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In t roduct ion 

Benzo(a)pyrene [B(a)P] i s  a ubiquitous environmental po l lu tan t  and i t s  

tox ic ,  mutagenic, and carcinogenic e f f e c t s  a r e  a consequence of the .metabo l ic  

1- 4 conversion t o  r e a c t i v e  in termedia tes  by t h e  mixed funct ion oxidase system . 
These r e a c t i v e  metaboli tes  of B(a)P a r e  capable of i n t e r a c t i n g  with n u c l e i c  

. . 
ac ids  and c e l l u l a r  p r o t e i n s  5-9. Although the  i n t e r a c t i o n  of these  carcinogens . . 

with  any of the  c e l l u l a r  conponents may eventual ly  l ead  t o  tumor formation, 

i t  i s  cur ren t ly  thought t h a t  a covalent DNA-B(a)P adduct may be  one of t h e  

5,9 primary events i n  t h e  i n i t i a t i o n  process of carcinogenesis  . 
I n  recent  s t u d i e s  the  u l t ima te  carcinogenic form of B(a)P appears t o  be  

t h e  (+)7B,8a-dihydroxy-9a, 10a-epoxy-7,8,9,10-tetrahydro benzo(a)pyrene 

[ (+) B (a)P d i o l  epoxide-anti] B(a)P d i o l  epoxide has been shown t o  form 

covalent adducts with RNA and DNA i n  v i t r o  and i n  vivo, and t h e  major adduct 

2 i s o l a t e d  was N (7,8 ,9-dihydroxy-7, 8,9, 10-tetrahydro benzo (a)pyrene-10-yL) 

guanine nucleoside. Other covalent  adducts have now been i s o l a t e d  and character ized 

7 
involving deoxyadinine, deoxycytidine, l7 and t h e  N p o s i t i o n  of deoxy- 

guanine 18. Covalent binding of carcinogens t o  DNA has  been shown t o  

19,20 
d e s t a b i l i z e  the  DNA and i n t e r f e r e  with DNA dependent t r a n s c r i p t i o n  i n  v i t r o  

However, s i n c e  eukaryot ic  DNA i s  associa ted  with h i s tones ,  which a r e  

responsible  f o r  packaging t h e  DNA i n t o  d i s c r e t e  subuni ts  c a l l e d  nucleosomes 
21-26, 

t h e  binding of carcinogens t o  chromosomal DNA may be sub jec t  t o  a d d i t i o n a l  

cons t ra in t s .  Nucleosomes i n  a l l  eukaryotes examined t o  d a t e  conta in  140. 

basepa i r s  of DNA'which a r e  wrapped around a h i s tone  core ,  conta in ing two of 

each H2A, H2B, H3, H4. A t  t h e  primary 1 e v e l . o f  organizat ion t h e  nucleosomes 



a r e  arranged l i k e  beads on a str ing2' ,  each nucleosome is connected t o  t h e  next  

one by a spacer  region,  consis t ing  of DNA which is  var iab le  i n  length  and seems 

t o  have h i s tone  H 1  and some non-histones a s s o c i a t e d  with i t  34 . '  Recent. 

evidence has .; :.:,. shown t h a t  t h e  binding of carcinogens t o  chromatin i s  'not  

uniformly d i s t r i b u t e d  27,28 . However, s i n c e  current  da ta  suggests  t h a t  

nuclease d iges t ion  may d i f f e r e n t i a l l y  hydrolyse DNA of "active" and "inactive" 

chromatin 34s26 ?35; these  r e s u l t s  should be c a r e f u l l y  evaluated. V e  have 

therefore  s tud ied  t h e  i n  v i t r s  intcractTo11 of B(a)P dio l ' epox ide  ( a n t i )  wi th  

chicken e ry th rocy te  chromatin. Chicken erythrocyte  chromatin was chosen s i n c e  

i t  has been w e l l  character ized,  it i s  an example of i n a c t i v e  genome and t h e  . . 

30 i n t e r  nucleosomal spacer DNA i s  r a t h e r  constant  containing 60-70 basepai rs  . 
Consequently t h e  binding of a compound t o  nucleosomal and internucleosomal 

DNA can be more p r e c i s e l y  quant i ta ted .  

Our s t u d i e s  have revealed t h a t  t h e  binding of B(a)P d i o l  epoxide ( a n t i )  

with chromosomal DNA appears t o  involve i n t e r c a l a t i o n  and covalent binding. 

This r eac t ion  can be d i f f e r e n t i a l l y  i n h i b i t e d  by. a .competing nucleophile such 

a s  cys te ine .  Analysis of t h e  d i s t r i b u t i o n  of t h e  carcinogen t o  mononucleosomes 

(vl) and dinucleosomes (v2) revealed t h a t  t h e  internucleosomal DNA bound 3-4 

times more carcinogen than t h e  nucleosomal DNA. Furthermore, d i s s o c i a t i o n  of 

labeled  chromatin showed t h a t  t h i s  r a t i o  i s  no longer de tec tab le  a f t e r  re- 

cons t i tu t ion .  



, '  

Mater ia ls  and Methods 

prepara t ion of carcinogen labeled  nuc le i ,  chromatin and nucleosome. 

Chicken erythrocyte  n u c l e i  were i s o l a t e d  from e i t h e r  f r e s h  o r  frozen 

chicken blood 29. The nuclear  suspension was d i l u t e d  with i s o l a t i o n  b u f f e r  

[ l o  mM ~ r i s  (2H 7.0) , 10 mM NaC1, 3 mMgC12, .0.5% NP-401 t o  contain 1.4 x 10 9 

nuclei /ml,  i n  1.0 mM CaC12, 0 .1  mM phenylmethanesulfonylfluoride (PMSF) . 
Micrococcal nuclease (60 uni ts lml)  was added, and the  d iges t ion  a t  37OC was . . 

stopped a f t e r  I 0  min by t h e  add i t ion  of EDTA (10 mEf f i n a l ' c o n c e n t r a t i o n ) .  The 

digesced nuclear  suspension was dialyzed f o r  24 h with t h r e e  changes of 0.2 mM 

EDTA (pH 7.0), 0.1 PMSF. The lysed nuclear  suspension was cent r i fuged a t  

10,000g f o r  10 min a t  4OC. The supernatant  containing s o l u b i l i z e d  chromatin 

was concentrated on a Amicon UM 10 membrane, and f u r t h e r  p u r i f i c a t i o n  was 

achieved by cen t r i fuga t ion  through sucrose gradients  (Fig. 3 ) .  Chromatin from 
i... 

f r a c t i o n s  41-54 (Fig. 3) was pooled and dialyzed a g a i n s t  10 mEI T r i s  (pH 7.0), 

:L4 0.1 mM P3SF a t  4OC f o r  12 h. It was then ' reacted  wi th  [. C] ( 2 )  t r a n s  7~,8a-dihydroxy- 

9a, 10a-epoxy-7, 8,9 ,lo-tetrahydrobenzo ( a p r e n e  - ( s p e c i f i c  a c t i v i t y ,  29.4 mCi/mmol) 

a t  37OC f o r  30 min under yellow l i g h t .  The reac t ion  mixture was subsequently 

dialyzed a g a i n s t  0.2 mM EDTA (pH 7.0) ,  0 .1  rnM PMSF a t  4OC f o r  48 h wi th  four  

b u f f e r  changes. The f i n a l  d i a l y s i s  s t e p  w a s  agafns t  10  &I T r i s  (pH 7.0), 0.1 mM 

PMSF. The d i a l y s a t e  conta in ing oligonucleosomes (vn) was made 3 mM CaC12 and 

rediges ted  with n icrococcal  nuclease (60 u/ml) f o r  5 min . a t  37OC. Nucleosome 

monomers (vl)  and dimers (v2) were i s o l a t e d  a f t e r  cen t r i fuga t ion  through sucrose 

g rad ien t s  (Fig. 4) .  The p u r i f i e d  v l  and v2 were d ia lyzed a g a i n s t  0 . 2 , ~ y  EDTA 

(pH 7.0), 0 .1  mM PMSF, and t h e i r  s p e c i f i c  a c t i v i t y  was, determined. 

Binding of B(a)P i n  t h e  presence of cys te ine .  

Chicken erythrocyte  DNA, chromatin and~mononucleosomes were d issolved i n  

100 mM T r i s  (pH 7.0) , 0.1 mM PMSF and 0.14 M KCL conta in ing a v a r i a b l e  amokt  of 



cyste ine .  (+) B(a)P d i o l  epoxide ( a n t i )  was added and t h e  reac t ion  mixture 

was dialysed a s  described above. The s p e c i f i c  a c t i v i t i e s  of non d i a l ~ s a b l e  

mate r i a l  are shown i n  Fig. I1 (closed symbols). Since chromatin p r e c i p i t a t e d  

i n  t h e  presence of 0.2 MKCL t h e  above reac t ion  was repeated i n  t h e  absence of 

KCL. Under these  condit ions chromatin remained so lub le  (Fig. 11, op.en symbols) . . 

P u r i f i c a t i o n  of DNA. 

Chromatin, v l  and vp were repeatedly ex t rac ted  wi th  phenol:chloroform 

( 1 1  v )  folrowed by chloroform and e t h e r  ex t rac t ions .  The p u r i f i e d  DNA 

was p r e c i p i t a t e d  wi th  e thanol  a t  -20°C. The d r ied  DNA p e l l e t  was d issolved 

i n  0.2 mM EDTA (pH 7.0) . A known volume (0.1 m l )  was r o u t i n e l y  d issolved i n  

10 m l  Aquasol (New England Nuclear) and the  r a d i o a c t i v i t y  was determined, using 

a  Packard (Model 3385) s c i n t i l l a t i o n  counter. 
, '. 

I 
P u r i f i c a t i o n  of h i s t m e  core coiuplex. 

For the  i s o l a t i o n  of h i s tone  core complex, p u r i f i e d  chicken erythrocyte  

n u c l e i  were labeled  with ( 2 )  B(a)P d i o l  epoxide i n  t h e  i s o l a t i o n  b u f f e r  (see 

above). This r eac t ion  mixture was extens ively  d ia lysed aga ins t .0 .2  mM EDTA 

(pH 7.0), 0 .1  mM PMSF. The subsequent chromatin suspension was made 2.0 M 

NaCl by slow add i t ion  of s o l i d  NaCl with g e n t l e  mixing. The r e s u l t i n g  viscous 

s o l u t i o n  was l e f t  f o r  12 hours a t  4.0°C and centr i fuged i n  a Beckman 50 T i  

r o t o r  a t  48,000 rpm f o r  12 hours. The p e l l e t  ( i . e .  DNA and r e s i d u a l  p ro te ins )  

was s o l u b i l i z e d  i n  0.2' mM EDTA (pH 7.0) , and t h e  DNA was p u r i f i e d  a s  described 

above. The supernatant  so lu t ion  containing h i s tones  and some non-histone 

p ro te ins ,  was concentrated by vacuum d i a l y s i s .  The core h i s t o n e  p r o t e i n s  

(H2A, H2B, H3, and H4) were p u r i f i e d  by cen t r i fuga t ion  th rough 'a  5-20% l i n e a r  

sucrose g rad ien t  conta in ing 2.0 M NaC1, 10 mN T r i s  (pH 7.2); and 0 . 1  mM 

d i t h i o t h r e o t o l  (DTT) f o r  44 hours a t  50,000 rpm i n  an SW 50.1 r o t o r  a t  40c4'. 



The'histone core was isolated and the specific activity was determined by 

use of the value E 0.1% 2 30 (lcm) 
= 4.2. 

Reconstitution of carcinogen chromatin complex 

Chromatin was isolated, labeled and dialysed as described above except 

3 that in this experiment [ H] (f)B(a)P diol epoxide (anti) (S.A 269mCi/mmole) 

was used. Aliquots of labeled chromatin were made, 0.65 M and 2.0 M in NaCl . 

concentration, by slow addition of solid NaC1. Reconstitution was achieved 

by stepwise dialysis for at least four hours against: A) 2.0 M NaC1, 0.1 ~ $ 4  DTT, 

10 mM Tris (pH 7.0), B) 1.4 M NaC1, 0.1 mN DTT, 10 mM Tris (pH 7.0), C) 1.0 M NaC1, 

0.1 mM DTT, 10 mM Tris (pH 7.0), , D) 0.3. M NaC1, 10 mM Tris (pH 7.0), E) 0.1 M NaC1, 

10 mM Tris (pH 7.0) , F) 10 mM Tris (pH 7.0) . All solutions contained 0.1 mV PMSF 
and 0.2 mM EDTA (;H 7.0) , and final dialysis for 12 hours was against 0.2 mM EDTA 

(pH 7.0) , anh 0.1 dl PPISF. T11e specific acrfvities of reconstituted chromatin is 

shown in Table 11. Further digestion of this labeled chromatin to mononucleosomes 

and oligonucleosomes was obtained by redigestion of reconstituted chro3atin 

(Fig. VI), using the parameters described in Fig. V. Aliquots of each individual 

pool (A, B and C) were further digested to mononucleosomes and the specific 

I activities are shown in Table 111. 

Fluorescence spectrophotometry 

All fluorescence measurements were made with a conventional fluorescence 

spectrophotometer (Perkin Elmer MPF44) at room temperature. The reaction 

I 
buffer was 10 mM Tris (pH 7.0), containing a'variable amount of DNA or 200 pg 

~ of mononucleosomes . The reaction mixture was' equilibrated at room temperature 

1 .  and the reaction in each experiment was started by the addition of 10 vl (8.6 pg) 

1 B(a)P diol epoxide in tetrahydr0farane:triethylamine (19:l v/v) which was mixed ' . 



by r a p i d  inve r s ion .  The Xex = 327 nm, t h e  Xem was e i t h e r  maintained a t  379 

nm f o r  cont inuous measurenent (Fig. I ) ,  and/or  scanned from 300 nm t o  475 nm 

Fig .  I ( i n s e t ) .  



Results  and Discussion 

I n  order  t o  e s t a b l i s h  i n i t i a l  condit ions and parameters f o r  the  reac t ion  

of B(a)P d i o l  epoxide ( a n t i )  with var ious  nucleophiles,  we have s tud ied  the  

. r a t e  of breakdown of B(a)P d i o l  epoxide i n  b u f f e r  and buf fe r  containing d i f f e r e n t  

amounts of DNA, e i t h e r  a s  f r e e  DNA o r  a s  nucleohistone complex. 

Fluorescence 

It was found t h a t  t h e  r a t e  of breakdown of B(a)P. d i o l  epoxide t o  t e t r a o l e s  

could be monitored by f luorescence spectrophotornetry, s ince  B(a)P d i o l  epoxide 

has no de tec tab le  f luorescence spectrum i n  aqueous medium, while t h e  t e t r a o l e s  

show a fluorescence spectrum analogous t o  one obtained by pyrene adducts 36 (Fig.. I ) .  

' 

The r a t e  of t e t r a o l e  formation from B(a)P d i o l  epoxide i n  s o l u t i o n . a t  f ixed 

emission and e x c i t a t i o n  wavelengths can the re fo re  be monitored. Discontinuous 

monitoring of t h e  spectrum a t  time i n t e r v a l s  during t h i s  r eac t ion  revealed t h a t  

t h e  inc rease  i n  r e l a t i v e  f luorescence i n t e n s i t y  was due t o  an inc rease  i n  t h e  

magnitude of the  pyrene-like spectrum (Fig. I i n s e t ) , .  and not  due t o  any o t h e r  

form of spec t ra .  Free t e t r a o l e s  added t o  t h e  reac t ion  b u f f e r  produced an 

i d e n t i c a l  spectrum which d id  not  change with time. I n  t h e  case of so lvo lys i s  

(Fig. IA) an i n i t i a l  f a s t  r eac t ion  was observed while a slower reac t ion  continued . . 

f o r  about 35 minutes; a f t e r  t h i s  no f u r t h e r  changes were observed. The presence 

. of a nucleophile such a s  DNA, o r  monomucleosomes appeared t o  abol ish  t h e  slow 

reac t ion  observed i n  A. I t  should be pointed out  t h a t  t h e  r e l a t i v e  i n t e n s i t y  

decreased wi th  inc reas ing  amounts of nucleophile.  Fluorescence quenching 

of a v a r i e t y  of dyes such a s  a c r i f l a v i n e ,  prof lavine  and quinacrine,  i n  t h e  

presence of DNA, has been observed by a number of i n v e s t i g a t o r s  37-39. This 

phenomenon was i d e n t i f i e d  with i n t e r c a l a t i o n  i n t o  G-C r i c h  regions of DNA and 



I t h e  mechanism of quenching has been r e l a t e d  t o  the  formation of a  charge-trans,fer 

complex i n  t h e  exci ted  s t a t e  involving n e lec t ron  i n t e r a c t i o n s .  Consequently, 

the  f luorescence quenching observed when B(a)P d i o l  epoxide i s  reac ted  wi th  DNA 

would appear t o  i n d i c a t e  t h a t  t h e  i n t e r a c t i o n  involves not  on ly .cova len t  binding 

t o  t h e  exocyclic amino group of guanine, bu t  a l s o  intercalat ion4' .  The latter 

may be responsible  f o r  t h e  decrease i n  f luorescence i n t e n s i t y .  Furthermore, t h e  

reac t ion  i n  t h e  presence of a  nucleophile was complete wi th in  10 minutes, and 

thus  an incubat ion ' t ime of 30 minutes a t  37OC would be more than adequate t o  

ensure completion of the  reac t ion .  

Addition of 540 pg DNA t o  t h e  reac t ion  mixture containing only s o l v o l y s i s  
. . 

products  i .e.,  t e t r a o l e s  (Fig. IA) decreased t h e  i n t e n s i t y  t o  t h e  h e i g h t  shown 

i n  curve D (Fig. I ) .  Since t h e  maximum l e v e l  of f luorescence i n t e n s i t y  i n  

curve D was obtained by reac t ing  the  B(a)P d i o l  epoxide wi th  25 pg DNA, t h i s  

.would suggest t h a t  the  reac t ion  involving B(a)P d i o l  epoxide and DNA enhanced 

(=20 fo ld )  i n t e r c a l a t i o n .  It i s  not  c l e a r  a t  t h i s  time whether covalent  binding 

is- a p r e r e q u i s i t e  t o  i n t e r c a l a t i o n  o r  v i c e  versa.  

S imi lar  i n  t h e  reac t ion  of t h e  d i o l  epoxide wi th  p u r i f i e d  mononucleosomes 

t h e  decrease i n  r e l a t i v e  i n t e n s i t y  would suggest t h a t  t h i s  r e a c t i o n  i s  no t  of 

t h e  same magnitude i n  t h e  nucleohistone complex a s  t h a t  found wi th  f r e e  DNA. 

This may i n d i c a t e  t h a t  t h e  presence of h i s tones  decreases t h e  a v a i l a b i l i t y  of 

binding t o  chromosomal DNA. I n  o the r  words, i t  may w e l l  be  t h a t  t h e  presence 

of h i s tones  i n  eukaryot ic  chromatin confers an a d d i t i o n a l  l e v e l  of  s p e c i f i c i t y  

on t h e  reac t ion  of carcinogens wi th  DNA. 

The e f f e c t  of cys te ine  on t h e  binding of B ( ~ ) P  d i o l  epoxide 

To i n h i b i t  t h e  reac t ion  of t h e  d i o l  epoxide with DNA, chromatin and mono- 

nucleosomes w e  have used a competing nucleophile,  cys te ine .  The e f f e c t s  of . 



cys te ine  on adduct formation a r e  shown i n  Fig. 2. Free DNA contained almost 

twice the  number of non d ia lysab le  molecules a s  v l  and chromatin. The lower 

incorpora t ion of r a d i o a c t i v i t y  i n t o  chromatin, compared wi th  v l  (closed symbols), 

could be  a t t r i b u t e d  t o  a  solvent  a f f e c t ,  s i n c e  i n  t h e  presence of 0.2 M K C 1  

chromatin p rec ip i t a ted .  By changing t h e  i o n i c  s t r e n g t h  of t h e  medium ( i n  t h e  

absence of KC1) chromatin remained soluble  and t h e  incorpora t ion of adducts 

was increased (open squares,  Fig. 2). The presence of cys te ine  the re fo re  would 

l a r g e l y  abolPsh the  covalent  type i n t e r a c t i o n  and a t  [cys] >3.2 mg/ml 85% of 

~ t h e  r a d i o a c t i v i t y  assoc ia ted  wi th  DNA could be removed by repeated phenol 

ex t rac t ion .  Repeated e x t r a c t i o n  of chromatin o r  v l  with phenol removed only 

20% of the  bound carcinogen. This d a t a  would the re fo re  s u g g e s t . t h a t  under our 

i n  v i t r o  cond3tion DNA incorporated a  s u b s t a n t i a l  amount of non-covalently -- 
:, 

bound mater ia l .  I n  chromatin o r  mononucleosomes about 80% of the  carcinogen 

s e e m  t o  be covalently bound t o  t h e  DNA. 

D is t r ibu t ion  of B(a)P adducts i n  chromosomal components 

I n  order t o  examine t h e  d i s t r i b u t i o n  of t h e  carcinogen with respec t  t o  

chromosomal DNA and h i s tone  p ro te ins ,  i n  d e t a i l ,  i s o l a t e d  chicken erythrocyte  

I n u c l e i  were labeled  with B(a)P d i o l  epoxide. The labeled  n u c l e i  were lysed 

and the  r e s u l t i n g  chromatin component, DNA and p ro te ins  were p u r i f i e d  a s  

described i n  mate r i a l s  and methods. The phenol p u r i f i e d  DNA had a  s p e c i f i c  

a c t i v i t y  of29,629 cpm/mg DNA and t h e . p u r i f i e d  h i s t o n e  core  p r o t e i n s  (H2A, 

H2B, H3, and H4) had a  s p e c i f i c  a c t i v i t y  of 4,476.5 cpm/mg his tone .  Consequently, 

only 15% of t h e  r a d i o a c t i v i t y  was associa ted  with t h e  core h i s tone  whi le  t h e  

remainder was asso'ciated with chromosomal DNA. The binding of B(a)P d i o l  epoxide 

t o  t h e  core h i s tone  complext: i s  thus a minor component, i n  c o n t r a s t  wi th  o the r  



s t u d i e s  i n  which t h e  p a r e n t  hydrocarbon has  been It would t h e r e f o r e  be  

important  t o  know i f  some o t h e r  me tabo l i t e s  of  B(a)P a r e  involved i n  b ind ing  

I 

I t o  chromosomal p r o t e i n s .  

D i s t r i b u t i o n  B(a)P adduct i n  nucleosomal and in t emuc leosomal  DNA 

Since  i t  is  now.apparent  t h a t  most of t h e  i n  v i t r o  b inding  of t h e  d i o l  -- 
epoxide t o  chromatin involves  t h e  formation of  covalen t  adducts  w i t h  DNA w e  

have examined t h e  d i s t r i b u t i o n  of adducts  i n  chromosomal DNA, w . r . t .  nuclensomal 

/ . .  and in t emuc leosomal  reg ions .  The i s o l a t i o n  of chromatin (v ) (Fig. 3 ) ,  n I .  . , .  . . . . . . .  . .  . 

l a b e l i n g  and r e d i g e s t i o n  has  been desc r ibed  i n  Ma te r i a l s  and'Methods. The i 
i s o l a t e d  v l  and v2 (Fig. 4) were pooled,  concen t r a t ed , and , the  s p e c i f i c  

a c t i v i t i e s  of  v l  and v2 from 3 independent experiments  a r e  shown i n  Table I. 

These experiments  showed t h a t  vz conta ined  more bound carcinogen p e r  u n i t  DNA 

than  d i d  .v  1. 

Furthermore, phenol e x t r a c t i o n  o f  vn, v1, and v2 revea led  t h a t  i n  each  

c a s e  75' f. 5% of t h e  carcinogen was a s s o c i a t e d  w i t h  t h e  DNA. S ince  i n  chicken 

e r y t h r o c y t e  chromatin t h e  in te rnucleosomal  r eg ion  appears  r a t h e r  c o n s t a n t  a t  

60-70 base  p a i r s  of  DNA and t h e  co re  v l  ' con ta ins  approxirnat'ely '140 base  p a i r s  30,31 
Y 

we have e s t ima ted  t h a t  t h e  in te rnucleosomal  reg ion  bound 3 . 8  2 0.5 t imes  more 

carcinogen than  t h e  c o r e  nucleosome. This  i n c r e a s e  i n  b inding  t o  t h e  i n t e r -  

nucleosomal r eg ion  appears  t o . b e  due t o  t h e  inc reased  a c c e s s i b i l i t y  of t h e  

in te rnucleosomal  DNA, s i n c e  phenol e x t r a c t i o n  does n o t  change t h e  r a t i o  of 

s p e c i f i c  a c t i v i t i e s .  Furthermore, s i n c e  chicken e r y t h r o c y t e  c h r o n a t i n  may be 

viewed as a 200-210 base  p a i r  r e p e a t  con ta in ing  a 140 base  p a i r  v l  p l u s  a 60-70 

base  p a i r  space r  r eg ion ,  t h e  s p e c i f i c  a c t i v i t y  of  chromatin c a l c u l a t e d  from our  

exper imenta l  f i n d i n g s  was w i t h i n  10% of  t h e  exper imenta l  va lue  observed f o r  

chromatin.  



Reconstitution of chromatin containing B(a)P adducts 

We have dissociated and reconstituted .labeled chromatin to examine whether . 

the presence of B(a)P adducts would interfere with the assembly process of 

nucleosomes and if the distribution of adducts remains similar after reconstitution. 

In this manner one might be able to use the distribution of adducts as a probe 

to evaluate the fidelity of reconstituted chromatin -- in vitro. Furthermore, 

some of the answers could then be related to the -- in vivo situation of chromosomal, 

assembly in the presence of carcinogens during the S-phase of the cell. 

3 
Chromatin was isolated as previously described, treated with [' H] B(a)P 

diol epoxide (anti) and extensively dialysed to a specific activity of 14,520.0 

cpm/A260. Aliquots of this labeled chromatin were made 0.65 M NaC1, to 

dissociate histones HI and H5, and 2.0 M NaC1, to dissociate all histones and 

some non histone protein, from chromosomal DNA. Reassociation was achieved as . 

described in Materials and Methods. The specific activities. of the reconstituted 

chromatin is shown in Table 51. 
. . 

In order to establish parameters for redigestion with micrococcal nuclease, 

labeled chromatin was redigested, as shown in Fig. V. This revealed that 

chronatin had been subjected to slow digestion in the absence of added enzyme, 

presumably by residual micrococcal nuclease activity, and that the 'digestion to 

multimers was optimum in 3 min, while complete digestion to mononucleosomes took 

place in 15-20 min (Fig. V). The control and reconstituted chromatin solutions 

were redigested to monomers and oligomers of nucleosomes (Fig. VI A, B and C). 

Each pool (1-5) was isolated and the specific activities were determined (Table 111). 

Aliquots of each pool were redigested to mononucleosomes using the digestion 

parameters shown in Fig. V (F). The specific activities of the purified v l  

from each pool are shown in Table 111. 



One of t h e  s t r i k i n g  f e a t u r e s  of t h i s  a n a l y s i s  showed t h a t  t h e  mononucleosomes 

of  t h e  2.0 M NaCl d i s s o c i a t e d  and r e a s s o c i a t e d  chromatin(Tab1e 111 C) have t h e  

same s p e c i f i c  a c t i v i t y  a s  chromatin,  wh i l e  t h e  c o n t r o l  (Table 111 A ) ,  shoved t h e  

t y p i c a l  non uniform d i s t r i b u t i o n  of t h e  carcinogen w . r . t .  nucleosome v / s  . + 

in te rnuc leosomal  reg ion .  This  would i n d i c a t e  t h a t  i n  t h e  2.0 M NaCl d i s s o c i a t e d  
. . 

. . 

chromatin,  r e c o n s t i t u t i o n  l e a d s  t o  random d i s t r i b u t i o n  of h i s t o n e s .  ' This  

sugges t s  t h a t  t h e  presence  of  B(a)P adducts  does n o t  h inde r  t h e  format ion  of  

. ~ ~ u c l e o s o m e s  and t 'hat  a compound such a s  B ( ~ ) P  d i o l  epoxide can be  used t o  

a s c e r t a i n  t h e  f i d e l i t y  of r e c o n s t i t u t e d  ch rona t in .  A. second f e a t u r e  t h a t  w e  

have observed c o n s i s t e n t l y  i s  t h e  h igh  s p e c i f i c  a c t i v i t y  of mononucleosomes 

obta ined  from s h o r t  d i g e s t i o n  of l a b e l e d  n u c l e i ,  o r  chromatin w i t h  micrococcal  

nuc lease .  This  could be  a t t r i b u t e d  t o  e i t h e r  a subpopulat ion of v l  t h a t  con- 

t a i n  spacer-regions,  which a r e  much more s u s c e p t i b l e  t o  b inding  of t h e  carcinogen 

o r  t o  some o t h e r  macromolecule ( i . e . ,  RNA o r  n u c l e a r ' p r o t e i n )  a s s o c i a t e d  w i t h  

t h e  in te rnucleosomal  reg ion  t h a t  can b e  re~nov,ed by micrococcal  n u c l e a s e  d i g e s t i o n .  



Conclusion 

The da ta  presented here ,  s t rong ly  suggests  t h a t  t h e  i n t e r a c t i o n  of B(a)P 
. . 

d i o l  epoxide ( a n t i )  with f r e e  DNA o r  chromosomal DNA involved, a p a r t  from 

covalent  binding, i n t e r c a l a t i o n  of t h e  covalent and non-covalent bound carcinogen, 

and t h a t  i n  t h e  case of chromatin o r  rnononucleosomes i n t e r c a l a t i o n  appe.ared t o  , 

be  decreased. This decrease may be a funct ion of changes , i n  DNA conformation, 

s t e r i c  hindrance o r  both due t o  the  presence of chromosomal p ro te ins .  Further- , 

more i n  t h e  presence of a competing nucleophile such a s  cys te ine ,  t h e  covalent  

binding of B(a)P d i o l  epoxide could be g rea t ly  diminished and our d a t a  suggests  

t h a t  l i t t l e  i f  any non-covalent a s soc ia t ion  occurred i n  chromatin. 

Analysis of the  d i s t r i b u t i o n  of carcinogen with respect  t o  chromosomal 

components revealed t h a t  most of the  adducts were assoc iz ted  with chromosomal 

DNA and t h a t  the  internucleosomal DNA contained 3-4 t imes more carcinogen than. 

nucleosomal DNA. Reconst i tu t ion of labeled  chromatin showed t h a t  removal of 

t h e  very l y s i n e  r i c h  h i s tones  by 0.65 M NaCl d id  not  a f f e c t  t h e  d i s t r i b u t i o n  of 

t h e  carcinogen, while "complete" d i s soc ia t ion  using 2.0 M.NaC1 and reassoc ia t ion  

revealed randomization of the  bound carcinogen. 

The r e c o n s t i t u t i o n  experiments showed t h a t  t h e  presence of carcinogen 

d id  not  i n t e r f e r e  wi th  t h e  reassoc ia t ion  of h i s tones  t o  DNA, and t h a t  B(a)P 

d i o l  epoxide could be used t o  evaluate  t h e  f i d e l i t y  of r econs t i tu ted  chromatin 

i n  v i t r o .  -- 



Acknowledgments 

We a r e  g r a t e f u l  t o  M s .  E. B. Wright f o r  t e c h n i c a l  a s s i s t a n c e .  W e  a l s o  wish  

t o  thank P. N. Bryand and D r s .  A. L. O l ins ,  A. P. B u t l e r ,  G. J. Bunick and B. 

Haas f o r  sugges t ions  and d i scuss ions  du r ing  t h e  course  of t h i s  i n v e s t i g a t i o n .  

This  r e s e a r c h  was sponsored by t h e  Div is ion  of Biomedical and Environmental 

Research, U. S. Department of Energy under c o n t r a  t b7-7 405-eng-26' w i t h  t h e  .Union 

Carbide Corporat ion.  A. K. i s  a p o s t d o c t o r a l  i n v e s t i g a t o r  suppor ted  by N I H  

Grants  CA 20076 and GI4 19334. 

P a r t s  of t h i s  work were presented  i n  p re l imina ry  form i n  t h e  a b s t r a c t s  of  

3 3 
t h e  22nd Annual Meeting of t h e  Biophysical .  Soc ie ty  . 



Fig. I. 

'K ine t i c s  of t e t r a o l e  formation from B(a)P d i o l  epoxide measured by 

f luo rescence  spectrophotometry;  Xex = 327 nm, Xem = 378 nm. B ( ~ ) P  d i o l  epoxide 

(8.6 pg) w a s  added t o  each r e a c t i o n  mixture.  A, 10  mM T r i s  (pH 7.0) ; B, 0.5 pg 

D N A / d ;  C ,  100 pg DNA/ml a s  mononucleosomes; D, 25 pg D N A / ~ ~ ;  E, 100 pg D N A / ~ ;  

. . 
F, 500 pg D M A / ~ ;  G ,  1000 pg D N A / ~ .  

I n s e t  shows t y p i c a l  spectrum obta ined  a t  any p o i n t  dur ing  t h e  r e a c t i o n .  

This  spectrum i s  i d e n t i c a l  t o  t h e  spectrum of t e t r a o l e s  having e x c i t a t i o n  

maxima a t  378 nm; 397 nm and 420 nm. 



Fig.  11. 

Inco rpora t ion  of B(a)P d i o l  epoxide i n t o  DNA, chromatin,  and nucleosomes 

a s  a func t ion  of c y s t e i n e  concent ra t ion .  Chicken e r y t h r o c y t e  DNA, chromatin 

and nucleosomes (A = 1.0) w a s  r e a c t e d  w i t h  1 . 0 . u g  B(a)P d i o l  epoxide ( a n t i )  
260 

. . 
i n  t h e  presence of  cys t e ine .  Closed symbols r ep re sen t  b u f f e r  con ta in ing  

0.14 M KCL, open symbols r ep re sen t  b u f f e r  wi thout  KCL. DNA (tb, O), mono- 

nucleosomes ( A ) ,  chromatin (~,r3) . 



Fig;  I11 

O p t i c a l  d e n s i t y  p r o f i l e  of suc rose  g rad ien t .  2.5 m l  chromatin (A260= 83.0) 

was l aye red  on a 5-25Z l i n e a r  suc rose  g rad ien t  con ta in ing  0.2 n-N EDTA (EH 7.0), 

20 ml'l ~ a ~ l  and was cen t r i fuged  f o r  14 h a t  23,000 r.p.m. i n  an SF? 25.2 r o t o r  

a t  4OC. The g r a d i e n t s  were f r a c t i o n a t e d  w i t h  an ISCO d e n s i t y  g r a d i e n t  c o l l e c t o r  

(Model 640) equipped w i t h  a n  ISCO UV-5 absorbance monitor.. Nucleosome 

monomers, dimers and ol igomers a r e  shown as v l ,  v2 and v . n 

Fig.  I V  

( a )  Chromatin obta ined  from pool  v l  (Fig. I'TI) was r e a c t e d ' w i t h . B ( a ) P  diol-epoxide - ~ and r e d i g e s t e d  w i t h  micrococcal  nuc lease  a s . d e s c r i b e d  i n  t h e  text'.  v l  and v2 

1 were p u r i f i e d  by u l t r a c e n t r i f u g a t i o n  through a 5-25% suc rose  g r a d i e n t  con ta in ing  

0.2 mMEDTA (EH 7.0), 20 mM NaCl by use  of an SW 41 T i  r o t o r  a t  39,000 r.p.m. 

f o r  12 h a t  4OC. The f r a c t i o n s  con ta in ing  v l  and v2 were pooled,  concen t r a t ed ,  

and sub jec t ed  t o  another  u l t r a c e n t r i f u g a t i o n  run under t h e  same cond i t i ons  t o  

y i e l d  p u r i f i e d  v l  (b) and v2 ( c ) .  



Fig.  V. 

O p t i c a l  d e n s i t y  p r o f i l e s  ob ta ined  from suc rose  g r a d i e n t s .  The c o n d i t i o n s  

a r e  similar t o  t h o s e  descr ibed  i n  Fig.  I V .  Chromatin (A = 6.6/ml)-was 
2 60 

incubated at 37OC i n  10 nM T r i s  (pH 7.0) ,  0 .1 mM PMSF, 3 mblCaC12 and 100 un i t s /ml  

micrococcal  nuc lease .  The' r e a c t i o n  was s topped wi th  a d d i t i o n  of EDTA (10 mI4 

f i n a l  concen t r a t ion )  and 0 .5  m l  was l aye red  on a  5-25% suc rose  g r a d i e n t .  

Fig.  V I .  

O p t i c a l  d e n s i t y  p r o f i l e s  of suc rose  g r a d i e n t s .  The cond i t i ons  a r e  a s  

t hose  d e s c r i b e d . i n ' F i g .  111. A, c o n t r o l  chromatin; B,  r e c o n s t i t u t e d  0.65 M 

d i s s o c i a t e d  chromatin; C, r e c o n s t i t u t e d  2.0 M d i s s o c i a t e d  chromatin.  Pool  

1, 2, 3, 4, and 5  r e p r e s e n t  v l ,  u2, vg, vq and 5 vg. 



I 
I DISTRIBUTION OF LABELED CARCINOGEN IN CHROMATIN 

EXPERIMENT I EXPERIMENT I1 EXPERIMENT 111 
FRACTION SPEC1 FI C ACTIVITY SPECIFIC ACTIVITY SPECIFIC ACTIVITY 

1 > . . . .  . .  . . . .  . . . 

CHROMATIN 
I. , 

Chromatin was reacted with B(a)P diol-epoxide as described i n  the text. The ratio of DNA to - 
B(a)P - diol-epoxide i n  experiments I and I1 was 100:l and i n  experiment 111, 200:l. Assuming 

that v = 2 v + spacer, the spacer region contained 3.8 0.5 times more carcinogen than v 
2 1 1 ' 



SPECIFIC ACTIVI.TY OF RECONSTITUTED CHROMATIN 

CHROMATIN DISSOCIATION CONDITION 

v 0.00 M NaCl (control) 14,814.9 
n 

0.65 M NaCl 13,993.9 

2 .OO M NaCl 



SPECIFIC ACTIVITIES OF MONO- AND OLIGONUCLEOSOMES 
. . 

OBTAINED FROM RECONSTITUTED CHROMATIN. 

* . . 

Each individual pool was redigested to mononu~cleosome and the specific 
activity o f  purified v was determined. Pool, 1 = v 2 = v 3 = v * '  

4 = v4; 5 2 v 5 .  
1 1' 2; 3' 

A, control chromatin; B, reconstituted 0.65 M NaCl dissociated 
chromatin; C, reconstituted 2.0 M NaCI dissociated chromatin.. 
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