l y  produced BP-4,5-diol was l i n e a r  f o r  up t o  5 min. 

Using an a u t h e n t i c  BP-4,5- 

Satu- 

: I i , ,  , , 
F 25 50 75 100 125 

BP-4,s-epoxide ( p M )  

FIGURE 2 

Ef fect  o f  s u b s t r a t e  c o n c e n t r a t i o n  on t h e  r a t e  o f  f o rma t ion  o f  
BP-4,5-diol. React ion m ix tu res  ( t o t a l  vo l .  0.45 m l )  con ta ined  v a r y i n g  
amounts o f  s u b s t r a t e  and 0.2 mg o f  p r o t e i n  f r o m  a 9,000 x g superna tan t  
from homogenized hamster l i v e r s  and were i ncuba ted  f o r  5 minutes a t  37°C. 
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BP-4,5-EPOXIDE HYDRASE ACTIVITY 583 

INCUBATION TlME(min) 

FIGURE 3 

E f f e c t  o f  i n c u b a t i o n  t i m e  on t h e  r a t e  o f  f o r m a t i o n  o f  BP-4,5- 
I n c u b a t i o n  c o n d i t i o n s  were as i n  F i g u r e  2 excep t  t h a t  reac -  d i o l .  

t i o n  m i x t u r e s  con ta ined  88 p M  BP-4,5-epoxide. 

The e f f e c t  o f  p r o t e i n  c o n c e n t r a t i o n  i s  shown i n  F i g u r e  4. 

r a t e  o f  BP-4,5-diol f o r m a t i o n  was observed when up t o  0.4 mg o f  p ro -  

t e i n  was used. 

hamster hepatocytes and whole hamster embryo c e l l s  were compared, 

t h e  a c t i v i t i e s  were h i g h  (8.3 nmoles/mg p r o t e i n / 5  min) i n  prepara-  

t i o n s  f rom hepatocytes and v e r y  l ow  (0.4 nmoles/mg p r o t e i n / 5  m in )  i n  

p r e p a r a t i o n s  f r o m  f i b r o b l a s t s  (Table 1 ) .  

s t e r  hepatocytes and c e l l s  f r o m  whole embryos were t r e a t e d  w i t h  

88 p M o f  BP-4,5-epoxide-C3H] f o r  20 min a t  37"C, p laced  on i c e  and 

then BP-4,5-diol e x t r a c t e d  as desc r ibed  above. Tab le  1 shows t h a t  

t h e  EH a c t i v i t y  was very h i g h  i n  t h e  i n t a c t  hepatocytes b u t  no 

s i g n i f i c a n t  a c t i v i t y  c o u l d  be measured i n  t h e  embryo c e l l s .  

p r o t e i n .  Th i s  enabled us t o  compare t h e  EH a c t i v i t i e s  o f  i n t a c t  

hepatocytes w i th  homogenates of hepatocytes based on t h e i r  p r o t e i n  

con ten t .  F u r t h e r  e x t r a p o l a t i o n  of t h e  d a t a  i n  Table 1 t o  e q u i v a l e n t  

A l i n e a r  

When t h e  EH a c t i v i t i e s  o f  homogenates f rom c u l t u r e d  

To determine t h e  e x t e n t  o f  EH a c t i v i t y  i n  c u l t u r e d  c e l l s ,  ham- 

We observed t h a t  l o 6  hepatocytes c o n t a i n  app rox ima te l y  0.85 mg 
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584 R A I N E R I  ET AL. 

0 0.1 0.2 0.3 0.4 

PROTEIN (mg) 

FIGURE 4 

E f f e c t  o f  p r o t e i n  c o n c e n t r a t i o n  on  t h e  f o r m a t i o n  o f  BP-4,5- 
d i o l .  
was f o r  1, 2, 3, 4, o r  5 min. 

I n c u b a t i o n  c o n d i t i o n s  were as i n  F i g u r e  2 excep t  i n c u b a t i o n  

i n c u b a t i o n  t imes showed t h a t  hepatocytes t r e a t e d  i n  c u l t u r e  had 

e i g h t  t imes g r e a t e r  EH a c t i v i t y  t han  homogenized hepa tocy te  prepara-  

t i o n s .  

D I S C U S S I O N  

The h y d r a t i o n  o f  s p e c i f i c  epoxides by EH enzymes has r e c e n t l y  
been p o s t u l a t e d  i n  t h e  f o r m a t i o n  o f  t h e  u l t i m a t e  ca rc inogen  f rom BP 

(12),  as w e l l  as t h e  format ion o f  d e t o x i f i c a t i o n  p roduc ts  o f  BP (13) .  
The d e t e r m i n a t i o n  o f  EH a c t i v i t y  i n  i n t a c t  c e l l s  r a t h e r  than  i n  
enzyme p r e p a r a t i o n s  a l l o w s  mechan is t i c  s t u d i e s  under c o n d i t i o n s  
which a r e  m e t a b o l i c a l l y  o p t i m a l .  

r a t i o n  of m e t a b o l i t e s  o f  B P  u s i n g  HPLC have been r e p o r t e d  (8,14,15). 
The procedure used he re  i s  a m o d i f i c a t i o n  wh ich  a l l o w s  t h e  d e t e r -  

A number o f  methods f o r  t h e  sepa- 
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BP-4,5-EPOXIDE HYDRASE ACTIVITY 5 85 

TABLE 1 

BP-4,5-Epoxide Hydrase A c t i v i t y  i n  I n t a c t  Hamster Embryo C e l l s  and 
Hamster Hepatocytes o r  i n  C e l l  Homogenatesa 

nmoles BP-4,5-diol 
nmoles BP-4,5-diol formed/mg 

P r e p a r a t i o n  Source formed/ l  O6 c e l l  sb p r o t e i n / 5  min 

I n t a c t  c e l l s  Hamster embryo 
c e l l  s 0 5 0  0 2 oc 

t o c y t e s  266 f 31 78 f 9 
Hamster hepa- 

C e l l  homoge- Hamster embryo 
nates c e l l  s - 

Hamster hepa- 
t o c y t e s  - 

0.4 k 0.03d 

8.3 f 0.00 

a Values a r e  means 2 average d e v i a t i o n  f r o m  d u p l i c a t e  i n c u b a t i o n s  
and have been c o r r e c t e d  f o r  80% p r o d u c t  recovery.  

I n t a c t  c e l l s  were i ncuba ted  f o r  20 min as desc r ibed  i n  "Exper i -  
men t a 1 I' . 
Data e x t r a p o l a t e d  f rom column on l e f t  based on t h e  f i n d i n g  t h a t  
one m i l l i o n  hepatocytes c o n t a i n  0.85 mg o f  p r o t e i n .  
Homogenates f rom c u l t u r e d  c e l l s  were i ncuba ted  f o r  5 min as 
desc r ibed  i n  "Exper imenta l  'I. 

m i n a t i o n  o f  EH i n  i n t a c t  l i v i n g  c e l l s  b u t  w i t h o u t  t h e  i n t e r f e r e n c e  

f r o m  c e l l u l a r  m a t e r i a l s  i n t r i n s i c  t o  spec t ropho tomet r i c  methods. I n  

a d d i t i o n ,  r a p i d  e l u t i o n  and e x c e l l e n t  r e s o l u t i o n  o f  t h e  r e a c t i o n  

p r o d u c t  BP-4,5-diol,  as w e l l  as complete s e p a r a t i o n  o f  t h e  p r o d u c t  

f rom t h e  s u b s t r a t e ,  BP, and t h e  by-product  5-hydroxy-BP, i s  achieved.  

among species.  

ous types o f  p r e p a r a t i o n s  o f  t h e  same t i s s u e .  

o f  BP have been shown t o  d i f f e r  when i n t a c t  hamster embryo c e l l s  o r  
homogenates a r e  used (16) .  

EH a c t i v i t y  i s  8 - f o l d  g r e a t e r  i n  i n t a c t  hamster hepatocytes than  i n  
homogenates o f  hepatocytes. 

The metabol ism o f  carc inogens i n  animal systems v a r i e s  g r e a t l y  
D i f f e r e n c e s  i n  metabol ism may a l s o  e x i s t  among v a r i -  

Moreover, m e t a b o l i t e s  

We have shown t h a t  t h e  basal  l e v e l  o f  
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When exogenous me tabo l i c  a c t i v a t i o n  i s  used i n  c o n j u n c t i o n  w i t h  

mammalian t r a n s f o r m a t i o n  and m i c r o b i a l  mutagenesis systems, i t  i s  

impor tan t  t o  determine b o t h  t h e  e f f i c i e n c y  o f  t h e  a c t i v a t i o n  system 

and how c l o s e l y  t h e  system p a r a l l e l s  metabol ism i n  t h e  i n t a c t  animal. 

Our o b s e r v a t i o n  t h a t  EH a c t i v i t y  i s  s i g n i f i c a n t l y  g r e a t e r  i n  i n t a c t  

hepatocytes ( than  i n  homogenates o f  c e l l s  o r  l i v e r )  i l l u s t r a t e s  t h e  

importance o f  u s i n g  i n t a c t  c e l l s  f o r  these k inds  o f  s t u d i e s .  
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