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- 
I V .  PROGRESS REPORT 

A.  O v e r v i e w  

. . The g o a l s  o f  t h i s  ' p r o j e c t  were t o  o b t a i n  i n f o r m a t i o n  a b o u t  
t h e  c o n f o r m a t i o n .  o f  t h e  a d d u c t s  f 'ormed when p o l y c y c l  i c  a r o m a t i c  
c a r c i n o g e n  m e t a b o l i t e s  r e a c t  c o v a l e n t l y  w i t h  D N A .  I n  o r d e r  t o  
a c h i e v e  ' t h . i s  g o a l ,  s e v e r a l  s p e c t r o s c o p i c  t e c h n i q u e s  were  d -eve lgped ,  
o r  adap ted ,  s p e c i f i c a l l y  f o r  t h e  . pu rpose  of  d e t e r m i n i n g  t h e  o r i e n t a -  
t i o n  and the nature df She m i c r o e n v i r o n m e n t  o f  t h e  a r o m a t i c  c a r c i n o -  
gen-chromophore  comp lexed  t o  DNA.  As a . r e s u l t  o f  t h e s e  i n v e s t i g a -  
t i o n s ,  i ' t  became a p p a r e n t  t h a t  i t  wou ld  b e  i n t e r e s t i n g  as .  w e l l  . t o  

. , 
s t u d y  t h e  k i n e t i c s  o f  t h e  i n t e r a c t i o n s  o f  d i f f e r e n t  i s o m e r i c  r e a c -  

. .- -. t i v e  m e t a b o l i t e s  o f  p o l y c y c l i c  a r o m a t i c  hyd roca r .bons  w i t h  D N A  u n d e r  



c o n t r o l l e d  i n  v i t r o  c o n d i t i o n s .  T h i s  work has  been s t a r t e d  r e c e n t -  
l y  and,  s i n c e  i t  has  no t  y e t  been p u b l i s h e d ,  w i l l  be d e s c r i b e d  i n  
g r e a t e r  d e t a i l  i n  t h i s  p r o g r e s s  r e p o r t .  The work a l r e a d y  p u b l i s h e d  
w i l l  be mentioned h e r e  o n l y  b r i e f l y  i n  summary-form, w h i l e  t h e  de- 
t a i l s  may be found e i t h e r  i n  t h e  r e p r i n t s  a t t a c h e d , .  o r  i n  t h e  o t h e r  
p u b l i c a t i o n s  c i t e d .  
B .  Summary of P h y s i c o - c h e m i c a l  Methods U t i l i z e d  

( 1 )  F l u o r e s c e n c e  s p e c t r o s c o p y  - s t a n d a r d  e x c i t a t i o n  and 
e m i s s i o n  p r o f i l e s ,  d e c a y  p r o f i l e s  and l i f e t i m e s ,  quench ing  
t e c h n i q u e s .  These methods p r o v i d e  i n f o r m a t i o n  on t h e .  t y p e  o f '  
b i n d i n g  s i t e  ( i n t e r c a l a t i o n  o r  o u t s i d e  b i n d i n g  mode) of t h e  corn- 
p l exed  a r o m a t i c  p o l y c y c l i c  m o l e c u l e s .  ( D e s c r i b e d  i n  Photochem. 
P h o t o b i o l .  - 29, 223 ( 1 9 7 9 ) ;  Biochem. Biophys .  Res. Comm. 8 8 ,  782 
( 1 9 7 9 ) ) .  

- 
( 2 )  E l e c t r i c  L i n e a r  d i c h r o i s m .  T h i s  t e c h n i q u e  p r o v i d e s  

an a v e r a g e  o r i e n t a t i o n  a n g l e  of t h e  bound chromophore w i t h  r e -  
s p e c t  t o  t h e  a x i s  of  t h e  D N A  h e l i x .  ( D e s c r i b e d  i n  B i o c h e m i s t r y  
17,  5256 ( 1 9 7 8 )  and J .  A m .  Chem. Soc.. 102, 5661 ( 1 9 8 0 ) ) . .  . - . . - 

( 3 )  P o l a r i z e d  Phosphorescence  s p e c t r o s c o p y  of m e c h a n i c a l l y  
o r i e n t e d  carcinogen-DNA complexes.  E l e c t r i c  l i n e a r  d i c h r o i s m  
t e c h n i q u e s  p r o v i d e  i n f o r m a t i o n  a b o u t  t r a h s i  t i o n  moment v e c t o r s  
o r i e n t e d  w i t h i n  t h e  p l a n e  of t h e  complexed a r o m a t i c  m o l e c u l e i , .  
I n  some c a s e s  knowledge of t h i s  o r i e n t a t i o n  does  not  u n e q u i v o c a l l y  
p r o v i d e  i n f o r m a t i o n  abou t  t h e  o r i e n t a t i o n  of t h e  p l a n a r  a r o m a t i c  
chromophores w i t h  r e s p e c t  t o  t h e  D N A  a x i s .  The phorphorescenc .e  
e m i s s i o n  of  p l a n a r  p o l y c y c l i c  a r o m a t i c  h y d r o c a r b o n s ,  however ,  i s  . .  

p o l a r i z e d  p e r p e n d i c u l a r  t o  t h e  p l a n e ;  t h u s  by e x c i t i n g  t h e  phos- 
phorescence  w i t h  p o l a r i z e d  1  i g h t ,  and measurin'g.  t h e  a n i s o t r o p y  of 
t h e  phosphorescence  e m i s s i o n ,  i n f o r m a t i o n  abou t  t h e  o r i e n t a t i o n  of 
t h e  normal t o  t h e  p l a n e  of t h e  complexed polycyc1.i .c mol .ecule  i s  
o b t a i n e d .  Thus, a  second d i r e c t i o n  of  t h e  bound ctiromophores can 
be o b t a i n e d  and i t s  o r i e n t a t i o n  w i t h  r e s p e c t  t o  t h e  a x i s  of t h e  D N A  
h e l i x  can be a s s e s s e d . m o r e  e x a c t l y .  

T h i s  method i s  s t i l l  under  development  a t  t h i s  w r i t i n g .  
The phosphorescence  e m i s s i o n  emana t ing  from b q n z o ( a ) p y r e n e  d i o l  
epoxide-DNA a d d u c t s  o r i e n t e d  i n  s t r e t c h e d  p o l y v i n y l  a l c o h o l  f i l m s  
i s  indeed  p o l a r i z e d .  C a r e f u l  mathemat.ica1 a n a l y s i s  of t h e  1 i n e a r  
d i c h r o i s m  and phosphorescence  p o l a r i z a t i o n  d a t a  does p r o v i d e  t h e .  
i n f o r m a t i o n  n e c e s s a r y  t o  deduce t h e  a b s p l u t e  o r i e n t a t i o n  of  t h e  
c a r c i n o g e n  complexed t o  o r i e n t e d  D N A .  

( 4 )  T r i p l e t  F l a s h  P h o t o l y s i s  s p e c t r o s c o p y .  The t r i p l e t  ex-  
c i t e d  s t a t e s  of complexed p o l y c y c l i c  m o l e c u l e s ~  have been shown t o . b e  
s e ' n s i t i v e  p robes  of  t h e i r  mic roenv i ronment ,  . P r e l i m i n a r y  r e s u l t s  
were r e p o r t e d  i n  1976 ( J .  A m .  Chem. S'oc. 98 ,  6144 ( 1 9 7 6 ) ) . .  We have 
r e c e n t l y  impro'ved - and r e f i n e d  a  f l a s h  p h o t o l y s i s  a p p a r a t u s  which 
a l lows  f o r  t h e  measurement of t r i p l e t  e x c i t e d  s t a t e  dynamics a t  ex-  
t r e m e l y  low c o n c e n t r a t i o n  of chromophores ( h. I O - ~ M ) .  Using  t h e s e  
t e c h n i q u e s  we have shown t h a t  non-cova le .n t ly  bound a r o m a t i c  chrofio-  
phores  d i s s o c i a t e  from D N A  and b i n d  a y a . i n  . to  D N A  on a t imesca.1e of 
l e s s  t h a n  one mi 11 i s e c o n d  ( d e s c r i b e d  be low) .  

( 5 )  S topped- f  low k ' i n e t i c  measurements i n  t h e  abs -o rp t ion  and 
f l u o r e s c e n c e  modes. These measurements  were s t a r t e d  t h i s  y e a r  i n  
o r d e r  t o  i n v e s t i g a t e  t h e  k i n e t i c s  of  b i n d i n g  and r e a c t i o n  of benzo- 
( a ) p y r e n e  d i o l  . e p o x i d e  w i t h  D N A .  A p r e l i m i n a r y  r e p o r t  d e s c r i b i n g  



t h e  k i n e t i c s ;  h a s  b e e n  p u b l i s h e d  ( ~ i d c h e m .  B i o p h y s .  Res. commun. - 9  92  
I 1335 (1980) . .  P r e l i m i n a r y  r e s u l t s  o b t a i n e d  so f a r  a r e  e x t r e m e l y  

encourag ing , ,  b u t  c o n s i d e r a b l e  more work  i s  needed t o  u t i l i z e  t h i s  
method e f f e d i v e 1 y .  

C .  S t r u c t u r e  o f  B e n z o ( a ) p y r e n e  D i o l  Epoxide-DNA A d d u c t s  

~ e n z o ; ( a ) p y r e n e  ( B P )  i s  t h e  mos t  w i d e l y  s t u d i e d  p o l y c y c l  i c  
a r o m a t i c  h y d r o c a r b o n  (PAH) . e n v i r o n m e n t a l  c a r c i n o g e n .  I n  1  i v i n g  

- c e l l s  8P . i s  m e t a b o l i z e d  t o  a t  l e a s t  3 5  d i f f e r e n t  p h e n o l i c ,  
q u i n o n e  and e p o x i d e  p r o d u c t s .  One o f  t h e s e ,  as m e n t i o n e d  p r e v i o u s l y ,  
trans-7,8-dihyr0x~anti-9,1o-e~0x~-7,8,9,lO-tetrahydr0benzo(a)pyrene 
' ~ - B P D E )  b i n d s  c o v a l e n t l y  t o  DNA i n  l i v i n g  c e l l s  and i s  b e l i e v e d  
t o  t h e ' u l t i m a t e  c a r c i n o g e n i c  f o rm  o f  BP i n  v i v o .  I n  t h i s  
adduc t ,  w h i c h  a c c o u n t s  f o r  * 90% o f  t h e  t o t a l b i n d i n g ,  a  c o v a l e n t  
bond . i s  f o r m e d  b e t w e e ?  t h e  C-10 p o s i t i o n  o f  BPDE and t h e  e x o c y c l i c  
amino g r o u p  o f  g u a n i n e .  
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F i g ;  4 C h e m i c a l  s t r u c t u r e  of BPDE and o f  b e n z o ( a ) p y r e n e  (BP)  
s h o w i n g  t h e  n u m b e r i n g  system.  

D u r i n g  t h e  y e a r s  1975-1976 we s t u d i e d  t h e  r e a c t i o n  pa thways  
of Bp  , i n  c e l l s  i n  t i s s u e  c u l t u r e .  T h i s  i n v o - l v e d  t h e  i s o l a t i o n ,  
p u r i f i c a t i o n  and a n a l y s i s  o f  t h e  c a r c i n o g e n - m o d i f i e d  n u c l e i c  a c i d  
f r a c t i o n s  o f  t h e  c e l l s .  We deve loped .  a  s p e c i a l  l ow t e m p e r a t u r e  
f l u o r e s c e n c e  t e c h n i q u e  w h i c h  p e r m i t t e d  us t o  d e t e c t  e x t r e m e l y   lo^ 
q u a n t i t i e s  o f  r e a c t e d  PAH molecu,les. Ou r  work  h e l p e d  t o  c o n f i r m '  
t h a t  BPDE i s  i n  f a c t  t h e  m a j o r  m e t a b o l i t e  o f  BPDE w h i c h  b i n d s  c o v a -  
l e n t l y  t o  DNA -- i n  v i v o  ( 1 2 ) .  We t h e n , p r o c e e d e d  t o  s t u d y  t h e  c o n f o r -  

' r na t i on  and p h y s i c o - c h e m i c a l  p r o p e r t i e s  o f  t h e  BPDE-DNA a d d u c t s  
o b t a i n e d  i n  i n  v i t r o  r e a c t i o n s .  The lon:g r a n g e  g o a l  i s  t o  e s t a b l i s ' h  
wha t  p r o p e r t G s d f h h e  c o v a l e n t  a d d u c t s  d e t e r m i n e  t h e i r  b i o l o g i c a l  
p r o p e r t i e s ,  and wha t  t h e  d i . f  f e r e n c e s  a r e  be tween t h o s e  a d d u c t s  whose 
p resence  c o r r e l a t e s  w i t h  t u m o r i g e n i c  a c t i o n ,  and t h o s e  w h i c h  do n o t  
c o r r e . l a t e  w i t h . s u c h  a c t i v i t y .  

U s i n g  some o f  t h e  s p e c t r o s c o p i c  t e c h n i q u e s  d e s c r i b e 9  above, 
we found t h a t  p l a n a r  PAW m o l e c u l e s  s u c h  a s  B P  can  b i n d  t.o DNA b y  t w o  
d i f f e r e n t  mechanisms. One o f  t h e s e  i s  . t h e  w e l l - k n o w n  i n t e r c a l a t i o n  
mechanism i n .  w h i c h  t h e  p l a n a r  a r o m a t i c  . r i n g - s y s t e m  s l i d e s  i n  be tween  
a d j a c e n t  b a s e  p a i r s  o f  DIdA. The second  mechanism i n . v o l v e s  an " o u t -  
s i d e u  b i n d i n g  me-chanism i n  w h i c h  t h e  P A H  m ~ l e c u l e  l i e s  i n  one of t h e  



e x t e r n a l  g r o o v e s  of  t h e  D N A  molecu le .  In  c o n t r a s t  t o  t h e  i n t e r c a l a -  
t i o n  s t r u c t u r e ,  i n  t h e  o u t s i d e  b i n d i n g  mode, t h e  p l a n e  of  t h e  P A H  
molecule  t e n d s  t o  b e  p a r a l l e l  t o  t h e  a x i s  of t h e  D N A  h e l i x .  I t  was 
e s t a b l i s h e d  t h a t  i n  t h e  c o v a l e n t  B P D E - D N A  complex, t h e  p y r e n e - l i k e  
moei ty  i s  l o c a t e d  on t h e  o u t s i d e  of t h e  D N A  h e l i x .  (25,36,37). T h i s  
i s  somewhat s u r p r i s i n g  s i n c e  t h e  i n t e r c a l a t i o n  s i t e s  a r e  hydrophob ic  
i n  n a t u r e ,  w h i l e  t h e  e x t e r n a l  s i t e s  a r e  h y d r o p h i l i c .  T h e  b i n d i n g  of 
t h e  hydrophobic  B P D E  a t  i n t e r i o r  i n t e r c a l a t i o n  s i t e s  would a p p e a r ,  
a p r i o r i ,  t o  be p r e f e r a b l e  t o  an o u t s i d e  b i n d i n g  mechanism. The - 
b i o l o g i c a l  s i g n i f i c a n c e  of t h e  o u t s i d e - b i n d i n g  c o n f o r m a t i o n  of t h e  
B P D E - D N A  adduc t  i s  n o t  y e t  known. 
0. T r i p l e t  Probe  ~ e c h n - i ~ u e s .  

T r i p l e t  e x c i t e d  s t a t e s  of p o l y c y c l i c  a r o m a t i c  m o l e c u l e s ,  be- 
cause  of t h e i r  r e l a t i v e l y  long  l i f e t i m e  ( m i l l i s e c o n d  r a n g e ) ,  can 
p rov ide  i m p o r t a n t  i n f o r m a t i o n  about  ( 1 )  t h e  l o c a l  mic roenv i ronment  
of t h e  P A H  m o l e c u l e ,  and ( 2 )  t h e  b i n d i n g  dynamics t o  D N A .  In  t h e  
former c a s e  ( I ) ,  t h e  r e s u l t s  shou ld  be compl imentary  t o  t h o s e  ob- 
t a i n e d  from f l u o r e s c e n c e  s p e c t r o s c o p y ,  i n  which t h e  s i n g l e t  e x c i t e d  
s t a t e  l i f e t i m e  (100  nanosecond r a n g e )  i s  t h e  probe  of t h e  P A H  
m o l e c u l e ' s  l o c a l  e n v i r o n m e n t .  In  c a s e  . ( 2 )  i n f o r m a t i o n  i s  o b t a i n e d  
on t h e  r a t e s  and.  dynamics of  t h e  a s s o c i a t i o n  and d i s s o c i a t i o n  of  
P A H - D N A  comp1,exes , in  aqueous s o l u t i o n s .  'The c o n c e n t r a t ' i o n  ~f t r i p -  
l e t  e x c i t e d  P A H  m o l e c u l a r  s t a t e s  f o l  lowjng f l a s h  e x c i t a t i o n  can be 
moni tored  i n  two d i f f e r e n t  ways. l n  t h e  c a s e  of c e r t a i n  p o l y n u c l e a r  
dyes ,  t h e  t r i p l e t  ( T i )  decays  by p o p u l a t i n g  t h e  f i r s t  e x c i t e d  
s i n g l e t  ( S l ) ,  which s u b s e q u e n t l y  decays by f l u o r e s c e n c e  emis-  
s i o n .  T h i s  e m i s s i o n  has  a  l i f e t i m e  c h a r a c t e r . i s t i c  of t h e  t r i p -  
l e t  decay  t i m e  and decays  i n  t h e  m i l l i s e c o n d  t i m e  r a n g e .  I t  i s  
t h e r e f o r e  c a l l e d  d e l a y e d  f l u o r e s c e n c e .  In  o r d e r  f o r  t h i s  T1-3S1 
t r a n s i t i o n  t o  o c c u r ,  t h e  e n e r g y  gap A E  = E S  - E T  must be of t h e  
o r d e r  of k T .  T h i s  i s  t h e  c a s e  f o r  many a r o m a t i c  d y e s .  In  t h e  c a s e  
of p o l y c y c l i c  a r o m a t i c , h y d r o c a r b o n s  such a s  b e n z o ( a ) p y r e n e ,  p y r e n e ,  
or  t h e i r  m e t a b o l i c  . d e r i v a t i . v e s ,  aE >> k T ,  and d e l a y e d  f l u o r e s c e n c e  i s  
n o t ' . o b s e r v e d .  In  t h e s e  c a s e s  t h e  t r i p l e t s  a r e  m o n i t o r e d  by f l a s h  
p h o t o l y s i s  t e c h n i q u e s  i n  which a  f l a s h  of 1 i .ght  e x c i t e s  t h e  mole- 
c u l e s  t o  t h e i r  Ti  s t a t e s ,  w h i l e -  a  second s o u r c e  of l i g h t  i s  used 
t o  moni tor  t r a n s i e n t  changes  i n  t h e  a b s o r p t i o n  due t o  T i  ( a b s o r p -  
t i o n  t o  h i g h e r  t r i p l e t  s t a t e s ) .  The two methods o f  m o n i t o r i n g  t r i p -  
l e t s  can t h u s  be-summarized a s  fol lows-:  

8 

. . 

' " Delayed f l u o r e s c e n c e :  T i  k T  3 S1-, F l u o r e s c e n c e  
( s l o w )  ( f  a s ' t )  

- F l a s h  p h o t o l y s i s :  T I  - h v  9 T n  ( a b s o r p t i o n )  

We have. shown t h a t  e i t h e r  method g i v e s  t h e  same t r i p l e t  
l i f e t i m e .  . . 

.. . . . 
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( 1 )  Dynamics  o f  t h e  B i n d i n g  o f  P o l y c y c l i c  A r o m a t i c . M o l e c u l e s  
t o  DNA. 

we have s o u g h t  t o  dev 'e1op.a method  f o r  m e a s u r i n g  t h e  r a t e s  o f  
b i n d i n g  t o ,  a n d d i s s o c i a t i o n  f r o m  DNA,  o f  PAH m o l e c u l e s .  An u n d e r -  
s t a n d i n g  o f  t h e  t i m e  s c a l e s  i n v o l v e d  i n  t h e s e  dynamic  p r o c e s s e s  a r e  
i m p o r t a n t  f o r  an u n d e r s t a n d i n g  o f  t h e  mechanisms o f  i n t e r a c t i o n  o f  
B.PDE w i t h  DNA,  s p e c i f i c a l l y  t h e  p o s s i b l e  f o r m a t i o n  o f  p h y s i c a l  ( n o n -  
c o v a l e n t )  comp lexes  w h i c h  may p r e c e e d  c o v a l e n t  b i n d i n g .  

S i n c e  BPDE i s  c h e m i c a l l y  u n s t a b l e ,  we have s o u g h t  t o  u t i l i z e  
i n e r t  u n r e a c t i v e  p o l y c y c l i c  m o l e c u l e s  t o  p r o b e  t h e  dynam ics  o f - b i n d -  
i n g  p r o c e s s e s  t o  DNA i n  g e n e r a l .  The a c r i d i n e  dyes,  p r o f l a v i n e  (PF )  
and a c r i d i n e  o r a n g e  (AO) a r e  i d e a l  f o r  t h i s  pu rpose .  T h e i r  m o d e o f  
b i n d i n g  t o  D N A  ( i n t e r c a l a t i o n )  i s  w e l l  c h a r a c t e r i z e d ,  and we have  
u t i l i z e d  t h e  d e l a y e d  f l u o r e s c e n c e  me thod  t o  m o n i t o r  t h e  d e c a y t i m e  o f  
t h e  t r i p l e t s  o f  t h e s e  d y e  m o l e c u l e s .  

. We have d i s c o v e r e d  t h a t  t h e  i n t e r c a l a t e d  PF and A0 m o l e c u l e s  
move i n  and o u t  o f  t h e i r  b i n d i n g  s i t e s  on t h e  D N A  m o l e c u l e  ( i n  
aq  eous  b u f f e r  s o l u t i o n  a t  room t e m p e r a t u r e )  w i t h  r a t e s  104 Y -  s -  . T h i s  c o n c l u s i o n  i s  based  on t h e  f o l l o w i n g  o b s e r v a t i o n s :  

( 1 )  The t r i p l e t  l i f e t i m e s  o f  PF and A0 depend s t r o n g l y  o n  
t h e  c o n c e n t r a t i o n  o f  t he -DNA i n  s o l u t i o n .  T h i s  ' i s  demon- 

. .  s t r a t e d  i n  f i g .  5 .  -.. .. . - . 



Fig. 5 T r i p l e t  l i f e t i m e s  a f u n c t i o n  o f  D N A  c o n c e n t r a t i o n .  
A O , ,  . a c r i d i n e  o r a n g e ;  PF.. . p r o f l a v i n e .  

( 2 )  A t  a1 1  DNA c o n c ' e n t r a t i o n s ,  t 'he  decay  of .  t h e  t r i p l e t s  i s  
s t r i c t l y  e x p o n e n t i a l .  If t h e r e  were t w o  d i f f e r e n t  m i c r o -  
e n v i r o n m e n t s  f o r  t h e  p o l y c y c l i c  m o l e c u l e s ,  i . e .  dye  
m o l e c u l e s  bound  t o  DNA as w e l l  as f r e e  i n  s o l u t i o n ,  t h e  
decay  w o u l d  b e  a  s u p e r p o s i t i o n  o f  two  e x p o n e n t i a l  decays  
S i n c e  t h i s  i s  n o t  obse rved ,  t h e r e  mus t  be a  r a p i d  ex -  
change  b e t w e e n  bound  and unbound s i t e s .  

The t r i p l e t  l i f e t i m e s  i n  aqueous s o l u t i o n s  o f  PF and A0 ( u n -  
bound )  i s  ,L 0.15ms. T h e r e f o r e ,  t h e  r a t e s  o f  exchange be tween bound 
and unbound s i t e s  m u s t  e x c e e d  ( 0 . 1 5 x 1 0 ' 3 ) - ~ s - 1  o r  1 0 4 s - 1  
s i n c e  o n l y  one e x p o n e n t i a l  d e c a y  i s  o b s e r v e d  a t  a l l  c o n c e n t r a t i o n s .  

T h e  o b s e r v e d  d e c a y  t i m e ,  Lt: , shown i n  f i g .  5, may be r e p r e -  
s e n t e d  b y  t h e  e q u a t i o n  

The DNA c o n c e n t r a t i o n  i s  d e n o t e d  b y  (DNA), and K - 1  i s  de- 
f i n e d  as t h e  DNA c o n c e n t r a t i o n  f o r  w h i c h  t h e  o b s e r v e d  decay  t i m e  is: 
t h e  a v e r a g e  o f  Tf and rb, where  tf and T b  a r e  t h e  l i f e -  - 
t i m e s  o f  f r e e  and bound  t r i p l e t s  r e s p e c t i v e l y .  

The f r a c t i o n  X of f r e e ,  unbound dye  m o l e c u l ~ e s  can  be e s t i -  
ma ted  f r o m  t h e  r e l a t i o n  , . 

and u t i l i z i n g  t h e  d a t a  shown f i g .  5.  The l i f e t i m e s  o f  t h e  
bound m o l e c u l e s  can  be e s t i m a t e d  f r om t h i s  f i g u r e  as w e l l  b y  con-  
s i d e r i n g  t h e  decay  t i m e s  i n  t h e  r e g i o n  of h i g h  D N A  c o n c e n t r a t i o n ,  
i n  w h i c h  a d d i t i o n a l  DNA ha,s no  h I g e r  any  i n f l u e n c e  on t h e  t r i p l e t  
l i f e t i m e  ( X j o ) .  .. . 

Based on t h e s e  r e s u l t s ,  i t  i s  l i k e l y  t h a t  m d l e c u l ' e s  such  as 
BPDE a l s o  b i n d  p h y s i c a l l y  t o  DNA and d i s s o c i a t e  f r om t h e i r  b i n d i n g  
s i t e s  a t  r a t e s  o f  t h e  o r d e r  o f  1 0 ~ s - l .  T h i s  w o u l d  e x p l a i n  how 
BPDE can f i r s t  b i n d  p h y s i c a l l y  t P  DNA b y  i n t e r c a l a t i o n ,  and how i t  
can s u b s e q u e n t l y  r e a c t  c o v a l e n t l y  a t  a n e x t e - r n a l  b i n d i n g  s i t e  ( s e e  
b e l o w ) .  We p r o p o s e  t o  c a r r y  o u t  e x p e r i m e n t s  a n a l o g o u s  t o  t h o s e  
shown i n  f i g .  5 f o r  BPDE and i t s  t e t r a 0 1  h y d r o l y s i s  p r o d u c t  as w e l l ,  
b u t  u s i n g  t r i p l e t  f l a s h  ~ h o t o l y s i s ,  s i n c e  B P D E  does . n o t  e x h i . b i t  
d e l a y e d  f l u o r e s c e n c e .  

2. T r i p l e t  f l a s h  p h o t o l y s i s . .  
We have i m p r o v e d  a  c o m m e r c i a l l y  a v a i l a b l e  f l a s h  p h o t o l y s i s  

a p p a r a t u s  (Xenon Corp . ) ,  t o  t h e  e x t e n t  ' t h a t  we can  d e t e c t  t r i p l e t  
e x c i t e d  s t a t e s  a t  c l o s e  t o  I O - ~ P I  c o n c e n t r a t i o n  o f  PAH m o l e -  
c u l e s .  U s i n g  a  20cm p a t h l e n g t h  c e l l ,  we c a n  d e t e c t  c h d n g e S  i n  
t r j n s m i t t a n c e  ( d u e  t o  t r a n s i e n t  t r i p l e t  e x c i t e d  s t a t e s )  as  s m a l l  as 
0.04%, w i t h  a  t i m e  r e s o l u t i o n  o f  h 2 O p s  . The . imp rovemen ts  con-  
s i s t e d  o f  t h e  f o l l o w i n g :  
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( 1 )  Extremely high stability monitoring 1 ight source. 
(2).1nstallation of high quality monochromator (McPhearson), 

baffles and lens systems to reduce stray light levels. 
(3) Signal averaging using a Biomation transient recorder 

coupled to a memory-scope (Didac). 
The purpose of monitoring the triplet excited states of PAH 

molecules bound to DNA is to obtain information on the mode of bind- 
ing, intercalative, or non-intercal at ive, to DNA. We have thus 
studied the triplet excited states of the following molecules bound 
to DNA, or, in appropriate'cases, as free molecules in solution: 

(1) Pyrene bound physically (non-covalently) to DNA. 
(2) The tetraol derived from BPDE bound physically to DNA. 
(3) Covalent adducts derived. from the reaction of BPDE with 

DNA (BPDE-DNA complex). 
The principle of the technique involves two factors: 
( I )  When pyrene, or the tetraol (BPT) derived from the 

hydrolysis of the diclepoxide BPDE, bind to DNA by a n  
intercalation mechanism, the triplets are completely 
quenched. Thus, intercalated pyrene-like chromophores do 
not give any flash photolysis signal. If ~ g +  ions are 
added (about 0.1 ion per DNA base pair),..the triplet . 

. signal due to these intercalated chromophores reappears . 

(54). .This is due to the heavy-atom effect exerted by 
silver ions, and the fact that silver ions, by binding to 
the DNA bases (guanine mostly), disrupt the quenching 
action of these bases. Thus, based on observations of 
this type, intercalation binding modes can be distin- 
guished from outside binding modes. 

( 1 1 )  Polycyclic aromatic molecules which are inter- 
calated, are less accessible to molecular oxygen, than 
those molecules which are bound to the outside of the 
DNA, or are free in solution. Since oxygen is an 
.effective quencher of triplet excited states, the 
lifetime of the triplets (7) is reduced in the presence . 

of oxygen (concentration n23) according to the Stern- 
. Volmer ,equation (3) w h e r e  To is the triplet lifetime ' 

when the oxygen concentration is zero, and K'is a 

constant whose value depends on the accessibility of 
the polycyclic molecule to oxygen. For intercalated polyclic aroma- 
tic coleculgs,  has a value of ~ 1 0 * M - ~ s - ~ ,  while for free i 

molecules K = (1-2) x I O ~ M - ~ S ' ~ ,  which is about ten times I 

larger. Using the. samples listed above, the followin? triplet 
lifetimes ( To) and Stern-Volmer quenching constants K were 
obtained: - , 

I ' 20 ,ms -b  - t  
'K(Os),M S. . 

BPT in cacodylate buffer,' 2 5 0 ~ )  3.1 1.2xlOY 
'BPT-DNA, Ph sical complex i 0.60 and 3.1 1. 1x109 
GPT-DNA + Ag physical complex .0.20 1 x 1 0 ~  
BPDE-DNA, covalent complex . 1.3 ' 1.2~109 
BPDE-DNA + A;, covalent 

1.3(no change) 1.2~109 
I 

complex I 



These results show that when either BPT or BPDE are bound to 
DNA,  the triplet lifetimes are decreased from about 3 to 1 ms. Fur- 
thermore, in the case of the physical BPT-DNA complexes, there are 
two components, the longer-one is due to uncomplexed BPT, while the 
shorter one is due to BPT bound to the outside of DNA (55); in the 
absence of silver, the intercalated BPT gives no triplet signal (to 
be described in detail in a forthcoming publication), while this 
signal reappears in the presence of A;. This intercalated 
species, in presence of A+ gives a quenching constant ~ e 1 0 8 ,  
as expected, while withou? silver ions only the free and outside- 

i bound BPT contribute to the triplet signal and exhibit a value of 
I 
I K % I O ~ M - ~ S - ~ .  In the case of the covalent BPDE-DNA complex, silver ions 

have no effect, and the oxygen quenching constant K zk 10914-1 
- 1 .  This result is consistent with the non-intercalation model 
of the covalent adduct. This result obtained from triplet flash 
photolysis is thus fully consistent with the data obtained from 
electric linear dichroism and fluorescence spectroscopy data which 
showed that the pyrene chromophore is located on the outside of the 
DNA helix, probably in the minor groove. 

3. Utility of Triplet-Probe Techniques. 
Finally, the triplet photolysis method gives complementary 

information to the data obtained from fluorescence spectroscopy. 
However, in the case of benzo(a)pyrene metabolic derivatives bound 
to DNA, the aromatic pyrene residue exhibits an unusually long 
fluorescence lifetime (100-200ns), and thus lends itself particu- 
larly well to fluorescence studies. In the case of other poly- 
cyclic hydrocarbons (e.g. benz(a)anthracene), the fluorescence 
liftime is much shorter, and thus fluorescence spectroscopy may not 
be as useful a tool as it turned out to be for BPDE and BPT. In 
such cases triplet-probe techniques will be able to provide the 
same kind of information about the binding mode of these polycyclic 
aromatic molecules to DNA. 

E. React,ion Mechanisms of BPDE with D.NA .. fluorescence techniques. 
Since last year we have' sought to- elucidate the reasons .for 

which BPDE binds covalently to the outside of DNA, rather than by an 
intercalation mechanism. For this r e a s o n  we have studied the reac- 
tion kinetics of BPDE with DNA under various reaction. conditions. in - 
vitro. We h a ~ e ~ u t i l i z e d  stopped-flow fluorescence and absorption 
.techniques i n  order to study the modes of reactions of BPDE in 
aqueous solutions in the absenxe and in the presence of DNA under 
physiological conditions of pH ( 27.0). T.his work. will now b.e 
summarized. 

1. Hydro1ys.i~ and covalent binding to DNA. BPDE is a diol 
epoxide' and is thus very unstable in aqueous solutions, particularly 
at low pH.- When BPDE is added to an aqueous buffer solution 0.f 
pH - 7.0.it hydrolyzes to its tetra01 (BPT);'this reaction is com- 
plete within 90 minutes in 5 '  m:.l s o d i u m ~ c a c ~ d ~ l a t e  buffer solution 
(p1.l - 7.1) at 25.OC. T h e .  hyd,rcSlysis reaction c a n  be conveniently 
monitored by fluorescence methods since BPT is fluorescent, while 
BPDE is not. In the presenc'e' of .DNA, BPDE can react covalently 
with D N A  as well. .Thus, hydrolysis and covalent binding constitute ; 
a. pair of competing reacti:on pathways. -:This .is summarized in Fig. 
6 beloc. 



~ F i g .  6 .  H y d r o l y s i s  and c o v a l e n t  b i n d i n g  r e a c t i o n  pa thways  o f  B P D E  
~ The B P T  t e t r a 0 1  i s  c h e m i c a l l y  i n e r t  and does  n o t  form.  a  chefl- 
i i c a l  bond w i t h  t h e  b a s e s  of D N A .  However, i t  does . b i n d  p h y s i c a 1 l . y  

( n o n - c o v a l e n t l y )  t o  D N A  by bo th  an i n t e r c a l a t i o n  ( s i t e  I )  and 3 n  I 

I 
I o u t s i d e  b i n d i n g  ( s i t e  1 1 )  mechanism. The a b s o r p t i o n  s p e c t r a  of B P T  

bound t o  D N A  a t  t h e s e '  s i t e s  ( F i g .  7 )  were deduced from a  ! 
I . combina t ion  of f l u o r e s c e n c e ,  a b s o r p t i o n  and e q u i l i b r i u m  d i a l y s i s  

methods ,  which a r e  d e s c r i b e d  i n  d e t a i l  e lsewhe're .  ( 5 5 ) .  A r e p r i n t  
I 

. o f  t h i s  paper  i s  a t t a c h e d .  - . . . . . . . . . 
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F i g .  7 .  A b s o r p t i o n  s p e c t r a  o f  BPT b o u n d  t o  DNA a t  s i t e  I ( i n t e r -  
c a l a t e d  t e t r a o l )  and s i t e  I I ( e x t e r n a l l y  b o u n d  t e t r a o l ) .  

T h e  s i t e  I 1  s p e c t r u m  d i s p l a y s  a  p e a k  a t  343  nm, a n d .  i s  i d e n t i -  
c a l  t o  t h e  a b s o r p t i o n  s p e c t r u m  o f  BPT d i s s o l v e d  i n  b u f f e r  s o l u t i o n  i n  
t h e  a b s e n c e  o f  DNA.  The  s i t e  I s p e c t r u m  i s  r e d - s h i f t e d  b y  1 0  nm a n d  
d i s p l a y s  a  peak  a t  3 5 3  nm. Such r e d - s h i f t s  a r e  c h a r a c t e r i s t i c  o f  . 
i n t e r c a l a t e d  PAH m o l e c u l e s .  I n  a d d i t i o n ,  we h a v e  shown ( 5 5 )  t h a t  t h e .  
f l u o r e s c e n c e  y i e l d  o f  BPT a t  s i t e  I i s  t o t a l l y  quenched,  w h i c h  i s  
a l s o  c h a r a c t e r i s t i c  o f  i n t e r c a l a t i o n  c o m p l e x e s .  BPT a t  s i t e  I 1  d i s -  
p l a y s - n o r m a l  f l u o r e s c e n c e  c h a r a c t e r i s t i c s  ( s i m i l a r  t o  t h e  f l u o r e s c e n c e  
i n  b u f f e r  s o l u t i o n  w i t h o u t  a n y  D N A  p r e s e n t ) .  

I n  F i g .  8 t h e  t i m e  c o u r s e  o f  t h e  t w o  d i f f e r e n t  r e a c t i o n s ,  
c o v a l e n t  b i n d i n g  o'f BPDE t o  DNA, a n d  h y d r o l y s i s  o f  BPDE t o  BPT m o n i -  
t o r e d  b y  t h e  f l u o r e s c e n c e  y i e l d  i n c r e a s e ,  a r e  shown f o r  d i f f e r e n t  c o n -  
c e n t r a t i o n s  o f  DNA. e 
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F i g .  6 ( A )  T ime c o u r s e  o f  c o v a l e n t .  b i n d i n g  o f  BPDE t o  DNA, as  
m e a s u r e d  b y  a b s o r b a n c e  a t  3 4 5  r im ( a f t e r  t h o r o u g ' h l y  
e x t r a c t i n g  t h e  DNA m i x t u r e  w i t h  o r g a n i c  s o l v e n t s ,  ~ 
o n l y  c o v a l e n t l y  bou'nd PAH p r o d u c t s  r e m a i n ) .  
CDNA~ 2.1 x l o - 3 ~ .  

( B )  H y d r o l y s i s  o f  BPDE ( n o n - f  l u o r e s c e n t )  t o  B P T  ( f  l c o r -  . . 
- e s c e n t ) - r e l a t i v e  f l u o r e s c e n c e  i n t e n s i t  as  a  f u n c -  

t i o n  o f  t i m e ;  ( a )  ~ D N A ~  = 0; ( b )  mNA{ = 
7 . 6  x  1 0 ~ ~ 1 ;  ( c )  @NA] = 1.52 x  1 0 - 3 ~ .  A t  t - 0 ,  
BPDE i s  m i x e d  i n t o  t h e  DNA s o l u t i o n s .  

A S  i s  e v i d e n t ,  i n  t h e  absence O f  UNA, B P D E  p e r s i s t s  f o r  more  
. t h a n  7 0  m i n u t e s .  I n  t h e  p r e s e n c e  o f  DNA, h o w e v e r ,  t h e  d e c o m p o s i t i o n  

o f  BpDE i s  m a r k e d l y  a c c e l e r a t e d .  H y d r o l y s i s  i s  c o m p l e t e  w i t h i n  l e s s  
. . I 



t h a n  two m i n u t e s ;  t h e  c o v a l e n t  b i n d i n g  i s  c o n s t a n t  a f t e r  two m i n u t e s ,  
o r  more,  showing t h a t  a f t e r  t h i s  t ime  i n t e r v a l  t h e r e  i s  no l o n g e r  any  
d i o l  epox ide  p r e s e n t .  A t  O ° C ,  bo th  t h e  h y d r o l y s i s  and t h e  c o v a l e n t  
b i n d i n g  r e a c t i o n s  a r e  s u f f i c i e n t l y  s lowed down ( t h e  r e a c t i o n  r e a c h e s  
i t s  1 i m i t . i n g  v a l u e  a f t e r  7  m i n u t e s )  s o  t h a t  t h e  r a t e  of f l u o r e s c e n c e  
i n c r e a s e  and t h e  t i m e  dep.endence of t h e  c o v a l e n t  b i n d i n g  can be com- 
p a r e d .  A t  t h i s  lower t e m p e r a t u r e  t h e r e  i s  indeed  a  d i r e c t  r e l a t i o n -  

' s h i p  between t h e s e  two q u a n t i t i e s ,  c o n f i r m i n g  t h e  above c o n c l u s i o n  
t h a t  t h e  f l u o r e s c e n c e  y i e l d  i s  an i n d i r e c t  i n d i c a t i o n  of t h e  amount 
of u n r e a c t e d  B P D E  r e m a i n i n g ;  when t h i s  y i e l d  r e a c h e s  i t s  maximum 
v a l u e  a f t e r  some t i m e ,  t h e  c o n c e n t r a t i o n  of  B P D E  i s  z e r o .  

The e l e c t r i c  l i n e a r  d i c h r o i s m  s p e c t r a  ( A A )  of t h e  r e a c t i o n  
m i x t u r e  b e f o r e  e x t r a c t i o n .  w i t h  an o r g a n i c  s o l v e n t  ( n e g a t i v e  A A ,  s o l i d  
l i n e ) ,  and a f t e r  e x t r a c t i o n  ( p o s i t i v e  A A ,  dashed  l i n e ) ,  a r e  shown i n  

, . . . .  F i g .  9 .  . . 

,, WAVELENGTH. nm 

F i g .  9 .  E l e c t r i d  1  i n e a r  d i c h r b i s m  s p e c t r a  - o f  aqueous B P D E - D N A  
aqueous s o l u t i o n s  a t  e q u i l i . b r i u m .  , b e f o r e  ' e x t r a c t i o n ,  
w i th  o r g a n i c  s o l v e n t s ,  A A  < 0 ,  due t o  p h y s i c a l  l y '  bound 
t e t r a 0 1  s m o s t l y ;  - - -  a f t e r  e x t r a c t i o n ,  A A  > O . d u e  t o  
' c o v a l e n t l y  bound B P D E  on ly .  .. 

E x t r a c t i o n  of t h e  aqueous . r e a c t i o n  m i x t u r e  w i t h  an o r g a n i c  s o l -  
v e n t  ( e t h e r )  removes a l l  of t h e  p h y s i c a l l y  bound P A H  m o l e c u l e s ,  s o  t h a t  
o n l y  c o v a l e n t l y  bound p . roducts  remain a f t e r  t h e  e x t r a c t i o n .  I t  i s  
shown i n  d e t a i l  e l s e w h e r e  ( .37)  t h a t  A A  i s  n e g a t i v e  f o r ,  i n t e r c a l a t i o n .  

. c o m p l e x e s  ( b i n d i n g  s i t e  I ) , ,  and i s  p o s i t i v e  f o r  e x t e r n a l  ' b i n d i n g  s i t e  
( 1 1 ) .  F i g u r e  9 t h u s  . d e m o n s t r a t e s  t h a t  t h e  B P T  ' t e t r a o l s  bind p r e f e r -  
a b l y  by an i n t e r c a l a t i o n  mechanism, a  f a c t  which h.as been v e r i f i e d  
(55), and t h a t  t h e  c o v a l e n t  adduc t  has  a  s i t e  I 1  ( e x t e r n a l )  conformz-  
t i o n .  

We now r e t u r n  t o  t h e  q u e s t i o n  of t h e  a c c e l e r a t e d  d e c o m p o s i t t o n  
of  B P D E  i n  t h e  p r e s e n c e  of D N A ,  shown i n  F i g .  8 ( I B ) .  One migh t  
s u p p o s e  t h a t  t h i s  a c c e l e r a t e d  r e a c t i o n  r a t e  of B P D E  i n  t h e  pr ' esence  of 



a . . 
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DNA i s  due t o  t h e  c o v a l e n t  r e a c t i o n  o f  B ~ ~ E w i t h  DNA, a  r e a c t i o n  p a t h -  
way w h i c h  i s  n o t  a v a i l a b l e  i n  a  DNA- f ree  b u f f e r  s o l u t i o n .  However,  
we have  shown t h a t  o n l y  7 %  o r  l e s s  o f  t h e  B P D E  i n i t i a l l y  added t o  t h e  
DNA s o l u t i o n s  r e a c t s  c o v a l e n t l y  w i t h  t h e  bases.  Thus, t h e  p r i m a r y  
e f f e c t  o f  t h e  DNA i s  t o  c a t a l y z e  t h e  i3PDE t o  i t s  t e t r a 0 1  BPT; i f  i t  
were  n o t  f o r  t h i s  r e m a r k a b l e  c a t a l y t i c  e f f e c t ,  t h e  r e a c t i v i t y  o f  BPDE 
w i t h  DNA b y  c o v a l e n t  bond f o r m a t i o n  m i g h t  be  c o n s i d e r a b l y  more e x t e n -  
s i v e  t h a n  t h e  0.07-0.25% m o d i f i c a t i o n  l e v e l s  o b t a i n e d  i n  t h e  e x p e r i -  
men ts  o f  F i g .  8A ( I  m o d i f i c a t i o n  r e f e r s  t o  t h e  p e r c e n t a g e  o f  t h e  DNA 

' b a s e s  w h i c h  have r e a c t e d  w i t h  B P D E  b'y c o v a l e n t  bond f o r m a t i o n ) .  
I n  o r d e r  t o  g a i n  i n s i g h t  i n t o  t h e  mechanisms o f  c o v a l e n t  b i n d -  

i n g  o f  BPDE t o  DNA, and o f  t h e  c a t a l y t i c  e f f e c t  o f  DNA on t h e  h y d r o -  
l y s i s  o f  BPDE, we s t u d i e d  t h e  dependence o f  t h e s e  p r o c e s s e s  o n  D N A  
c o n c e n t r a t i o n .  However, s i n c e  t h e  l i f e t i m e  o f  B P D E  i n  t h e  p r e s e n c e .  
o f  D N A . i s  l e s s  t h a n  a  f e w  m i n u t e s  ( F i g .  8 8 )  we u t i l i z e d  a  s t o p p e d - .  
f l o w  r a p i d  m i x i n g  a p p a r a t u s  t o  s t u d y  t h e  r e a c t i o n  k i n e t i c s .  I 

- 2. R a t e s  o f  h y d r o l y s i s  o f  BPDE as a  f u n c t i o n  o f  DNA concen -  
t r a t i o n .  S i n c e  t h e  appearance  o f  BPT due t o  h y d r o l y s i s  o f  BPDE g i v e s  
r i s e  t o  an i n c r e a s e  i n  t h e  f l u o r e s c e n c e  y i e l d ,  we measured  the hydr .01-  
y s i s  r a t e  o f  B P D E  b y  means o f  t h e  f l u o r e s c e n c e  s t o p p e d  f l o w  t e c h n i q u e .  
I n  t h i s  method,  t w o  s o l u t i o n s ,  one c o n t a i n i n g  i3PDE o n l y  ( i n  b u f f e r ) ,  
and t h e  o t h e r  one c o n t a i n i n g  D N A  o n l y ,  a r e  m i x e d  r a p i d l y  b y  a  s p e c i a l  
h y d r a u l i c a l l y  o p e r a t e d  p l u n g e r  a p p a r a t u s  (Aminco-Bowman).  S i n c e  t h e  
m i x i n g  t i m e  i s  a b o u t . 5  ms, t h e  r e a c t i o n  can be f o l l o w e d  a t  l o n g e r ,  
t i m e s  o n l y .  A t y p i c a l  s e t  o f  r e s u l t s  w h i c h  a r e  o b t a i n e d  a t  d i f f e r e n t  
DNA c o n c e n t r a t i o n s '  a r e  shown i n  Fig.. 10. . . 



F i g .  10. . R a p i d  mix ing  s t o p p e d - f l o w  f l u o r e s c . e n c e  e x p e r i m e n t s .  Two 
s o l u t i o n s ,  one c o n t a i n i n g  B P D E  i n  b u f f e r  o n l y ,  t h e  o t h e r  
c o n t a i n i n g  D N A  i n  b u f f e r ,  a r e  r a p i d l y  mixed a t  t = 0. As 
B P D E  i s  hydrol 'yzed t o  B P T  t h e  f l u o r e s c e n c e  i n t e n s i t y  
i n c r e a s e s .  Note t h e  c o m p a r a t i v e l y  low r a t e  of h y d r o l y s i s  
a t  z e r o  D N A  c o n c e n t r a t i o n  ( f r e s h  B P D E  sample,  s e e  t e x t )  

T h e . i n i t i a 1  f a s t  r i s e  a t ' t  =, 0  i s  due t o  t h e  p r e s e n c e  of B P T  
. (due  t o  p a r t i a l l y  h y d r o l y z e d )  B P D E  i . n  o u r  samples  even b e f o r e  mixing.. . 

B P D E  i s  d i f f i c u l ' t  t o  s t o r e  i n  s t a b l e  form and h y d r o l y z e s  t o  t e t r a o l s  
g r a d u a l l y  upon s t a n d i n g .  The i n c r e a s e  i n  t h e  f l u o r e s c e n c e  s i g n a l  f o r  
t > o  i s  due t o  f u r t h e r  h y d r o l y s i s  of B P D E  t o  B P T  c a t a l y z e d  by D N A .  
These r a t e s  a r e  no t  a f f e c t e d  by t h e  p r e s e n c e  of h y d r o ' l y s i s  p r o d u c t s .  
When f r e s h l y  p r e p a r e d  s a m p l e s  of B P D E  a r e  u s e d ,  t h e  i n i t i a l  f l u o r e s -  
cence  y i e l d  a t  t = 0 i s  n e g l i g i b l e  ( a s  i n d i c a t e d  by  the[^^^]= 0  c u r v e  
i n  F i g .  10') .  

As s u g g e s t e d  a l r e a d y  by t h e  s i m i l a r  ( b u t  s lower  m i x i n g  t i m e ! )  
e x p e r i m e n t s  i n . F i g .  86, t h e  t i m e  r e q u i r e d  f o r  comple te  h y d r o l y s i s  of 
B P D E  d e c r e a s e s  w i t h  i n c r e a s i n g  D N A  c o n c e n t r a t i o n .  The s t e a d y - s t a t e  
f l u o r e s c e . n c e  l e v e l  d e c r e a s e s  w i t h  i n c r e a s i n g  D K A  c o n c e n t r a t i o n  a s  
w e l l ;  t h i s  p a r t i c u l a r  r e s u l t  i s  e a s i l y  u n d e r s t o o d  i n  view of o u r  p r e -  
v ious  f i n d i n g s  t h a t  when B P T  b inds  t o  D N A  by i n t e r c a l a t i o n  ( s i t e  I ) ,  
i t s  f l u o r e s c e n c e  i s  comple te , ly  quenched.  ( 5 5 ) .  Thus,  D N A  c a t a l y z e s  t h e  
h y d r o l y s i s  of B P D E  t o  B P T ,  which s u b s e q u e n t l y  b i n d s  t o  D N A  and which 
then  g i v e s  r i s e  t o . t h e  d e c r e a s e d  f l u o r e s c e n c e  y i e l d .  As t h e  D N A  con- 
, c e n t r a t i o n  i s  i n c r e a s e d ,  l e s s  f r e e ,  f l u o r e ' s c e n t  B P T  i s  p r e s e n t .  

The slow phase  of t h e  f l u o r e s c e n c e  r a t e  i n c r e a s e  f o l l o w s  f i r s t -  
o r d e r  k i n e t i c s ,  and t h e  r a t e  c o n s t a n t  i s  ' d e p e n d e n t  on t h e  D N A  concen-  
t r a t i o n  ( F i g . . l l ) ;  i t  i s  t h e r e f o r e  a  p s e u d o - f i r s t - o r d e r  . r a t e  c o n s t a n t .  
The shape  of t h i s  c ,urve i s  such  t h a t  t h e .  r a t e  c o n s t a n t  r e a c h e s  a  con-  
s t a n t  v a l u e  a t  D N A  c o n c e n t r a t i o n s  of 2 7 . 5  x 10-41v1. 

The shape  of t h i s  c u r v e  i s  r e m i n i s c e n t  0.f a  b i n d i n g  c u r v e  i n  
which t h e  c o n c e n t r a t i o n  of bound a d d u c t s ,  C b ,  v a r i e s  w i t h  D N A  con- ,  
c e n t r a t i o n  a s  f o l l o w s :  

where C, i s  t h e  t o t a l  amount of l i g a n d  p r e s e n t  (bound p l u s  unbound) ,  
and K i s  t h e  e q u i l i b r i u m  c o n s t a n t .  



F i g .  11 .  Dependence  o f  p s e u d o - f i r s t - o r d e r  r a t e  c o n s t a n t  ( K )  on D N A  
c o n c e n t r a t i o n .  DNA-cata lyzed h y d r o l y s i s  o f  B P D E  t o  i t s  
t e t r a 0 1  6PT. ( D a t a '  f r o m  e x p e r i m e n t s  . . a s  shown i n  Fi.g. 1 0 ) .  

We t h u s  c o n c l u d e  t h a t  t h e  h y d r o l y s i s  r e a c t i o n  ( F i g .  8B) i s .  
m e d i a t e d  by a  complex  f o r m a t i o n  be tween  D N A  and B P D E  , which  t h e n ,  
r e s u l t s  i n  t h e  h y d r o l y s i s  of  t h e  l a t t e r  t o  B P T . -  

T h i s  c o n c l u s i o n  s u g g e s t s  t h a t  a d d i t i o n a l  i n f o r m a t i o n  m i g h t  , b e  
o b t a i n e d  by u t i l i z i n g  t h e  s t o p p e d - f l o w  a p p a r a t u s  i n  t h e  a b s o r p t i o n  
mode. . 

3 .  P h y s i c a l  b i n d i n g  of  B P D E  t o  D N A  by i n t e r c a l a t i o n .  We have  
shown t h a t  t h e  t e t r a o l  B P T ,  when i t  p h y s i c a l l y  b i n d s  t o  D N A  by i n t e r -  
c a l a t i o n ,  d i s p l a y s  a  r e d - s h i f t e d  a b s o r p t i o n  m,aximum a t  353 nm.  I t  i s  
r e a s o n a b l e  t o  s u p p o s e  t h a t  t h e  d i o l  e p o x i d e  m i g h t  a l s o  b i n d  p l i y s i c a l l y  

t o  D N A  by s u c h  an i n t e r c a l a t i o n  mechanism,  even  t hough  c o v a l e n t  b i n d -  
i n g  d o e s  n o t  o c c u r  a t  s u c h  s i t e s  ( I ) .  . 

We have  measu red  t h e  r a t e  o f a p p e a r a n c e  of t h e  a b s o r b a n c e  peak 
a t  353 nm a s  a f u n c t i o n  of  t i m e  i n  o u r  s t o p p e d - f l o w  a p p a r a t u s .  The 
r e s u l t s  a r e  shown i n  F i g .  12 .  

. . 



F i g .  12 .  Appearance  o f  abso rbance  a t  353 nm (A353)  due t o  i n t e r -  
c a l a t i o n  o f  e i t h e r  t h e  d i o l  e p o x i d e  (BPDE) o r  i t s  t e t r a 0 1  
(BPT) i n  s e p a r a t e  m j x i n g  e x p e r i m e n t s  = 0 ) .  concen -  
t r a t i o n  o f  BPDE and BPTz3.5 x  1 0 - 6 ~ ;  = .1.5 x  
10-414. 

W i t h i n  5  ms o f  t h e m i x i n g  t i m e ,  t h e r e  i s  a  r a p i d  i n c r e a s e  i n  
a b s o r b a n c e  a t  353 nm, . f o l l o w e d  b y  a  s m a l l  b u t  d e f i n i t e  d e c r e a s e  w h i c h  
l e v e l s  o f f  a t  a b o u t  20 -30  sec .  T h i s  s l o w  phase  i s  r e m i n i s c e n t  o f  t h e  
one o b s e r v e d  i n t h e  t i m e  dependen t  f l u o r e s c e n c e  c u r v e  ( t o p  c u r v e  i n  
F i g .  1 0 ) .  The r a p i d  phase  i s  due t o  t h e  r a p i d  i n t e r c a l a t i o n  o f  BPDE 
i n t o  D N A .  I n  t h e  c a s e  o f  BPT o n l y  t h e  f a s t  i n t e r c a l a t i o n  phase i s  
o b s e r v e d ,  w h i l e  t h e  s l o w  phase  i n  t h e  B P D E  c u r v e  i s  due t o  t h e ,  con-  
v e r s i o n  o f  aPDE t o  BPT. I t  appea rs  f r o m  F i g .  1 2  t h a t  BPDE b i n d s  m.ore 
s t r o n g l y  t o  DNA t h a n  BPT, s i n c e  t h e  same c o n c e n t r a t i o n s  were u s e d  f o r  
b o t h  m o l e c u l e s  ( t h e  e x t i n c t i o n  c o e f f i c i e n t s  o f  BPT and BPDE a r e  t h e  
same w i t h i n  5%). 

'The r e s u l t s  shown i n  F i g .  12 i n d i c a t e  t h a t  b i n d i n g  o f  b o t h  
BPT and BPDE o c c u r  on  t i m e s c a l e s  f a s t e r  t h a n  5 ms. 

The dependence on D N A  c o n c e n t r a t i o n  o f A 3 5 3  i n  t h e  BPDE-DNA 
m i x i n g  e x p e r i ' m e n t  o f  F i g .  12 has a l s o  been s t u d i e d ,  and t h e  r e s u l t s  
a r e  shown i n  F i g .  13. . .  . 
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13. i n t e r c a l a t i o n  o f  BPDE i n t o  D N A  as m o n j t o r e d  b y  
ance o f  t h e  a b s o r p t i o n  a t  353 nm (A353)  as a  f u  
DNA c o n c e n t r a t i o n s . '  ( S t o p p e d - f l o w  a b s o r p t i o n  e  

t h e  a p p e a r -  
n c t i o n  o f  . 
x p e r i m e n t ) .  

Aga in ,  t h e  shape' o f  a  t y p i c a l  comp lex  f o r m a t i o n  c u r v e  ( e q u a t i o n  
( 4 ) )  i s  a p p a r e n t ,  e x h i b i t i n g  t h e  t y p i c a l  s a t u r a t i o n  b e h a v i o r  a t h i g h  
DNA c o n c e n t r a t i o n s .  

4. C o v a l e n t  b i n d i n g  o f  B P D E :  c o n c e n t r a t i o n  depe'ndence. B o t h ,  
t h e  s l ow  a n d  t h e  f a s t  h y d r o l y s i s  niechanisms ,of B P D E  c a t a l y z e d  b y  D N A .  
appear  t o  be m e d i a t e d  by p h y s i c a l  comp lex  f o r m a t i o n  be tween  B P D E  and 

DNA. I t  i s . t h e r e f o r e  o f  i n t e r e s t  t o  e s t a b l i s h  t h e D N A  c o n c e n t r a t i o n  
dedendence o f  t h e  f o r m a t i o n  o f  t h e  c o v a l e n t  adduc t .  A t y p i c a l  r e s u l t  
i s  shown i n  F i g .  14. 6 .  



F i g .  14 .  E x t e n t  of c o v a l e n t  b i n d i n g  .of B P D E  ( a s  measured by t h e  ab 
s o r b a n c e  maximum a t  345nm of t h e  c o v a l e n t l y  bound 
BPDE.moeit'y, A345) a s  a  f u n c t i o n  of D N A  c o n c e n t r a t i o n  

While t h e  e r r o r  b a r s  i n  t h i s  e x p e r i m e n t .  a r e  q u i t e  l a r g e ,  i t  
a p p e a r s  t h a t  s a t u r a t i o n  of b i n d i n g  d o e s  o c c u r  a t  h igh  c o n c e n t r a t - i o n .  
T h i s  i s  not t o o  d i f f e . r e n t  f rom t h e  p h y s i c a l  i n t e r c a l a t i o n  b ind ing .  
c u r v e  o f  F ig .  11: Thus p h y s i c a l  b i n d i n g  of B P D E  p r e c e d e s  c o v a l e n t  
bond f o r m a t i o n .  

F .  C o n c l u s i o n s  . . 

One h y p o t h e s i s  f o r  t h e  mechanism of c o v a l e n t  r e a c t i o n  between 
B P D E  and D N A  . is  t h a t  t h i s  p r o c e s s  i s  preceded by i n t e r c a l a t i o n ,  i . e .  
a n o n - c o v a l e n t  complex f o r m a t i o n .  I f  t h i s  i s  t h e  c a s e ,  i t  i s  no t  
c l e a r  how t h e  c o v a l e n t  adduc t  which i s  s u ' b s e q u e n t l y  fo rmed ,  \.rinds u p  
a t  t h e  e x t e r n a l  b i n d i n g  s i t e  a s  i s  o b s e r v e d  e x p e r i m e n t a l l y .  A more 
a t t r a c t i v e  h y p o t h e s i s  i s  t h a t  when 8PDE i s  r a p i d l y  mixed .  w i t h  D N A ,  
n o n - c o v a l e n t  b i n d i n g  o c c u r s  a t  bo th '  s i t e s  I ( i n t e r c a l a t i o n )  a n d  
s i t e  I 1  ( e x t e r n a l ) ;  r a p i d  h y d r o l y s i s  ..to. B P T  o c c u r s  a t  s i t e  I  w i t h o u t  
' c o v a l e n t  bond f o r m a t i o n ,  whi l e  cov 'alent '  a d d u c t  f o r m a t i o n  o c c u r s  a t  

. s i t e  11.  ' The r e a s o n s  f o r  t h e s e  d i f f e r e n c e s  may w e l l  be due t o  s t e r e o -  
. s e l e c t i v e  f . a c t o r s  f o r  t h e s e  two t y p e s  of b i n d i n g  s i t e s .  I t  i s  e v i d e n t  
t h a t  a d d i t i o n a l  in fo r ,ma t ion  w i l l  be r e q u i r e d .  f o  d i f f e r e n t . i a t e  between 
t h e s e .  t w o  p o s s i b i l i t i e s . '  
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