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ABSTRACT 

P a r t  I .  R a t  l i v e r  chromatin c o n t a i n s  a n e u t r a l  
-C 

p r o t e a s e  w i t h  a marked. p re fe rence  f o r  chromosomal p r o t e i n s  

as s u b s t r a t e s .  The enzyme h a s  been p u r i f i e d  705-fold from 

chromatin by s a l t  e x t r a c t i o n ,  chromatography on Bio-Rex 70, 

Sepharose 6B, calcium phosphate g e l  and QAE Sephadex. The 

enzyme has  a molecular  weight o f  200,000 wi th  two i d e n t i c a l  

s u b u n i t s  of  molecular  weight 100,000. It a t t a c k s  r a t  l i v e r  

h i s t o n e s ,  NHC p r o t e i n s  and L-poly-lysine p r e f e r e n t i a l l y  , i s  

e s s e n t i a l l y  i n a c t i v e  wi th  rat  l i v e r  c y t o s o l  p r o t e i n s ,  and 

s lowly degrades case ine  , L-poly-arginine and protamines . 
The Km f o r  histones i s  0.5 mg/ml; f o r  EHC p r o t e i n s  Km i s  

1 mg/ml. The enzyme i s  q u i t e  s t a b l e  when s t o r e d  a t  -20° 

f o r  4 months. A c t i v i t y  i s  diminished t o  50% by h e a t i n g  t o  

62O f o r  15 min and t o t a l l y  des t royed a t  70'. The enzyme 

h a s  an  opt imal  pH a t  7.0 and a h a l f  maximal a c t i v i t y  at  pH 

6.0,  sugges t ing  t h a t  a h i s t i d i n e  re s idue  i s  involved i n  

c a t a l y s i s .  It i s  i n h i b i t e d  by DPP and PIvISF, sugges t ing  

t h a t  a s e r i n e  r e s idue  i s  involved.  H ~ + +  i n h i b i t s  enzyme 

a c t i v i t y ,  sugges t ing  s u l f h y d r y l  group i s  important  f o r  

enzyme a c t i v i t y .  High sa l t  (above 1NI ~ a ~ 1 )  i n h i b i t s  enzyme 

a c t i v i t y  completely but r e v e r s i b l y .  The enzyme needs d i -  

v a l e n t  i o n s  as a c t i v a t o r s ;  e s p e c i a l l y  po ten t  i s  ~ n + +  (6-8 

mX) which s t i m u l a t e s  a c t i v i t y  about 2  f o l d .  The i s o l a t e d  

enzyme appears  t o  be s i m i l a r  t o  t h a t  r e spons ib le  f o r  t h e  



endogeneous degrada t ion  o f  h i s t o n e s  i n  chromatin.  The 

s u s c e p t i b i l i t y  o f  t h e  f i v e  h i s t o n e  f r a c t i o n s  t o  p r o t e o l y s i s  

i s  c r i t i c a l l y  dependent updn whether  o r  not  t h e  h i s t o n e s  a r e  

complexed w i t h  DNA. I n  t h e  i n t a c t  nucleohis tone  f o u r  major 

h is tones  a r e  r a t h e r  r e s i s t a n t  t o  p r o t e o l y t i c  a t t a c k ,  while  

h i s t o n e  I i s  r a p i d l y  a t t a c k e d .  If h i s t o n e s  a r e  f r e e d  from 

DNA a l l  t h e  h i s t o n e  molecules a r e  a t t a c k e d  at  about t h e  

same r a t e  except  h i s t o n e  I ,  which i s  r e l a t i v e l y  r e s i s t a n t .  

P a r t  11. R a t  l i v e r  chromatin a l s o  c o n t a i n s  a nonspe- 

c i f i c  e s t e r a s e  which c leaves  t h e  a r t i f i c i a l  s u b s t r a t e - -  

&- tosyl  a r g i n i n e  methyl e s t e r  (TAME). The enzyme has  been 

p u r i f i e d  t o  510 f o l d  from chromatin by salt  e x t r a c t i o n ,  

chromatography on Bio -Rex 70, Sephadex G-200, calcium phos- 

phate  g e l  and SE Sephadex. The molecular  weight o f  t h e  

p u r i f i e d  enzyme i s  es t imated  t o  be about  15,000. The enzyme 

has  an  op t ima l  pH at  8 . 2  and h a l f  maximal a c t i v i t i e s  a t  6.9 

and 10.5, sugges t ing  t h a t  h i s t i d i n e  and l y s i n e  re s idue  might 

be involved i n  c a t a l y s i s .  It i s  i n h i b i t e d  by DFP and PNSP, 

sugges t ing  t h a t  a s e r i n e  r e s idue  i s  involved.  A t  h igh  sub- 

s t r a t e  concen t ra t ions  i n h i b i t i o n  i s  noted. The Km f o r  TAME 

i s  0.16 mNi. 

P a r t  111. F e r r i t i n  tagged c-RI4A molecules were hybr id -  

i z e d  t o  rat  a s c i t e s  n u c l e a r  DNA i n  an  e f f o r t  t o  map t h e  

arrangement of  t h e s e  sequences i n  t h e  ra t  genome by e l e c t r o n  

microscopy. The f e r r i t i n  a c t s  as a n  e l e c t r o n  dense marker. 

The i n t e r f e r r i t i n  d i s t a n c e  i s  a l s o  t h e  i n t e r  RNA d i s t a n c e  



v i  i 

and c-RMA h y b r i d i z e s  s p e c i f i c a l l y  t o  middle r e p e t i t i v e  DNA 

sequences.  Thus measuring t h e  d i s t a n c e s  between f e r r i t i n  

molecules  a t t a c h e d  t o  c-RNA r e v e a l s  that middle r e p e t i t i v e  

DNA sequences (about  300 n u e l e o t i d e s  i n  l e n g t h )  were ar ranged 

e i t h e r  s i n g l y  o r -  i n  tandemland immediately followed by 

a unique sequence about  500-1 500 n u c l e o t i d e s  i n  l e n g t h .  
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The t ime has come f o r  d i r e c t  a t t a c k  on one c e n t r a l  

problem of  b io logy,  t h e  problem of how a f e r t i l i z e d  egg can 

g ive  r i s e  t o  a n  a d u l t  organism made of  many d i f f e r e n t  k inds  

o f  c e l l s .  Th i s  development p rocess  has  been d e s c r i b e d  and 

thought about  by b i o l o g i s t s  f o r  a long  t ime.  I ts  n a t u r e  

has  remained a mystery. Now it i s  c l e a r  t h a t  each  c e l l  i n  

t h e  a d u l t  organism has t h e  same complement o f  genomal DNA 

sequences. (Gurdon, 1962; McCarthy and Hoyer, 1964; 

Davidson, 1968) .  Thus w i t h i n  t h e  nucleus t h e r e  must be 

some kind  o f  programme which determines t h e  p roper  ; - -E. 

sequences of r e p r e s s i o n  and de repress ion  which' make deve l -  

opment. What a r e  t h e  mechanisms of gene r e p r e s s i o n  and 
<-? 

derepress ion  which make development p o s s i b l e .  ' Candidates  

f o r  such c o n t r o l  mechanisms i n c l u d e  mul t ip le  RNA polymerases,  

mul t ip le  polymerase f a c t o r s  ( S t e i n  and Hausen, 1970; 

S e i f e r t ,  1970; Froehner  and Bonner, 1973) ,  and o t h e r  com- 

ponents which i n t e r a c t  wi th  n u c l e a r  DNA, There i s  evidence 

which s u g g e s t s  t h a t  t h i s  l a t t e r  c l a s s ,  namely t h e  components 

of chromatin,  p l a y  a n  impor tant  r o l e  i n  t h e  c o n t r o l  o f  gene 

express ion ,  

Chromatin, t h e  c o l l e c t i v e  term f o r  i s o l a t e d  i n t e r p h a s e  

chromosomes, i s  composed o f  DNA, a s e t  of b a s i c  p r o t e i n s  

.-- t he  h i s t o n e s ,  a complement o f  l e s s  b a s i c  and a c i d i c  

p r o t e i n s  --the nonhistone chromosomal p r o t e i n s ,  and t r a c e s  

o f  RNA (Bonner e t  al, 1968) .  During t h e  p a s t  decade a g r e a t  

d e a l  of in fo rmat ion  has  been accumulated on t h e  n a t u r e  o f  
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chromatin and i t s  components. I n  s p i t e  of  t h i s  informa- 

t i o n ,  l i t t l e  i s  known about how t h e s e  components i n t e r a c t  

a t  t h e  molecular  l e v e l  t o  l e a d  t o  s p e c i f i c i t y  i n  gene con- 

t r o l .  It i s  known t h a t  a remarkably cons tan t  p a t t e r n  o f  

h i s t o n e s  has  been found t o  be p r e s e n t  i n  n e a r l y  a l l  eukaryo tes .  

His tones  a r e  t i g h t l y  bound t o  chromosomes and a r e  p r e s e n t  i n  

a mass r a t i o  o f  h i s t o n e :  DNA about o f  1 : 1 ( a  range o f  0.7 

t o  1 . 3 )  (Bonner e t  &., 1968) .  His tones  can be d iv ided  i n t o  

f i v e  d i s c r e t e  f r a c t i o n s  , i d e n t i f i a b l e  by t h e i r  amino a c i d  

compositions and molecular  s i z e .  These f i v e  f r a c t i o n s  have 

been found i n  v i r t u a l l y  a l l  organisms which possess  a de- 

f i n e d  n u c l e u s ( ~ o h n s o n  e t  a&, 1974) .  Each of  t h e  f i v e  p r i n -  

c i p a l  subgroups o f  h i s t o n e s  has  now been found t o  possess  

some microheterogenei ty  r e s u l t i n g  from s m a l l  d i f f e r e n c e s  

s i z e  and charge.  Fh i s  he te rogene i ty  may be due t o  e i t h e r  

s l i g h t  d i f f e r e n c e s  i n  primary s t r u c t u r e  o r  t o  enzymatic 

m o d i f i c a t i o n  o f  amino a c i d  s i d e  cha ins  i n  h i s t o n e  molecules 

( ~ e L a n g e  and Smith, 1974) .  Although h i s t o n e  I i s  a p a r t i a l  

excep t ion ,  t h e  o t h e r  h i s t o n e s  appear  t o  l a c k  t i s s u e  (Panyim 

and Chalkley,  1969) and s p e c i e s  s p e c i f i c i t y  and show a h igh  

degree of  c o n s e r v a t i o n  dur ing  t h e  course of  e v o l u t i o n .  

( E l g i n  and Bonner, 1973) .  

The p r e c i s e  b i o l o g i c a l  r o l e s  o f  h i s t o n e s  a r e  not  f u l l y  

known. Two p r i n c i p a l  f u n c t i o n s  have been proposed; 1 )  t h a t  

h i s t o n e s  may be re spons ib le  f o r  determining t h e  s t r u c t u r e  o f  

chromosomes dur ing  t h e  c e l l  cyc le , and /o r  2 )  t h a t  t h e y  may 
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act as r e p r e s s o r s  of DNA t r a n s c r i p t i o n .  The second can be 

f u r t h e r  subdivided i n t o  s p e c i f i c  r e p r e s s i o n ,  implying a 

s e l e c t i v e  r e c o g n i t i o n  process  between h i s t o n e s  and o t h e r  

chromosomal components, and a nonspec i f i c  masking of t h e  

teinplate c a p a c i t y  of DNA. Although much evidence has shown 

t h a t  h i s t o n e s  r ender  DNA i n a c t i v e  as a template  f o r  HNA 

synthes is (Bonner  et_ gl,, 1968) ,  i t  seems u n l i k e l y  t h a t  t h e  

d i r e c t  i n t e r a c t i o n  of  unmodified h i s t o n e s  and DNA t a k e s  

p lace  wi th  any sequence s p e c i f i c i t y ( L e n g  and F e l s e n f e l d ,  

1966;  Johns and B u t l e r ,  1964) .  It  i s  t r u e ,  however, tha.t  

a  number of f i n d i n g s  repor ted  i n  t h e  l i t e r a t u r e  suggest  t h e  

r\ p o s s i b i l i t y  ig/ t h a t  t h e  o t h e r  chromosomal components, per -  

haps NHC p r o t e i n s  ( ~ a u l  and Gilmour, 1968) o r  chromosomal 

~ N ~ ( B e k h o r ,  Kung and Bonner, 1969; Huang and Huang, 1969) 

might p a r t i c i p a t e  i n  a t e r t i a r y  complex wi th  h i s t o n e s  

and DNA t o  c o n f e r  s p e c i f i c i t y  on t h e i r  i n t e r a c t i o n s .  A 

second p l a u s i b l e  mechanism f o r  p e r m i t t i n g  s p e c i f i c i t y  of 

base sequence i n t e r a c t i o n  could involve  reducing t h e  e l e c -  

t r o s t a t i c  a t t r a c t i o n  between h i s t o n e  molecules and DNA v i a  

a c e t y l a t i o n  o r  phosphorylat ion of l y s i n e ,  s e r i n e ,  threonine  

and h i s t i d i n e  r e s i d u e s  t o  p a r t i a l l y  n e u t r a l i z e  t h e i r  b a s i -  

c i t y ( A l l f r e y ,  1 9 7 1 ) .  A t h i r d  p o s s i b i l i t y  i s  t h a t  s p e c i f i c  

p r o t e o l y s i s  of  h i s t o n e s  might p lay  a r o l e  i n  gene dere-  

p r e s s i o n .  S p e c i a l  cond i t ions  a l t e r i n g  t h e  s t a t e  of h i s t o n e s  

t o  render  them s u s c e p t i b l e  t o  t h e  p ro tease  a t  t h e  appro- 

p r i a t e  gene l o c i  would have t o  be invoked by such a model 
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( G a r r e l s  e t  al, 1972; Ivlarushige and Dixon, 1971) . Since 

p rev ious  s t u d i e s  ( G a r r e l s  e t  al, 1972) have shown t h a t  t h e r e  

i s  i n  t h e  n u c l e i  of  rat  l i v e r  c e l l s  a p r o t e a s e  which shows 

a h igh  a c t i v i t y  toward h i s t o n e s  as s u b s t r a t e s ,  I have p u r i -  

f i e d  t h i s  enzyme t o  homogeneity i n  a n  e f f o r t  t o  c o n t r i b u t e  

toward a n  unders tanding  o f  i t s  p o s s i b l e  r o l e  i n  gene regu- 

l a t  ion .  

Aside from a p o s s i b l e  r o l e  f o r  a p r o t e a s e  i n  gene re-  

g u l a t i o n ,  o t h e r  important  s u b s i d i a r y  reasons  e x i s t  f o r  t h e  

s t u d y  of  t h e  enzyme. The p o s s i b i l i t y  t h a t  some of t h e  

minor components i n  h i s t o n e  p r e p a r a t i o n s  a r e  a r t i f a c t s  

produced by degrada t ion  of  t h e  p r o t e i n s  d u r i n g  chromatin 

i s o l a t i o n ,  i s  a n  open ques t ion  and one of i n c r e a s i n g  i m -  

por tance .  It has  become i n t e r e s t i n g  t o  look  f o r  s p e c i f i c  

new components i n  chromatographic o r  e l e c t r o p h o r e t i c  p a t t e r n s  

o f  h i s t o n e s  i s o l a t e d  from d i f f e r e n t  t i s s u e s .  However, t h e  

i d e n t i f i c a t i o n  o f  any component as a n  endogeneous h i s t o n e  

i s  dependent upon freedom from minor degrada t ive  artifacts. 

Furthermore,  i n v e s t i g a t i o n s  on t h e  primary s t r u c t u r e  o f  

h i s t o n e s  could  be e a s i l y  misled by t h e  presence o f  minor 

amounts of  such  a r t i f a c t s .  It i s  n o t  c l e a r  how one could 

recognize such  a r t i f a c t s  i n  t h e  g e n e r a l ,  unknown s i t u a t i o n ,  

as f o r  example t h e  comparison of  h i s t o n e s  i s o l a t e d  from 

d i f f e r e n t  s o u r c e s .  So t h e  i s o l a t i o n ,  c h a r a c t e r i z a t i o n  of  

t h e  p r o t e a s e ( s )  and t h e  f i n d i n g  o f  po ten t  i n h i b i t o r s  t o  

prevent  degrada t ion  become impor tan t .  
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l k c h  r e s e a r c h  i s  c u r r e n t l y  d i r e c t e d  towards understand- 

i n g  g e n e t i c  c o n t r o l .  I s o l a t e d  chromosomal m a t e r i a l  i s  f r e -  

q u e n t l y  used as a s t andard  system i n  v i t r o ,  The p r o t e a s e ( s )  

which degrades t h e  h i s t o n e s  present5 a s e r i o u s  o b s t a c l e  t o  

many t y p e s  o f  s t u d i e s  on t h e  h i s t o n e s  themselves and a l s o  of 

s t u d i e s  of  t h e i r  i n t e r a c t i o n  w i t h  nonhistone chromosomal 

p r o t e i n s  and DNA as i n  r e c o n s t i t u t i o n ,  How t o  i n h i b i t  t h e  

p r o t e a s e ( s )  seems t o  be a p r e r e q u i s i t e  f o r  t h e s e  k inds  of 

s t u d i e s .  

An a d d i t i o n a l  reason f o r  c h a r a c t e r i z i n g  a p r o t e a s e  wi th  

s p e c i f i c i t y  toward h i s t o n e s  i s  i t s  p o t e n t i a l  use fu lness  i n  

p r o t e i n  sequencing a n a l y s i s .  Although t h e  amino a c i d  s e -  

quences f o r  h i s t o n e s  IIb,, IIb2, 111 and I V  i s o l a t e d  from 

a v a r i e t y  o f  sources  (DeLang and Smith, 1974) have been 

completed,  t h i s  i s  no t  t h e  case f o r  h i s t o n e  I .  This  l a t t e r  

p r o t e i n  h a s  p resen ted  d i f f i c u l t i e s  because o f  t h e  n e c e s s i t y  

t o  o b t a i n  pure  s u b f r a c t i o n s  and because o f  t e c h n i c a l  d i f -  

f i c u l t i e s  r e s u l t i n g  from t h e  unusual composi t ion of  t h e  

C-terminal h a l f  o f  h i s t o n e  I ,  80 mole pe rcen t  of  t h i s  

fragment c o n s i s t s  of  t h e  amino a c i d s  l y s i n e  ( 4 0  mole p e r  

c e n t ) ,  a l a n i n e  and p r o l i n e  (DeLang and Smith,  1974) .  

A p r o t e a s e  which s p e c i f i c a l l y  c l e a v e s  t h i s  C-terminal por-  

t i o n  could t h u s  be very b e n e f i c i a l  i n  regard  t o  t h e  de- 

t e r m i n a t i o n  o f  amino a c i d  sequence of  h i s t o n e  I and a l s o  

f o r  sequence a n a l y s i s  of  the  o t h e r  p r o t e i n s  which p r e s e n t  

d i f f i c u l t i e s  when r o u t i n e  'me~hods  a r e  used. 
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CHAPTXH I1 

P i T R I F I C A T I O M  AND PHOPEHTIES OF 

A NIdUTKAL P K O T E A S E  FROM 

KAT LIVER C H R O i U T I N  



INTRODUCTION 

E a r l i e r  workers poin ted  ou t  t h e  p o s s i b i l i t y  t h a t  some 

o f  t h e  h i s t o n e  f r a c t i o n s  ob ta ined  by column chromatography 

might be p roduc t s  of  enzymatic degrada t ion  (crampton e t  - e., 
1957; Moore, 1959; and Satake e t  a,, 1960) .  P h i l l i p s  and 

Johns (1959) showed t h a t  c a l f  thymus h i s t o n e s  prepared by 

a c i d  e x t r a c t i o n  of  deoxynucleoprotein conta ined  a p r o t e a s e ,  

which gave r i s e  t o  e x t r a  N- tern ina l  a l a n i n e ,  l y s i n e  and 

g l y c i n e  r e s i d u e s  i n  h i s t o n e s ,  e s p e c i a l l y  a t  pH 7-8. 

S a r k e r  and Dounce (1961) provided evidence . 

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

which e x h i b i t e d  maximal a c t i v i t y  towards hemoglobin sub- 

s t r a t e  at  pH 3.8 and 5.6, '  and towards serum albumin sub- 

s t r a t e  a t  pH 7.0 and 9.0. However, Fur lan  and J e r i c i  jo 

( 1  967 a & b) us ing  deoxynucleohistone as s u b s t r a t e ,  demonstrated 

t h e  presence i n  c a l f  thymus n u c l e i  of only  two p r o t e a s e s  

which hydrolyzed nuc leopro te in  s u b s t r a t e  a t  pH 4.4 and 7.8. 

T h e i r  r e s u l t s  suggested t h a t  t h e  n e u t r a l  p r o t e a s e  w a s  l o -  

c a t e d  e x c l u s i v e l y  i n  n u c l e i ,  whereas t h e  presence o f  t h e  

a c i d  p r o t e a s e  might be a s c r i b e d  t o  contaminat ion of t h e  

n u c l e a r  p r e p a r a t i o n  by whole c e l l s .  L a t e r ,  Fur lan  and 

J e r i c i j o  (1968) enr iched t h e  n e u t r a l  p r o t e a s e  from c a l f  

thymus n u c l e i .  The p r o t e a s e  had a molecular  weight of  

approximately 24,000, a pH optimum of  7.8 and a c t i v i t y  

maxima a t  0  .I iJi N a C l  and 1 Id N a C 1 .  The enzyme a c t i v i t y  was 
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i n h i b i t e d  by p-chloromercuribenzoate and by DPP,suggest- 

i n g  a s e r i n e  r e s i d u e  a t  t h e  a c t i v e  s i t e .  Deoxyribonucleo- 

p r o t e i n  was 6-7 t imes.more s u s c e p t i b l e  as s u b s t r a t e  t h a n  

o t h e r  p r o t e i n s .  That t h e  enzyme w a s  normally a c o n s t i t u e n t  

o f  chromatin w a s  i n d i c a t e d  by t h e  f a c t  that  it c o p r e c i p i -  

t a t e d  wi th  DNA and h i s t o n e s  a t  sodium c h l o r i d e  concent ra-  

t i o n s  between 0.1 and 0.3 M. A s  shown by r e c o n s t i t u t i o n  

and a c i d  e x t r a c t i o n  experiments ,  t h e  i n t e r a c t i o n  between t h e  

p r o t e a s e  and DNA appeared t o  be q u i t e  similar t o  that  be- 

tween DNA and h i s t o n e  I.  Thus t h e  c h a r a c t e r i s t i c s  of t h i s  

enzyme sugges ted  t h a t  i t  might be r e spons ib le  f o r  p a r t  o r  

all o f  t h e  h i s t o n e  degrada t ion  observed by Panyim Jensen  and 

Chalkley (1968) . 
More r e c e n t l y  B a r t l e y  and Chalkley (1 970) r e p o r t e d  

that  i n  c a l f  thymus nuc leoh i s tone ,  h i s t o n e s  I and I11 
f', 

were a t t a c k e d  most r a p i d l y  by endogen!us p r o t e a s e .  I n  

c o n t r a s t ,  i f  h i s t o n e s  were used as s u b s t r a t e  i n  s o l u t i o n  

(wi thout  t h e  presence  o f  DNA), o n l y  h i s t o n e  I w a s  r e s i s t a n t  

and a l l  t h e  o t h e r  h i s t o n e  f r a c t i o n s  were r a p i d l y  degraded. 

They a l s o  found t h a t  t h e  enzyme a c t i v i t y  w a s  maximal a t  

pH 8 and w a s  r e l a t i v e l y  i n a c t i v e  below pH 7  and a t  lower  

i o n i c  s t r e n g t h s .  The p r o t e o l y t i c  enzyme w a s  f i r m l y  bound 

t o  nuc leoh i s tone .  There seems l i t t l e  doubt t h a t  a h i s t o n e  

p r o t e a s e  i s  a normal c o n s t i t u e n t  o f  chromatin.  

The b i o l o g i c a l  r o l e  o f  such  an  enzyme h a s  been a 

t o p i c  of s p e c u l a t i o n .  B a r t l e y  and Chalkley (1970) found 
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a much g r e a t e r  p r o t e a s e  a c t i v i t y  i n  chromatin from thymus 

and i n t e s t i n a l  mucosa c e l l s  t h a n  i n  t h a t  i s o l a t e d  from 

l u n g  o r  E h r l i c h  a s c i t e s  c e l l s ,  sugges t ing  t h a t  t h e  p r o t e a s e  

may f u n c t i o n  p r i n c i p a l l y  dur ing  a u t o l y s i s .  A .  subsequent 

r e p o r t  of  r e l a t i v e l y  h i g h  l e v e l s  of p r o t e a s e  a c t i v i t y  i n  

rat l i v e r  chromatin ( G a r r e l s  et - a1.,1972) makes t h i s  gener- . 

a l i z a t i o n  l e s s  t e n a b l e .  A p o s s i b l e  r o l e  f o r  chromatin- 

bound p r o t e a s e  i n  removing h i s t o n e  from DNA dur ing  sperma- 

t o g e n e s i s  h a s  been sugges ted  by Marushige and Dixon (1971 ) . 
High s u b s t r a t e  s p e c i f i c i t y  i s  impl ied  i n  t h i s  case  s i n c e  

t h e  p r o t e a s e  would have t o  degrade h i s t o n e s  wi thout  a f f e c t -  

i n g  protamines which rep lace  h i s t o n e s  i n  t h e  sperm nucleus .  
2 

Small heterogenaus a c i d  s o l u b l e  p r o t e i n  fragments  were 

observed i n  t r o u t  t e s t i s  chromatin l a t e  i n  t h e  t r a n s f o r -  

mation from nucleohis tone  t o  nucleoprotamine; t h e s e  could 

be t h e  breakdown products  of h i s t o n e s ,  which a re  rapf d l y  

being rep laced  by protamines.  It w a s  a l s o  shown that . 

h i s t o n e s  became a c e t y l a t e d  and phosphorylated dur ing  t h e  

t ime of t h e i r  replacement.  This  evidence sugges ted  t h a t  

i n  spermatogenes is ,  h i s t o n e s  might be removed from DNA 

by p r o t e o l y t i c  degradat ion;  t h e  minor modi f i ca t ions  p r e -  

sumably might be necessary  t o  r ender  t h e  h i s t o n e s  a v a i l a b l e  

and s u s c e p t i b l e  t o  t h e  p r o t e a s e  d i g e s t i o n .  If t h e  same 

h y p o t h e t i c a l  mechanism should be o p e r a t i v e  i n  t h e  removal 

. o f  , h i s t o n e s  dur ing  gene de repress ion ,  t h e n  such  a p r o t e a s e  

would be a n  enzyme of  cons ide rab le  b i o l o g i c a l  s i g n i f i c a n c e .  
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There fo re  t h i s  enzyme has  been p u r i f i e d  t o  homogeneity 

i n  a n  a t t e m p t  t o  s e t  t h e  background f o r  f u t u r e  s t u d i e s  

o n  i t s  r o l e  i n  gene r e g u l a t i o n .  
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MATERIALS AND IVlETHODS 

M a t e r i a l s  

Frozen ra t  l i v e r  was purchased from Pel-Freeze ~ i o l o g -  

i c a l s  , I n c  . Poly-L-arginine (M# 40,000) w a s  purchased 

from P i l o t  Chemicals,  I n c  . Poly-L-lysine (IN 5,900) w a s  

ob ta ined  from Miles -Yeda L t d ,  Salmon protamine s u l f a t e ,  

egg white  lysozyme and bovine serum albumin were ob ta ined  

from Sigma Co . Bio-Rex 70 (200-400 mesh, sodium form) ,  

a i o  -Gel A-50 (50-1 oqmesh), calcium phosphate g e l ,  a c r y l a -  

mide, B i s  (N , N t  -methylene - b i s - a c r ~ l a m i d e )  , TETED, and 

ammonium p e r s u l f a t e  were purchased from Bio-Rad Lab. Se- 

pharose 6B, Sephadex G-100 and QAE Sephadex A-25 were 

obta ined .  f ram-Pharmacia, Fine Chemicals. Human y-globul in 

( f r a c t i o n  11) , ovalbumin ( non-enzymic p r o t e i n  molecular  

weight markers) were from ~ c h w a r t  z/Mann. E. c o l i  ,3-galacto- 

s i d a s e  w a s  o b t a i n e d  from Worthington Biochem, Corp . Amicon 

PM-10 u l t r a f i l t r a t i o n  membrane was purchased from Amicon 

Corp . Dansyl c h l o r i d e  was purchased from- P i e r c e  Chem. Coo 

Polyamide l a y e r  s h e e t  w a s  ob ta ined  from Gal lard-Schles inger  

Chem. Corp, 

P recyc l ing  o f  Bio-Rex Resiq.  One hundred grams o f  

Bio-Rex 70 (200-400 mesh sodium form) w a s  suspended i n  

3 l i t e r s  of  2 N H C 1  and allowed t o  s e t t l e .  A f t e r  removal 

o f  t h e  f i n e s ,  t h e  r e s i n  w a s  washed e x t e n s i v e l y  w i t h  w a t e r  

and suspended i n  3 l i t e r s  o f  2 M NaOH,  A f t e r  excess  base 

w a s  removed by f i l t r a t i o n  and washing wi th  w a t e r ,  t h e  
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m a t e r i a l  w a s  resuspended i n  2  N H C 1  and washed f u r t h e r  w i t h  

w a t e r .  F i n a l l y  t h e  r e s i n  w a s  suspended i n  2 M N a C 1 ;  ti- - 

t r a t e d  t o  pH 7 wi th  2  N NaOH and c o l l e c t e d  by f i l t r a t i o n .  

Before u s i n g ,  t h e  r e s i n  w a s  washed s e v e r a l  t imes  wi th  t h e  

d e s i r e d  b u f f e r  and t h e  pH w a s  a d j u s t e d  by t i t r a t i o n .  

Treatment of D i a l y s i s  Tubing. D i a l y s i s  t u b i n g  w a s  

al lowed t o  soak i n  a c e t i c  anhydride overn igh t  at  room tem- 

p e r a t u r e ;  washed e x t e n s i v e l y  w i t h  w a t e r  f o r  1 day, and 

b o i l e d  f o r  30 min i n  a s o l u t i o n  o f  1 0  mPn di-sodium EDTA 

- 0.1  M NaHC03. A f t e r  coo l ing ,  t h e  t u b i n g  w a s  washed ex- 

t e n s i v e l y  w i t h  de ionized  water ;  soaked overn igh t  i n  e t h a -  

n o l ;  and washed a g a i n  w i t h  de ion ized  water .  The t r e a t e d  . 

t u b i n g  w a s  s t o r e d  i n  50% g l y c e r o l  at  4'. 

P r e p a r a t i o n  of Nuclei .  Nuclei were p repared  by a 

m o d i f i c a t i o n  o f  t h e  method o f  Blobel and P o t t e r  (1966).  

Sprague-Dawley rats (150-250 g )  were s a c r i f i c e d .  L i v e r s  

were removed quickly  and c h i l l e d  immediately i n  two vol- 

umes o f  i ce -co ld  0.25 id suc rose  i n  TI38 b u f f e r  (50 mM T r i s ,  

pH 7.5 a t  20' - 25 mM K C 1  - 5 mM Mgc12). A l l  subsequent 

o p e r a t i o n s  were performed at 4'. L ive r s  were b l o t t e d ,  

weighted,  and minced w i t h  s c i s s o r s .  A f t e r  homogenization 

us ing  a Tef lon  homogenizer (10-15 s t r o k e s  a t  100 V ) ,  t h e  

homogenate w a s  f i l t e r e d  through f o u r  l a y e r s  o f  cheesec lo th .  

One p a r t  o f  f i l t r a t e  w a s  mixed wi th  two p a r t s  o f  2.3 M 

suc rose  i n  TKM b u f f e r .  The r e s u l t i n g  mixture w a s  over- 

l a i d  on  0.25 volumes of  2.3 % suc rose  i n  TKM b u f f e r  i n  
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SW 2 5 - 2  c e r t r i f u g e  tubes ,  and c e n t r i f u g e d  f o r  1 h r  a t  76,900 g 

i n  a SJV 25.2 r o t o r .  A f t e r  decan t ing  t h e  s u p e r n a t a n t ,  ma- 

t e r i a l  adher ing  t o  t h e  w a l l  o f  t h e  tube  w a s  removed p r i o r  

t o  h a r v e s t i n g  t h e  p e l l e t .  The y i e l d  o f  n u c l e i  based on t h e  

r ecovery  o f  DNA w a s  50 t o  70%. 

I n  some i n s t a n c e s  as i n d i c a t e d  i n  t h e  t e x t ,  t h e  r e s u l t -  

i n g  n u c l e i  were washed once w i t h  non-ionic d e t e r g e n t  by sus -  

pens ion  i n  0.5% (v/v) T r i t o n  X-100 - 0.25 M suc rose  - TKM 

b u f f e r .  A f t e r  s t i r r i n g  a t  4' f o r  30 min, t h e  m a t e r i a l  w a s  

p e l l e t e d  by c e n t r i f u g a t i o n  a t  1,500 g f o r  1 0  min. The r e -  

s u l t i n g  p e l l e t  was washed twice w i t h  0.25 M s u c r o s e  - TKM 

b u f f e r  by c e n t r i f u g a t i o n  as above. The chromatin w a s  p re -  

pa red  from p u r i f i e d  n u c l e i  a f t e r  washing w i t h  s a l i n e  - EDTA 

as o u t l i n e d  i n  t h e  "Prepara t ion  of  Chromatinf1 s e c t i o n .  

? s o l a t i o n  o f  Nuclear Membrane. The method of  Kashnig 

and Kasper (1969) w a s  adopted t o  i s o l a t e  n u c l e a r  membrane. 

Nucle i  were i s o l a t e d  as desc r ibed  above, but  wi thout  de te r -  

g e n t  washing. A f t e r  suspending n u c l e i  i n  30 m l  o f  TKM buf- 

f e r  t o  g i v e  a concen t ra t ion  1 m g  p e r  m l  p r o t e i n ,  t h e  m a -  

t e r i a l  w a s  s o n i c a t e d  wi th  a Branson S o n i f i e r  a t  a s e t t i n g  of 

6.5 f o r  1 0  t o  1 5  s e c  a t  4'. This  procedure w a s  repea ted  

u n t i l  microscopic examination revea led  o v e r  90% n u c l e a r  l y s i s  . 
S o l i d  potassium c i t r a t e  was added w i t h  mixing t o  a f i n a l  

c o n c e n t r a t i o n  o f  10% (w/v) and t h e  s o l u t i o n  w a s  cen t r i fuged  

a t  39,000 g f o r  45 min a t  4'. The r e s u l t i n g  p e l l e t  was 

suspended i n  1 0  m l  of  TKM - 10% potassium c i t r a t e  - sucrose  

3 s o l u t i o n  ( d e n s i t y  1.22 g  p e r  cm ) by v o r t e x  mixing and 



t r a n s f e r r e d  t o  a n i t r o c e l l u l o s e  tube  ( ~ p i n c o  SW 25.1 r o t o r ) .  

The membrane suspens ion  w a s  ove r l aye red ,  i n  a s t epwise  

manner, w i t h  7 m l  each of  TKM buffered  suc rose  s o l u t i o n s  

c o n t a i n i n g  lo$  potassium c i t r a t e  w i t h  d e n s i t i e s  o f  1.20, 

3 1.18, and 1 .16  g p e r  cm , r e s p e c t i v e l y .  A f t e r  c e n t r i f u -  

g a t i o n  a t  100,000 g  f o r  1 0  h r  a t  4O, n u c l e a r  membrane w a s  

ha rves ted  from t h e  i n t e r f a c e s  o f  d e n s i t i e s  1.18 t o  1.20 and 

3 1 . 1 6  t o  1.18 g p e r  cm . 
P r e p a r a t i o n  o f  Chromatin. Chromatin w a s  prepared 

from f r o z e n  rat l i v e r  (Pel-Freeze B i o l o g i c a l s ,  I n c  .) as 

d e s c r i b e d  by E l g i n  and Bonner (1970). Sucrose p u r i f i e d  

chromatin w a s  washed w i t h  10  mM T r i s  (pH 8 )  and sheared  i n  

a V i r t i s  homogenizer a t  30 V f o r  90 s e c .  A f t e r  c e n t r i f u -  

g a t i o n  a t  12,000 g f o r  15 min, t h e  superna tan t  w a s  used as 

the s t a r t i n g  m a t e r i a l  f o r  t h e  p r e p a r a t i o n  o f  chromatin- 

bound p r o t e a s e .  

Treatment o f  Chromatin wi th  PMSF t o  I n a c t i v a t e  En- 

dogenous P r o t e a s e .  P u r i f i e d  sheared  chromatin w a s  a d j u s t e d  

t o  1 0  p e r  m l  i n  1 0  mM T r i s  ( p ~  8 )  and PMSF ( s t o c k  

s o l u t i o n  50 mNi i n  , i sopropyl  a l c o h o l )  w a s  added t o  a f i n a l  

c o n c e n t r a t i o n  o f  1 mid. The r e s u l t i n g  s o l u t i o n  w a s  s t i r r e d  

overn igh t  a t  4'; d ia lyzed  a g a i n s t  0 . 1  rnM PMSF - 1 0  rnM T r i s  

(pH 8 )  f o r  24 h r ;  t h e n  d ia lyzed  e x t e n s i v e l y  a g a i n s t  1 0  mNI 

T r i s  (pH 8 ) .  This  procedure w a s  e f f e c t i v e  i n  i n a c t i v a t i n g  

endogenous p r o t e a s e  s i n c e  subsequent i n c u b a t i o n  of  chroma- 

t i n  f o r  8 h r  at  37' followed by a n a l y s i s  o f  t h e  d i s c  e l e c -  
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t r o p h o r w t i c  p a t t e r n s  of  h i s tones  and LuHC p r o t e i n s  revealed 

no d e t e c t a b l e  breakdown. 

Assay of Chsomatin-bound Pro tease  A c t i v i t y .  P ro tease  

a c t i v i t y  w a s  assayed as previous ly  descr ibed  ( ~ a r r e l s  e t  &., 

1972) . The complete assay  mixture contained t h e  fo l lowing 

components i n  a f i n a l  volume o f  0.2 m l :  N a C 1 ,  40d(r moles; 

T r i s  (pH 8 ) ,  2.0 L( moles; h i s t o n e s ,  0.2 mg; and enzyme. 
" 

A f t e r  i n c u b a t i o n  i n  s e a l e d  t e s t  tubes  f o r  20 h r  a t  37O, 

0 .5  m l  o f  n inhydr in  reagent  w a s  added t o  each assay  sample. 

(Ninhydrin reagent  i s  0.4 gm ninhydr in ,  80 m l  of  95% e t h a n o l ,  

1 g CdC12, 1 0  m l  a c e t i c  a c i d  and 20 m l  wa te r . )  S i m i l a r  

a s say  mixtures  but without  a d d i t i o n  of  e i t h e r  s u b s t r a t e  o r  

enzyme s e r v e  as c o n t r o l s .  The assay  tubes  were capped, 

placed i n  a b o i l i n g  water  bath f o r  4  min, cooled quickly 

and absorbance a t  506 nm was measured. The sum o f  t h e  absor- 

bance va lues  of minus enzyme and minus s u b s t r a t e  c o n t r o l s  

was s u b t r a c t e d  from t h e  absorbance va lues  o f  t h e  complete 

r e a c t i o n  mixtures .  One u n i t  o f  p r o t e a s e  a c t i v i t y  i s  a r b i -  

t r a r i l y  de f ined  as t h e  amount of  enzyme t h a t  causes a  change 

i n  absorbance a t  506 nm of 0.01 above c o n t r o l  va lues  a f t e r  

20 h r  i n c u b a t i o n .  

P u r i f i c a t i o n  of Chromatin-bound Pro tease .  A 1 1  subse-  

quent o p e r a t i o n s  were c a r r i e d  ou t  a t  4O, un less  o therwise  

mentioned. To p u r i f i e d  sheared chromatin (20  ~ ~ ~ ~ / m l  i n  

10  mM Tris, pH 8)  waS added c r y s t a l l i n e  sodium c h l o r i d e  wi th  

s t i r r i n g  t o  achieve  a f i n a l  c o n c e n t r a t i o n  of  0.7 fdl. A f t e r  
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a d d i t i o n a l  s t i r r i n g  f o r  4  h r ,  t h e  r e s u l t i n g  s o l u t i o n  was 

s u b j e c t e d  t o  g e l  f i l t r a t i o n  by chromatography on Bio-Gel 

A - 5 0  (4  x 100 cm column) e q u i l i b r a t e d  wi th  and e l u t e d  by 

0.7 14 N a C l  - 1 0  mM T r i s  (pH 8 ) .  Ten m i l l i l i t e r  f r a c t i o n s  

were  c o l l e c t e d .  F r a c t i o n s  o f  t h e  inc luded p r o t e i n  peak 

were  pooled , mixed w i t h  Bio-Rex 70 r e s i n  (2 mg o f  p r o t e i n  

p e r  gram of  r e s i n )  p rev ious ly  e q u i l i b r a t e d  wi th  0.4 M N a C l  

- 1 0  mNf T r i s  ( p ~  8 )  and t h e  s l u r r y  w a s  d i a lyzed  a g a i n s t  t h e  

same b u f f e r ,  Columns were poured and washed wi th  t h e  same 

b u f f e r .  Nonabsorbed p r o t e i n  w a s  c o l l e c t e d ;  and concen- 

t r a t e d  by u l t r a f i l t r a t i o n  ul mi con PM 1 0  membrane). The con- 

c e n t r a t e d  p r o t e i n  s o l u t i o n  w a s  t h e n  a p p l i e d  t o  a Sepharose 

6B column (2.5 x  116 cm) e q u i l i b r a t e d  and e l u t e d  by 0.4 M 

N a C l  - 1 0  mM T r i s  (pH 8 ) .  F r a c t i o n s  con ta in ing  t h e  p r o t e a s e  

were pooled and mixed w i t h  calcium phosphate g e l  at t h e  

r a t i o  o f  1 mg p r o t e i n  p e r  ml g e l .  A f t e r  s t i r r i n g  f o r  15 min, 

t h e  r e s u l t i n g  s l u r r y  w a s  c e n t r i f u g e d  a t  10,000 g  f o r  10  min. 

The p e l l e t  w a s  c o l l e c t e d  and e x t r a c t e d  w i t h  0.4 M N a C l  - 
1 0  mR4 sodium phosphate buf fe r  (pH 8) and c e n t r i f u g e d  as above. 

The r e s u l t i n g  c l e a r  superna tan t  w a s  d i a lyzed  a g a i n s t  10  mM 

T r i s  (pH 7 )  and w a s  a p p l i e d  t o  a QAE Sephadex A-25 column 

(0.9 x 25 cm) p r e v i o u s l y  e q u i l i b r a t e d  wi th  1 0  mM T r i s  ( p ~  7 ) .  

The column w a s  washed w i t h  t h e  same b u f f e r  e x t e n s i v e l y  and 

e l u t e d  w i t h  a l i n e a r  sa l t  g r a d i e n t  from 0  t o  0.3 id N a C l  

- 1 0  mNI T r i s  ( p ~  7 )  i n  a t o t a l  volume o f  300 ml. The p u r i -  

f i e d  enzyme w a s  e l u t e d  at 0.1 M N a C 1  concen t ra t ion .  



Sucrose Gradient C e n t r i f u a a t i o n .  L inea r  sucrose  g r a -  

d i e n t s  (5% t o  20%) i n  0 .1  M NaCl - 1 0  mIvI Tris (pH 8)  were 

prepared according  t o  t h e  method of lvlartin and Ames (1961),  

Approximately 200 u n i t s  of p r o t e a s e  enzyme i n  50 h l  was 

l a y e r e d  on a 5 m l  g r a d i e n t .  

Human ) -g lobu l in  (1 mg i n  50 ~ 1 1 )  s e rved  as a  s tandard  

( sed imenta t ion  c o e f f i c i e n t  = 7.0 S,  M1d = 160,000) .  

Gradients  were cen t r i fuged  a t  116,000 g i n  t h e  S'if 50 

r o t o r  f o r  1 0  h r  a t  3'. Samples were c o l l e c t e d  by punching 

a hole  i n  t h e  bottom o f  each tube  wi th  a needle  and c o l l e c t -  

i n g  drops;  8 drops p e r  f r a c t i o n  were c o l l e c t e d .  

Enzyae a c t i v i t y  was assayed i n  each f r a c t i o n  and 

human ) -g lobu l in  w a s  measured by A2R0.  The sedimenta t ion  

c o e f f i c i e n t  ( s )  w a s  c a l c u l a t e d  us ing  t h e  formula 

P u r i f i c a t i o n  of  Histones by Acid E x t r a c t i o n .  For pro- 

t e a s e  a s s a y s ,  d i s c  e l e c t r o p h o r e s i s  and column chromatography, 

h i s t o n e s  were prepared by a c i d  e x t r a c t i o n  of p u r i f i e d  sheared 

chromatin fol lowed by p r e c i p i t a t i o n  of t h e  e x t r a c t e d  h i s t o n e s  

w i t h  e thano l  ( B n n e r  e t  &. , 1968) . Chromatin s o l u t i o n s ,  

i n  10  rnM T r i s  (pH 8 ) ,  were a d j u s t e d  t o  10  p e r  m l  and 

1/4 volume of  co ld  2 N s u l f u r i c  a c i d  w a s  added dropwise wi th  

s t i r r i n g  at 4'. A f t e r  30 min of  a d d i t i o n a l  s t i r r i n g ,  t h e  

s o l u t i o n  w a s  cen t r i fuged  a t  15,000 g  f o r  15  mine To t h e  

s u p e r n a t a n t ,  f o u r  volumes of co ld  abso lu te  e thano l  w a s  added. 
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A f t e r  s t o r a g e  a t  -20' f o r  a minimum o f  24  h r ,  h i s t o n e s  were 

p e l l e t e d  by c e n t r i f u g a t i o n  a t  15 ,000  g  f o r  1 5  min. The 

wh i t e  p e l l e t s  were resuspended i n  c o l d  a b s o l u t e  e t h a n o l  and 

c e n t r i f u g e d  a t  15 ,000  g f o r  1 5  min. T h i s  s t e p  was r epea t ed  

t h r e e  t i m e s .  T races  o f  e t h a n o l  were removed by l y o p h i l i z a -  

t i o n .  

P r e p a r a t i o n  o f  Cy toso l .  H a t  l i v e r  c y t o s o l  w a s  p r epa red  

a c c o r d i n g  t o  t h e  method d e s c r i b e d  by Kadenbach and Urban 

(1968)  . 3at l i v e r  w a s  h a r v e s t e d ,  minced, homogenized and 

f i l t e r e d  i d e n t i c a l l y  t o  t h a t  d e s c r i b e d  above ( s e e  P repa ra -  

t i o n  o f  Nuc le i  s e c t i o n ) .  The f i l t r a t e  w a s  c e n t r i f u g e d  f o r  

1 h r  a t  130 ,000  g  a t  4' u s ing  a SW 39 r o t o r .  The r e s u l t i n g  

s u p e r n a t a n t  ( c y t o s o l  f r a c t i o n )  w a s  t r e a t e d  w i t h  5 M u r e a  - 
0.1 2 5  $4 N a O H  o v e r n i g h t  a t  4' t o  i n a c t i v a t e  endogenous p ro -  

t e o l y t i c  enzymes. The dena tu red  c y t o s o l  was d i a l y z e d  

e x h a u s t i v e l y  a g a i n s t  1 0  miVI T r i s  ( p ~  7 ) .  

P r e p a r a t i o n  o f  NHC P r o t e i n s .  NHC p r o t e i n s  were p r e -  

pa red  from rat l i v e r  chromat in  a c c o r d i n g  t o  t h e  method o f  

van den 3roek  e t  - g . ,  (1973) w i t h  a s l i g h t  m o d i f i c a t i o n .  

Sucrose  p u r i f i e d  chromat in  w a s  a d j u s t e d  t o  1 0  p e r  m l  

w i t h  1 0  mIVI T r i s  (pH 8 ) .  To t h e  chromat in  s o l u t i o n ,  c r y s t a l s  

of  sodium c h l o r i d e  were added w i t h  v igo rous  s t i r r i n g  t o  

a c h i e v e  a f i n a l  c o n c e n t r a t i o n  o f  4 W. The mix ture  w a s  

s h e a r e d  i n  a V i r t i s  homogenizer ( 3 0  V - 90 s e c )  and s t i r r e d  

a t  4' f o r  1 h r .  BdA was removed by c e n t r i f u g a t i o n  a t  

215,000 g f o r  18 h r  a t  4' i n  a f i x e d  a n g l e  r o t o r .  The 



s u p e r n a t a n t  w a s  c o l l e c t e d  and mixed w i t h  Bio-riex 70 r e s i n  

p r e v i o u s l y  e q u i l i b r a t e d  w i t h  0 .4  M iJaC1-10 mM T r i s  (pH 7 ) .  

One gram of  r e s i n  w a s  used f o r  each  5 mg o f  p r o t e i n .  The 

r e s u l t i n g  s l u r r y  was d i a l y z e d  e x t e n s i v e l y  a g a i n s t  0.4 M 

i J a C 1 -  10 mM T r i s  ( p ~  7 )  and a column w a s  poured.  The 

p r o t e i n  t h a t  w a s  no t  bound t o  t h e  r e s i n  and which w a s  

e l u t e d  upon washing w i t h  0.4 ~d N a C 1 -  10 Tris (pH 7 )  

was c o l l e c t e d  and c o n s i s t s  o f  t h e  NHC p r o t e i n s ,  

Urea Gel Disc  ~ l e c t r o p h o r e s i s  o f  H i s t o n e s .  His tones  -- 

were d i s s o l v e d  i n  de ion ized  5  M urea -  0 . 9  N a c e t i c  a c i d -  

1 %  ( v / v )  2-mercaptoethanol  a t  a c o n c e n t r a t i o n  o f  about 

1 .0 mg p e r  m l .  T races  o f  i n s o l u b l e  m a t e r i a l  were removed 

by c e n t r i f u g a t i o n .  The p r o t e i n  c o n c e n t r a t i o n  o f  t h e  supe r -  

n a t a n t  w a s  de te rmined  by a m o d i f i c a t i o n  o f  method o f  Kuno 

and Kihara  (1967)  u s ing  2 5 %  t r i c h l o r o a c e t i c  a c i d  f o r  p re -  

c i p i t a t i o n  and 0.5 mg p e r  ml amidoschwartz i n  t h e  s t a i n i n g  

s o l u t i o n .  Bovine serwn albumin w a s  used as s t a n d a r d .  

Disc e l e c t r o p h o r e s i s  w a s  performed by t h e  method 

Panyim and Chalkey (1969)  u s ing  1 5 s  po lyacry lamide  g e l s  

and 2 .5  ,?I u r e a  a t  a f i n a l  pH of 3 . 2  ( a f t e r  p re -e l ec t ropho-  

r e s i s )  . approximate ly  30 ~g o f  h i s t o n e s  were a p p l i e d  t o  
71 

t h e  g e l s ,  which were r u n  under  c o n s t a n t  c u r r e n t  ( 2  mA p e r  

g e l )  f o r  3 .5  h r .  A t  t h e  end o f  e l e c t r o p h o r e s i s ,  t h e  g e l s  

were immersed i n  i c e  and removed by rimming t u b e s  w i t h  a 

s y r i n g e  c o n t a i n i n g  a 2% SDS s o l u t i o n .  A f t e r  s t a i n i n g  f o r  

2 h r  w i t h  1% amidoschwartz i n  4 0 $ e t h a n o l  - 776 a c e t i c  a c i d ,  



t h e  g e l s  were d e s t a i n e d  by d i f f u s i o n  a g a i n s t  20s e t h a n o l  - 
7 h c e t i c  a c i d .  Gels were scanned a t  600 nm us ing  a G i l f o r d  

2000 spec t ropho tome te r  equipped w i t h  a l i n e a r  t r a n s p o r t .  

P i c t u r e s  were t a k e n  us ing  a. P o l a r o i d  camera w i t h  an  orange 

f i l t e r .  

P r e p a r a t i o n  of  Nonhistone Chromosomal P r o t e i n  f o r  Uisc 

L l e c t r o p h o r e s i s  . l ionhistone chromosomal p r o t e i n  was p r e -  

pared  by a m o d i f i c a t i o n  of  a p r e v i o u s l y  d e s c r i b e d  technique  

( h l g i n  and Bonner, 1970)  . His tone  was removed from shea red  

chromat in  p r e p a r a t i o n s  by two c y c l e s  o f  a c i d  e x t r a c t i o n .  

The r e s i d u e  w a s  r i n s e d  w i t h  9 .1  :fi T r i s  (pil 8)  t o  remove t r a c e s  

o f  a c i d ,  and d i s s o l v e d  by homogenization i n  2% SDS - 65 mM 

T r i s  ( p ~  6 . 8 )  t o  y i e l d  approximate ly  60 AZ60 u n i t s  p e r  m l  

f i n a l  c o n c e n t r a t i o n .  'tihen neces sa ry  t h e  pH o f  t h e  r e s u l t -  

i n g  s o l u t i o n  w a s  a d j u s t e d  t o  n e u t r a l i t y  by t h e  a d d i t i o n  of  

c r y s t a l s  o f  T r i s  ba se .  A f t e r  s t i r r i n g  f o r  18 h r  at 37O, 

t h e  samples were c e n t r i f u g e d  a t  180,000 x g  f o r  24 h r  a t  

?oO t o  p e l l e t  B N A .  The r e s u l t i n g  s u p e r n a t a n t s  were d i a lyzed  

a g a i n s t  t h e  above pH 6 . 8  b u f f e r .  P r i o r  t o  e l e c t r o p h o r e s i s ,  

5% 2 -ne rcap toe thano l  w a s  added and samples were hea t ed  f o r  

1 . 5  min a t  100'. A f t e r  samples had c o o l e d ,  g l y c e r o l  was 

added t o  10% ( v / v )  . P r o t e i n  c o n c e n t r a t i o n s  were determined 

by a dye-binding a s s a y  ( s e e  Grea Gel Disc L l e c t r o p h o r e s i s  

s e c t i o n )  u s ing  c r y s t a l l i n e  bovine serum albumin as s t a n d -  

a r d .  

SUS Disc E l e c t r o p h o r e s i s  o f  Ni iC  P r o t e i n .  P r o t e i n  
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samples ,  i n  2% SDS - 55 mIVI T r i s  (pH 6.8) - 4.5% 

2 -mercaptoethanol - 10% g l y c e r o l  - 0.001$ bromophenol b lue ,  

were s u b j e c t e d  t o  d i s c  e l e c t r o p h o r e s i s  accord ing  t o  t h e  

method o f  King and Laemrnli (1971) .  However, 0.384 M 

g l y c i n e  - 0.1% SDS ( t i t r a t e d  t o  pH 8.3 wi th  c r y s t a l s  of  

T r i s  base)  w a s  used as t h e  t r a y  b u f f e r .  Polyacrylamide 

g e l s  (10% w/v) o f  0.6 x 1 2  cm dimensions were run  a t  con- 

s t a n t  c u r r e n t  (1 .5 mA p e r  g e l  u n t i l  t h e  sample had e n t e r e d  

t h e  s t a c k i n g  g e l ,  3 mA p e r  g e l  t h e r e a f t e r )  u n t i l  t h e  

t r a c k i n g  dye had migra ted  10  cm. Gels were s t a i n e d  3 h r  

w i t h  0.25% Coomassie b r i l l i a n t  blue R-250 i n  5 :5 :1 wate r  

- methanol - a c e t i c  a c i d ,  and des ta ined  by d i f f u s i o n  

a g a i n s t  10% a c e t i c  a c i d  - 5$ methanol. Gels were scanned 

and photographed as desc r ibed  above. 

I s o l a t i o n  o f  Nuclear  DNA from R a t  L ive r .  Chromatin 

w a s  p a r t i a l l y  p u r i f i e d  from 40 g  o f  rat l i v e r  by t h e  method 

of E l g i n  and Bonner (1970) up t o  t h e  sucrose  s t e p .  The 

r e s u l t i n g  chromatin s o l u t i o n  (50 m l  i n  1 0  mM T r i s ,  pH 8) 

w a s  added t o  100 m l  of  1% SDS - 0.1 Ivl T r i s  (pH 8)  and 

s t i r r e d  a t  room tempera ture  u n t i l  a homogeneous s o l u t i o n  

w a s  ob ta ined .  An equal  volume o f  f r e s h l y  d i s t i l l e d  phenol 

w a s  added and t h e  mixture w a s  shaken g e n t l y  at  room tem- 

p e r a t u r e  f o r  1 5  min. The s o l u t i o n  was c e n t r i f u g e d  a t  

10 ,000 g  f o r  15 min and t h e  aqueous phase w a s  c o l l e c t e d  

w i t h  a l a r g e  mouth p i p e t t e .  The r e s u l t i n g  m a t e r i a l  w a s  

shaken g e n t l y  w i t h  an  equa l  volume o f  24: l  chloroform 

- o c t a n o l ,  c e n t r i f u g e d  at 1,000 g  f o r  1 5  min. The aqueous 
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phase was c o l l e c t e d  and r e e x t r a c t e d  as b e f o r e .  To t h e  r e -  

s u l t i n g  aqueous phase was added two volumes o f  c o l d  a b s o l u t e  

a l c o h o l .  DlqA was spooled  o u t  and d i s s o l v e d  i n  50 m l  o f  

1 x  SSC by shak ing  s lowly  ove rn igh t  a t  4'. The r e s u l t i n g  

DNA s o l u t i o n  was s u b j e c t e d  t o  Hilase ( 5 0  lrg/ml) and 

<-amylase (200  ug/ml)  t r e a t m e n t s  f o r  1 h r  a t  37'. (RNase 

w a s  p r e t r e a t e d  by b o i l i n g  f o r  5  min t o  dena tu re  DlJase.) 

This  i n c u b a t i o n  mix ture  w a s  fo l lowed w i t h  3-hr  t r e a t m e n t  

w i t h  pronase  a t  100 bfg/ml (p ronase  w a s  p r e incuba ted  f o r  

1 h r  a t  77' i n  1 0  mIvl Tris, DH 8 ) .  The DHA s o l u t i o n  w a s  t h e n  

e x t r a c t e d  w i t h  phenol as above.  DNA w a s  spoo led  o u t  o f  t h e  

aaueous phase a f t e r  a d d i t i o n  of  e t h a n o l .  The r e s u l t i n g  

9 N A  m a t e r i a l  w a s  d i s s o l v e d  i n  50 m l  o f  1 x SSC and d i a l y z e d  

e x t e n s i v e l y  a g a i n s t  - x  SSC. 100 

P u r i f i c a t i o n  o f  Kis tone I .  T o t a l  h i s t o n e s  (150 mg) 

were p repa red  by a c i d  e x t r a c t i o n  of rat  l i v e r  chromat in  

d i s s o l v e d  i n  8% GuCl - 0 . 1  ;ul sodium phosphate  b u f f e r  (pH 7 )  

and a p p l i e d  t o  a Bio-Hex 70 column (3 .5  x 70 cm) p r e v i o u s l y  

e q u i l i b r a t e d  w i t h  t h e  same b u f f e r .  l i f t e r  washing t h e  

coluinn e x t e n s i v e l y  w i t h  t h e  same b u f f e r ,  p r o t e i n  was e l u t e d  

w i t h  a l i n e a r  2 l i t e r  g r a d i e n t  o f  8% t o  13% GuCl - 0 . 1  .d 

sodium phosphate  b u f f e r  ( p 2  7 )  . Ten m i l l i l i t e r  f r a c t i o n s  

were c o l l e c t e d .  P r o t e i n  w a s  measured by t u r b i d i t y  at 

400 nm f o l l o w i n g  t h e  a d d i t i o n  of 1.1 ifl TCA (Bonner e_t_ &. , 
1 9 6 8 ) .  The e l u t i o n  p r o f i l e  and d i s c  e l e c t r o p h o r e t i c  

p a t t e r n s  of  t h e  f r a c t i o n s  a r e  shown on F igu re  A .  F r a c t i o n s  
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60 t o  105 were poo led ,  d i a l y z e d  e x t e n s i v e l y  a g a i n s t  0 . 1  IVI 

a c e t i c  a c i d  and l y o p h i l i z e d .  The r e s u l t i n g  m a t e r i a l  (25 mg 

p r o t e i n )  was d i s s o l v e d  i n  1 0  m l  o f  0.01 d H C l  and chromato- 

graphed a t  room t empera tu re  by g e l  f i l t r a t i o n  on Sephadex 

G-100 colwnn ( 5  x 150 cm) e q u i l i b r a t e d  w i t h  a n  e l u t e d  by 

0 .01  lj  H C 1 .  Ten m i l l i l i t e r  f r a c t i o n s  were c o l l e c t e d .  The 

e l u t i o n  p r o f i l e  i s  showv i n  F igu re  B .  The f i r s t  p r o t e i n  

peak c o n t a i n i n g  1 0  mg o f  p r o t e i n  w a s  judged t o  be pure  

h i s t o n e  I by d i s c  g e l  e l e c t r o p h o r e s i s .  

P r e p a r a t i o n  o f  DNA - Histone I Complex. Recons t i t u -  

t i o n  w a s  performed by a m o d i f i c a t i o n  of  t h e  procedure  o f  

3 h i h  and Bonner (1970) . Five m i l l i l i t e r s  o f  I)NA (1.85 mg/ml 

i n  5  M N a C l  - 5 r v l  u r ea  - 1 0  mA4 T r i s ,  pH 8 )  w a s  mixed by 

v igo rous  s t i r r i n g  w i t h  a n  e q u a l  volume o f  h i s t o n e  I 

s o l u t i o n  (0 .74 rng/rnl i n  1 0  md T r i s ,  pH 8 ) .  The h i s t o n e :  DNA 

mass r a t i o  w a s  t h u s  0.4. A l l  t h e  f o l l o w i n g  s t e p s  were 

c a r r i e d  o u t  a t  4'. The mixture  was d i a l y z e d  s u c c e s s i v e l y  

a g a i n s t  a s t e p  g r a d i e n t  of NaCl o f  c o n c e n t r a t i o n s  2  M ,  

1 . 5  14, 1 . 0  ivl, 0 . 8  iul, 0 . 6  d, 0.4  4, and 0.2 :vI; a l l  s o l u t i o n s  

con ta ined  5 u r e a  - 1 0  mIVI T r i s  (pH 8 ) .  The r e s u l t i n g  ma- 

t e r i a l  w a s  t h e n  d i a l y z e d  a g a i n s t  5  M and 2 .5  Ivl u r ea  - 1 0  mlV1 

T r i s  (pH 8 ) .  Each o f  t h e  above d i a l y s i s  s t e p s  w a s  f o r  4 F L r .  

The u rea  was removed by e x h a u s t i v e  d i a l y s i s  a g a i n s t  1 0  msd 

T r i s  (pi< 8 ) .  The r e s u l t i n g  complex w a s  p e l l e t e d  by cen- 

t r i f u g a t i o n  a t  200,000 g f o r  1 5  h r  a t  4 O ,  y i e l d i n g  a t r a n s -  

p a r e n t  g e l - l i k e  m a t e r i a l  w i t h  a h i s t o n e  I : DNA mass r a t i o  0.4 



Chromatography of  rat l i v e r  h i s t o n e s  on Bio-Rex 70.  

T o t a l  h i s t o n e s  (150 mg) were d i s s o l v e d  i n  8% GuCl - 0 . 1  d 

sodium phospha te  b u f f e r  (PH 7 )  and a p p l i e d  t o  t h e  column 

( 2 . 5  x 70 cm).  H i s tones  were e l u t e d  w i t h  a l i n e a r  g r a d i e n t  

o f  87; t o  13% GuCl i n  0 . 1  16 sodium phosphate  b u f f e r  (pH 7 ) .  

Ten m i l l i l i t e r  f r a c t i o n s  were c o l l e c t e d .  P r o t e i n  was mea- 

s u r e d  by t u r b i d i t y  a t  400 nm f o l l o w i n g  t h e  a d d i t i o n  o f  

1.1 4 T C A .  





Chromatography of  r a t  l i v e r  h i s t o n e s  on Sephadex 

G-100. H i s t o n e s  ( 2 5  m g )  was d i s s o l v e d  i n  1 0  ml o f  0.01 ~4 

H C 1  and a p p l i e d  t o  t h e  coluxn ( 5  x 150 c m ) .  H i s tones  

were e l u t e d  w i t h  0.01 :\1 H C 1 .  Ten m i l l i l i t e r  f r a c t i o n s  

were c o l l e c t e d ,  p r o t e i n  w a s  measured by 0. D. a t  230 m . 





ard a recovery o f  70%. 

N-Terminal Analys is .  Q u a l i t a t i v e  N-terminal a n a l y s i s  

w a s  c a r r i e d  o u t  by t h e  method of  Woods and 'Hang (1967).  

Approximately 20 / i l g  o f  p r o t e i n  i n  2 0 / 1  of  0.1 I NaHC03 

conta ined  i n  a 6  mm x 1 5  mm t e s t  tube  w a s  d a n s y l a t e d  by t h e  

a d d i t i o n  of  20) 1 o f  dansy lch lo r ide  i n  acetone ( 1  rng/ml) . 
The tube ,  covered w i t h  p a r a f i l m ,  remained a t  37' f o r  2  h r ;  

t h e  cover  w a s  removed, and t h e  c o n t e n t s  were evapora ted  t o  

d ryness .  A 50 U 1 volume of  6  M H C 1  w a s  added; t h e  tube  w a s  
,' 

s e a l e d  and p laced  i n  a 105' oven f o r  1 6  h r ,  t h e n  cooled and 

opened; i t s  c o n t e n t s  were evaporated t o  dryness .  The reac -  

t i o n  products  were d i s s o l v e d  i n  5076 o f  pyr id ine  and analyzed  

by t h i n  l a y e r  chromatography on  polyamide s h e e t s  i n  a 

s e r i e s  o f  s o l v e n t s  (Woods and Wang, 1967) .  The dansy l  amino 

a c i d s  were i d e n t i f i e d  by t h e i r  migra t ion  p o s i t i o n s  r e l a t i v e  

t o  t h e  known p a t t e r n  and t o  s t a n d a r d s  s p o t t e d  on  t h e  back 

o f  t h e  same polyami.de s h e e t .  

Chemical Composition. Histone w a s  determined by 

measurement o f  absorbance a t  230 nm (6 = 3.5 1 p e r  cm g; 

Bonner e t  al_. , 1968) and by t h e  method of  Lowry e t  g&. , 
(1951),  us ing  c r y s t a l  bovine serum albumin as s t a n d a r d .  The 

two methods agreed  w e l l .  WHC p r o t e i n  w a s  determined by a 

dye-binding a s s a y ,  s e e  "Urea Gel Disc E l e c t r o p h ~ r e s i s ~ ~  

s e c t i o n  and by t h e  method of Lowry e q  e., (1951) . DNA w a s  

determined by measurement of absorbance a t  260 nm ( c  = 20 1 
p e r  cm g ) .  



Subnuclear D i s t r i b u t i o n  of  Pro tease  A c t i v i t y .  The pro - 
t e a s e  a c t i v i t y  toward h i s tone  s u b s t r a t e ,  which has  been r e -  

por t ed  by o t h e r s  (Gar re l s  e t  g . ,  1972) t o  be i n  e i t h e r  

n u c l e i  o r  chromatin of rat l i v e r ,  i s  not a  contaminant.  

Washing n u c l e i  wi th  T r i t o n  X-100 t o  remove t h e  o u t e r  nuc lea r  

membrane t o g e t h e r  wi th  cytoglasmic contaminat ion does not 

reduce t h e  y i e l d  of pro tease  a c t i v i t y  (Table I ) .  Fur the r -  

more approximately 88$ of t h i s  a c t i v i t y  i s  l o c a l i z e d  i n  the  

chromatin f r a c t i o n ;  t h e  remaining a c t i v i t y  i s  a s s o c i a t e d  

w i t h  t h e  n u c l e a r  membrane f r a c t i o n .  The s p e c i f i c  a c t i v i t y  

of  p ro tease  i s  s l i g h t l y  h igher  i n  t h e  chromatin f r a c t i o n  

compared t o  t h a t  of n u c l e a r  membrane f r a c t i o n  ( see  Table I )  

sqqges t ing  that  t h e  activity assoc ia ted  with t h e  membrane 

f r a c t i o n  may be due t o  r e s i d u a l  chromatin contaminat ion.  

Since no a c t i v i t y  could be d e t e c t e d  i n  t h e  nucleoplasmic 

f r a c t i o n ,  t h e  p o s s i b i l i t y  remained t h a t  t h i s  f r a c t i o n  con- 

t a i n e d  an  i n h i b i t o r  of t h e  p ro tease  a c t i v i t y .  However, no 

evidence f o r  t h e  presence of an i n h i b i t o r  w a s  found by 

mixing experiments (Table I )  . 
A s  shown i n  Figure 1, t h e  p ro tease  a c t i v i t y  i s  p r i m a r i l y  

bound t o  i s o l a t e d  chromatin. When chromosomal p r o t e i n  w a s  

r e l e a s e d  from DNA by t rea tment  wi th  i n c r e a s i n g  concentra-  

t i o n s  of sodium c h l o r i d e ,  only 18% of p ro tease  a c t i v i t y  was 

l i b e r a t e d  a t  0 .3  $ s a l t .  Even a t  2 . 5  16 sodium c h l o r i d e  only  



-- 

TABLE I: Subnuclear Distribution of Protease Activity. 
-- -- 

% of Specific 
Total Total Units Total Activity 

Experi- Protein of Protease Protease (un i t s  /pg 
ment # Nuclear Fraction ( ~ g  ) Activity Activity Protein ) 

Whole nuclei  
1 

Triton X-100 
washed nuclei  

Nucleoplasm 

2 Nuclear membrane 

Chromatin 

Chromatin alone 

3 Nucleoplasm alone 

Chromatin & nucleoplasm 



E f f e c t s  of  d i f f e r e n t  sa l t  concen t ra t ions  on t h e  

e x t r a c t i o n  of  p ro tease  f r o n  chromatin. Chromatin (10 A 2 6 0 / m l  i n  

10 mM T r i s )  was t r e a t e d  wi th  d i f f e r e n t  concen t ra t ions  of 

sodium c h l o r i d e  overn igh t .  The r e s u l t i n g  s o l u t i o n s  were 

c e n t r i f u g e d  a t  177,700 g f o r  8 h r .  The p ro tease  a c t i v i t i e s  

and p r o t e i n  concen t ra t ions  were measured f o r  t h e  super -  

n a t a n t s  and p e l l e t s  s e p a r a t e l y .  
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50$ r e l e a s e  of p r o t e a s e  a c t i v i t y  could be achieved.  Rou- 

t i n e l y ,  t h e  enzyme w a s  r e l e a s e d  from chromatin by use of 

0  .7 M N a C l  f o r  reasons  c l e a r  from Figure  1. 

P u r i f i c a t i o n  of Chromatin-bound P r o t e a s e .  Table I1 

summarizes t h e  s t e p s  u t i l i z e d  t o  p u r i f y  chromatin-bound 

p r o t e a s e  t o  homogeneity. The procedure adopted r e s u l t e d  i n  

a 705-fold p u r i f i c a t i o n  over  t o t a l  chromosomal p r o t e i n  wi th  

a y i e l d  of  a c t i v i t y  of 1.2%. Standard methods were used; 

t h e s e  i n c l u d e d  chromatography on Bio -Rex, Sepharose 6B 

(Figure  2 )  and QAE - Sepahadex A-25 (Figure  3 ) .  The s i n g l e  

most e f f e c t i v e  p u r i f i c a t i o n  s t e p ,  based i n  t h e  c r i t e r i a  of  

f o l d  p u r i f i c a t i o n  and recovery,  w a s  batchwise calcium 

phosphate g e l  a d s o r p t i o n  (Table 1 1 ) .  

Molecular P r o p e r t i e s  of  P u r i f i e d  P r o t e a s e  . The molec- 

ular weight o f  t h e  n a t i v e  p u r i f i e d  enzyme w a s  e s t ima ted  t o  

be approximately 200,000 by g e l  f i l t r a t i o n  (Figure  4 )  and 

about  190,000 by sucrose  g r a d i e n t  c e n t r i f u g a t i o n  (sedimen- 

t a t i o n  c o e f f i c i e n t  = 7.8 S ,  s e e  Figure 5 ) .  A s i n g l e  

symmetrical  peak of p r o t e i n  w a s  ob ta ined  upon s u b j e c t i n g  

t h e  p u r i f i e d  p r o t e a s e  t o  SDS d i s c  e l e c t r o p h o r e s i s  i n  t h e  

presence of  reducing  agent  (F igure  6 ) .  Densitometry i n -  

d i c a t e d  t h a t  o v e r  95% of the  app l i ed  p r o t e i n  migrated i n  

t h i s  band, which had an  es t imated  molecular  weight of 

100,000 r e l a t i v e  t o  t h e  m o b i l i t i e s  o f  s t a n d a r d s  (Figure  7 ) .  

I t  i s  t h u s  concluded t h a t  t h e  n a t i v e  enzyme i s  composed of 

two i d e n t i c a l  s u b u n i t s .  7@on t h e  b a s i s  of  t h e  f o l d -  



TABLE 11: Purif icat ion of Chromatin-bound Protease. 

Protein Specific 
Conc en- T'otal Activity Total Act ivi ty  Fold of 

Pur i f icat ion Volume t r a t i o n  Protein (un i t s /  Act ivi ty  Yield (units/ug Puri f i -  
Step ( m l )  ( u g / d )  ( ~ g )  ml) (un i t s  ) ($1   rotei in) cat ion 

Total chromatin 600 950 57'0,000 500 300,000 100 0.52 1 

Bio-Gel A-50 600 200 120,000 210 126,000 42 1.05 2.1 

Bio-Rex 70 12  2,500 C;O,OOO 3,600 44,000 14.6 1.46 2.8 

Sepharose 6~ 38 64 2,430 540 20,500 6.8 8.44 16.2 
W 

Calcium phos- 
phate g e l  

QAE Sephadex 2 2 0.45 10 165 3,630 1.2  366.6 705.0 



Chromatography o f  t h e  p r o t e a s e  a c t i v i t y  o n  S e p h a r o s e  

6B. Enzyme ( 4 4 , 3 0 0  u n i t s ;  29,00O.,,g) i n  1 2  m l  o f  0 . 4  ,$ 

A a C 1  - 1 0  mM T r i s  (pH 8 )  b u f f e r  w a s  a p p l i e d  t o  the  column 

( 2 . 5  x 1 1 6  cm)  . A l u t i o n  w a s  w i t h  t h e  same b u f f e r ;  3.8 ml- 

f r a c t i o n s  were  c o l l e c t e d ;  f l o w  rate w a s  a d j u s t e d  t o  20 rnl /hr ;  

a l l  p r o c e d u r e s  were  c a r r i e d  o u t  a t  4'. 





Chromatography o f  t h e  p r o t e a s e  a c t i v i t y  on QAE Sephadex 

A - 9 5 .  xnzyme (12,000 u n i t s ;  120 ,,u g p r o t e i n )  i n  1 5  m l  of  

1 0  mil1 T r i s  ( p ~  7 )  w a s  a p p l i e d  t o  t h e  column (0.9 x 25 cm) . 
f i l u t i o n  w a s  w i t h  a l i n e a r  sodium c h l o r i d e  g r a d i e n t  from 

0  t o  0 . 3  !di i n  1 0  ml4I 'i 'ris (PH 7 ) .  2 .5  r n l  f r a c t i o n s  were 

c o l l e c t e d ;  f l ow r a t e  w a s  a d j u s t e d  t o  1 5  rnl/hr; a l l  p roce -  

d u r e s  were c a r r i e d  o u t  at  4'. 





L s t i m a t i o n  of  t h e  mo lecu l a r  weight  o f  r a t  l i v e r  

chromatin-bound p r o t e a s e  by e x c l u s i o n  chromatography.  The 

3epha.rose 6B column w a s  c a l i b r a t e d  w i t h  p r o t e i n s  o f  known 

nlolecular  w e i g h t .  

The Xav 

i s  p l o t t e d  a g a i n s t  t h e  l o g  o f  t h e  mo lecu l a r  we igh t .  The 

i n t e r c e p t  f o r  chromatin-bound p r o t e a s e  a c t i v i t y  ( a r r o w )  

i n d i c a t e s  a m o l e c u l a r  weight  o f  about  200,000.  

V = e l u t i o n  volume e 
To = void  volume 

V .  = t o t a l  volilme of g e l  bed 
t 





Es t ima t ion  o f  t h e  molecular  weight o f  rat  l i v e r  

chromatin-bound p r o t e a s e  by suc rose  g r a d i e n t  sedimenta- 

t i o n .  Enzyme (200 u n i t s ;  0 .5 ,ag  p r o t e i n  i n  5 0 1 1  o f  

0 .1  M N a C l  - 1 0  mM T r i s ,  pH 7 ) .  Human r- g l o b u l i n  

( 1  mg i n  50 , ,ul  o f  0 . 1  M N a C l  - 1 0  mM T r i s ,  pH 7 )  w a s  

used as an  i n t e r n a l  s t andard .  Experiments were performed 

as given i n  Mate r i a l s  and Methods. 



Bottom Faction Number  



Ana lys i s  o f  p u r i f i e d  p r o t e a s e  a c t i v i t y  by SDS po lyac ry -  

l amide  g e l  e l e c t r o p h o r e s i s .  The enzyme was ana lyzed  i n  

107; ac ry l amide  g e l s  i n  t h e  p re sence  o f  0.1% SDS. The 

major  band r e p r e s e n t s  o v e r  95$ o f  t h e  t o t a l  p r o t e i n  a p p l i e d  

t o  t h e  g e l  (0.3 x 1 0  cm). 





a s t i m a t i o n  of t h e  molecular weight of r a t  l i v e r  

chromatin-bound p ro tease  by SDS polyacrylamide g e l  e l e c t r o  - 
phores i s  . The m o b i l i t i e s  of d i f f e r e n t  s t andard  p r o t e i n s  

a r e  p l o t t e d  a g a i n s t  t h e  l o g  of  t h e  molecular weight.  The 

i n t e r c e p t  f o r  chromatin-bound p ro tease  (arrow) i n d i c a t e s  

a molecular  weight o f  about 100,000. 



Mobility (mm) 



p u r i f i c a t i o n  d a t a  (Table I I ) ,  assuming a molecular  weight 

o f  t h e  a c t i v e  enzyme of  200,000 and t h a t  t h e  rat  hap lo id  

genome s i z e  i s  1.8 x  lo1* d a l t o n s  ( B r i t t e n  and Davidson, 

1 9 7 1 ) ,  i s o l a t e d  rat l i v e r  chromatin would c o n t a i n  approxi -  

mately 2.2 x l o 4  molecules o f  t h i s  enzyme p e r  hap lo id  genome. 

Th i s  e s t i m a t e  i s  s u b j e c t  t o  t h e  f u r t h e r  caveat  t h a t  upon en- 

zyme p u r i f i c a t i o n  no a c t i v a t i o n  o r  i n a c t i v a t i o n  has  occurred.  

E f f e c t  o f  pH, I o n i c  S t r e n g t h ,  Divalent  Ca t ions ,  and 

I n h i b i t o r s  o n  Pro tease  A c t i v i t y .  The p u r i f i e d  enzyme, 

assayed us ing  t o t a l  h i s t o n e  s u b s t r a t e ,  shows a pH optimum of  

7.0,  and h a s  a half maximal a c t i v i t y  pH 6.0 sugges t ing  that  

a h i s t i d i n e  r e s i d u e  i s  important  f o r  a c t i v i t y  (Figure  8 ) .  

The enzyme i s  e s s e n t i a l l y  i n a c t i v e  below pH 5.0 and above 

pH 10.0 ,  presumably due t o  d e n a t u r a t i o n .  The a c t i v i t y  i s  

maximal a t  0.2 1fl sodium c h l o r i d e ,  about twice  t h e  l e v e l  

observed at low i o n i c  s t r e n g t h s  ( ~ i g u r e  9 ) .  Above 1.0 M 

sodium c h l o r i d e ,  t h e  enzyme i s  i n a c t i v e ,  but t h i s  e f f e c t  i s  

r e v e r s i b l e .  The enzyme i s  s t a b l e  t o  s t o r a g e  f o r  4  months 

at -20'. However, as shown i n  Figure  1 0 ,  50% o f  t h e  a c t i -  

v i t y  i s  l o s t  a f t e r  h e a t i n g  at 62' f o r  1 5  rnin. 

Since 1 mM EDTA w a s  found t o  be i n h i b i t o r y  t o  p r o t e a s e  

a c t i v i t y ,  t h e  e f f e c t  of  d i v a l e n t  metal  i o n s  on r e a c t i v a t i o n  

w a s  i n v e s t i g a t e d  (Table 111). h rcep t  f o r  iei+, a l l  d i v a l e n t  

meta l  i o n s  t e s t e d  were e f f e c t i v e  i n  r e a c t i v a t i n g  t h e  enzyme, 

~ n + + b e i n ~  t h e  most e f f i c i e n t  one. A s  shown i n  F igure  11, 

~ n + +  even s t i m u l a t e s  un t rea ted  enzyme p r e p a r a t i o n s  1 .95-fo ld  



E f f e c t  o f  i n c u b a t i o n  pH on t h e  p r o t e a s e  a c t i v i t y .  

50 u n i t s  o f  enzyme i n  0 .2  ld 14aC1 were incuba ted  under  d i f  - 
f e r e n t  pH c o n d i t i o n s .  hnzyme a c t i v i t y  a s s a y  was performed 

as g i v e n  i n  ,vIaterials  and ~de thods .  





L f f e c t s  of s a l t  c o n c e n t r a t i o n  on t h e  a c t i v i t y  o f  

chromatin-bound p r o t e a s e .  hnzyme (40 u n i t s  i n  100 l ,U 1 of 

10 mM T r i s ,  pH 7 )  w a s  i ncuba ted  w i t h  t o t a l  h i s t o n e s  (200 t ,g )  
/ 

a s  s u b s t r a t e  and d i f f e r e n t  s a l t  c o n c e n t r a t i o n .  T o t a l  volume 

o f  i n c u b a t i o n  mixture  was 200 1. A c t i v i t y  a s s a y  was 

performed a s  g iven  i n  M a t e r i a l s  and Methods. 





Temperature s t a b i l i t y  range of rat  l i v e r  chromatin- 

-bound p r o t e a s e .  The enzyme was heated  a t  t h e  i n d i c a t e d  

temperature f o r  15 min and t h e n  assayed t h e  a c t i v i t y  a t  37'. 

The a c t i v i t y  i s  expressed  r e l a t i v e  t o  t h a t  of  t h e  unheated 

enzyme as 100%. 





TABLE 111: E f f e c t  of Divalent  Metals  on P ro tease  A c t i v i t y .  

Percent  of I n i t i a l  A c t i v i t y  

~ d d i t  ion5 Control  
b 

P r e t r e a t e d  wi th  1 mM EDTA- 

None 100 3 7 

ZnCl 
2 9 4 100 

a  - A l l  a d d i t i o n s  were a t  1 rnM f i n a l  concen t r a t ion .  

b - Pro tease  was d i a lyzed  aga ins t  1 mN EDTA - 1 0  mM T r i s  (pH 7) over- 

n i g h t ;  t hen  t h e  enzyme was d i a lyzed  ex tens ive ly  a g a i n s t  1 0  mM T r i s  

( p ~  7 )  t o  remove excess  EDTA. 



FIGURE 11 

Optimal c o n c e n t r a t i o n  o f  i o n  t o  a c t i v a t e  chromatin- 

bound p m t e a s e  a c t i v i t y .  The a c t i v i t y  i s  expressed  as r e l -  

a t i v e  t o  t h a t  o f  enzyme without  a d d i t i o n  o f  ~ n " + .  
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a t  c o n c e n t r a t i o n s  of  6-8 mM. The i n h i b i t o r y  e f f e c t s  o f  Mg++ 

a r e  l i k e l y  due t o  p r e c i p i - t a t i o n  o f  t h e  h i s t o n e  s u b s t r a t e  un- 

d e r  t h e  a s s a y  c o n d i t i o n s  used. 

The e f f e c t s  o f  va r ious  i n h i b i t o r s  and d e n a t u r a n t s  of 

p r o t e a s e  a c t i v i t y  a r e  shown i n  Table I V .  High concentra-  

t i o n s  of reducing  a g e n t s ,  and f a i r l y  low c o n c e n t r a t i o n s  of 

heavy metals  a r e  i n h i b i t o r y ,  sugges t ing  t h a t  both  f r e e  

s u l f h y d r y l  groups as w e l l  as d i s u l f i d e  l i n k a g e  a r e  import-  

a n t  f o r  a c t i v i t y  and s t r u c t u r e  f u n c t i o n  r e l a t i o n s h i p s .  The 

enzyme a c t i v i t y  i s  p a r t i a l l y  i n h i b i t e d  by 2 M u r e a ,  but  com- 

p l e t e l y  a b o l i s h e d  by 1% SDS o r  0.85 1W guanidine hydrochlor ide .  

The s e r i n e  hydroxyl  group r e a g e n t s ,  DFP and PNISP, a r e  p o t e n t  

i n h i b i t o r s  o f  t h e  enzyme; sodium b i s u l f i t e  i s  a l s o  e f f e c t i v e  

but r e q u i r e s  h i g h e r  c o n c e n t r a t i o n s .  

S u b s t r a t e  S p e c i f i c i t y .  Table V summarizes t h e  sub- 

s t r a t e  s p e c i f i c i t y  o f  t h e  p u r i f i e d  p ro tease .  Both h i s t o n e s  

and NHC p r o t e i n s  were at tacked p r e f e r e n t i a l l y  compared t o  

t h e  o t h e r  s u b s t r a t e s  t e s t e d ,  i n c l u d i n g  rat l i v e r  c y t o s o l .  

It i s  c l e a r  t h a t  t h e  enzyme p r e f e r s  n u c l e a r  p r o t e i n s  as sub- 

s t r a t e s .  I n  a d d i t i o n ,  i t  i s  i n t e r e s t i n g  t h a t  L-poly-lysine 

w a s  a very good s u b s t r a t e  f o r  t h e  enzyme, but L-poly- 

a r g i n i n e  w a s  a r a t h e r  poor  one.  Denatura t ion  o f  lysozyme 

and bovine serum albumin improved t h e i r  a b i l i t i e s  t o  s e r v e  

as s u b s t r a t e s ,  y e t  o n l y  t o  a n  e f f i c i e n c y  of  about 1 /10  t h a t  

o f  h i s t o n e s .  

Figure 1 2  shows s u b s t r a t e  s a t u r a t i o n  curves  f o r  enzyme 

a c t i v i t y  on  h i s t o n e s ,  nonhistones and c y t o s o l  o f  rat l i v e r ;  



TABLE IV : E f f e c t  of  I n h i b i t o r s  and Denaturants on Chromatin-bound 

P ro tease .  

Addit ions Concentrat ion Percent  of I n i t i a l  A c t i v i t y  

None - 100 

DFP 0 .1  mM 0 

PMSF 1 mM 0 

Urea 2 M 4 0 

SDS 1 % 0 

Mercaptoethanol 0 .14 1.1 0 

EDTA 1 mM 15.5 



TABLE V: S u b s t r a t e  S p e c i f i c i t y  of Chromatin-bound P ro tease  

S u b s t r a t e  Vmax Vmax/Vmax of Histones 

Histones 

NHC p r o t e i n  

cy tosola  

Nat ive chromatin- 
bound p r o t e i n  

P ro t  m i n e  s 

Casein 

Lysozyme ( i n  n a t i v e  form) 0 

Lysozyme (denatured)  
b 

1 5  

BSA ( i n  n a t i v e  form) 0 

b 
BSA ( denatured ) 10  

Hemoglobin (denatured)  
b 

0 

a 
Rat l i v e r  c y t o s o l  was denatured i n  0.125 M NaOH - 5 M u rea  over- 
n i g h t j d i a l y z e d  ex tens ive ly  aga ins t  10  rnM T r i s  ( p ~  7 )  and assayed 
as i n d i c a t e d  i n  Ma te r i a l s  and Methods. 

The s u b s t r a t e s  were denatured i n  0.125 M NaOH - 5 M u r e a  f o r  1 h r ,  
n e u t r a l i z e d  and assayed i n  2 .5  M u r e a ,  0 .2  M NaCl and 10 mM T r i s  
(pH 7 ) .  



K i n e t i c  s t u d y  o f  chromatin-bound p r o t e a s e  u s ing  r a t  

l i v e r  h i s t o n e s ,  bHC p r o t e i n s  and c y t o s o l  as s u b s t r a t e s ,  

Sat l i v e r  c y t o s o l  w a s  dena tured  i n  0.125 Tfl NaOIi  - 5 ivl u r ea  

o v e r n i g h t ;  d i a l y z e d  e x t e n s i v e l y  a g a i n s t  10  mM Tris (pH 7 )  

and a s sayed  as i n d i c a t e d  i n  M a t e r i a l s  and Methods. 





t h e s e  d a t a  a g a i n  i n d i c a t e  a s t r o n g  p re fe rence  of t h e  enzyme 

f o r  n u c l e a r  p r o t e i n  s u b s t r a t e s ,  A modified Lineweaver-Burk 

p l o t  of  t h e s e  d a t a  r e v e a l s  t h a t  t h e  K,S f o r  h i s t o n e s  and 

NHC p r o t e i n s  a r e  0.5 mg/ml and 1 m g / d  r e s p e c t i v e l y  

( ~ i g u r e  1 3 ) .  

The Di f fe rence  i n  Diges t ion  of  His tones  i n  S o l u t i o n  

Gompared w i t h  His tones  Bound t o  DNA. The a b i l i t y  o f  t h e  

p u r i f i e d  chromatin-bound p r o t e a s e  t o  fragment h i s t o n e s ,  

when used as s u b s t r a t e s  e i t h e r  i n  s o l u t i o n  o r  complexed'to 

DNA, w a s  assayed by d i s c  e l e c t r o p h o r e s i s  a f t e r  i n c u b a t i o n  o f  

samples wi th  enzyme. A s  shown i n  Figure  1 4 ,  when t h e  sub- 

s t r a t e s  used were not  complexed t o  DNA, a l l  t h e  h i s t o n e  

molecules were a t t a c k e d  a t  about  t h e  same r a t e  except  h i s -  

tone  I .  If o n  t h e  o t h e r  hand, h i s t o n e s  were used as sub- 

s t r a t e s  when bound t o  n a t i v e  chromatin (endogenous p r o t e a s e  

be ing  i n a c t i v a t e d ) ,  h i s t o n e  I appeared t o  be most s e n s i t i v e  

t o  degradat ion .  Whether t h i s  i s  due t o  h i s t o n e  I having 

a more s e n s i t i v e  conformation i n  chromatin t h a n  i n  s o l u -  

t i o n ,  o r  t o  t h e  o t h e r  h i s t o n e s  having a more r e s i s t a n t  con- 

format ion  i n  chromatin i s  u n c e r t a i n  at p r e s e n t .  I n  o r d e r  

t o  t e s t  t h e  f i r s t  p o s s i b i l i t y ,  p u r i f i e d  h i s t o n e  I w a s  r e -  

c o n s t i t u t e d  t o  DNA by g r a d i e n t  d i a l y s i s .  The breakdown 

products  r e s u l t i n g  from enzyme d i g e s t i o n  o f  t h i s  complex 

were t h e n  compared t o  those  r e s u l t i n g  fsoa enzyme fragmen- 

t a t i o n  o f  h i s t o n e  I i n  s o l u t i o n  and h i s t o n e  I i n  n a t i v e  

chromatin (endogenous p r o t e a s e  being i n a c t i v a t e d )  by ex- 



A modif ied Lineweaver-Burk p l o t  o f  chromatin-bound 

p r o t e a s e  a c t i n g  on  h i s t o n e s  and HHC p r o t e i n s .  The e q u a t i o n  

S Krn - = -  v v m a x  + v- m a x  

was used t o  c a l c u l a t e  Km and Vmax. 





The d i f f e r e n c e  i n  d i g e s t i o n  of  h i s t o n e s  i n  s o l u t i o n  

compared w i t h  h i s t o n e s  i n  chromat in .  YMSF t r e a t e d  chromat in  

w a s  d i g e s t e d  w i t h  exogenous p u r i f i e d  p r o t e a s e  ( g e l  2 )  and 

wi thou t  p r o t e a s e  ( g e l  1) f o r  4 h r .  I n c u b a t i o n  a t  37O, 

0.04 ,liI JL'aC1 - 1 0  mIvI T r i s  (pH 8 ) ,  chromat in  c o n c e n t r a t i o n  was 

1 0  A260/d' PIvISF t r e a t e d  t o t a l  rat l i v e r  h i s t o n e s  were 

d i s s o l v e d  i n  0.04 ffi daCl - 10 mN; T r i s  (pH 8 )  and d i g e s t e d  

w i t h  exogenoas p u r i f i e d  p r o t e a s e  ( g e l  4 )  and wi thou t  p r o t e a s e  

( g e l  3 )  f o r  4  h r  a t  3'7'. 
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t r a c t i n g  h i s t o n e  I s e l e c t i v e l y  by t h e  method of  Johns (1964).  

A s  shown i n  Figure  15,  t h r e e  p r i n c i p a l  products  can be de- 

t e c t e d  from f ragmenta t ion  of  h i s t o n e  I o f  n a t i v e  chromatin,  

whi l e  much more complex p a t t e r n s  o f  breakdown products  were 

observed upon d i g e s t i o n  of h i s t o n e  I i n  s o l u t i o n  o r  h i s t o n e  

I r e c o n s t i t u t e d  t o  DNA. It seems c l e a r  t h a t  h i s t o n e  I of  

n a t i v e  chromatin e x h i b i t s  a conformation which f a v o r s  l i m i t e d  

and s p e c i f i c  s i t e s  o f  a t t a c k  by t h e  enzyme and t h a t  t h e  

t echn ique  used t o  r e c o n s t i t u t e  h i s t o n e  I t o  DNA f a i l e d  t o  

ach ieve  t h i s  conformation, I n  o r d e r  t o  t e s t  i f  t h e  t h r e e  

p r i n c i p a l  products  de r ived  from h f s t o n e  I bound t o  n a t i v e  

chromatin were t h e  r e s u l t  of  t r u e  p r o t e o l y s i s ,  r a t h e r  t h a n  

t h e  e f f e c t  o f  a change i n  t h e  charge d i s t r i b u t i o n  on t h e  

h i s t o n e  molecules as a r e s u l t ,  f o r  example, of  dephosphory- 

l a t i o n  o r  d e a c e t y l a t i o n ,  both i n t a c t  and degraded samples 

o f  h i s t o n e  I were dansy la ted  by t h e  method of  Woods and 

Wang (1967).  The i n t e r p r e t a t i o n  o f  t h e  r e s u l t s  w a s  f a c i l -  

i t a t e d  by t h e  o b s e r v a t i o n  t h a t  i n t a c t  h i s t o n e  I possesses  

no f r e e  N-terminal groups  usti tin e t  dl., 1969) .  Indeed, 

i n t a c t  h i s t o n e  I i s o l a t e d  had no f r e e  N-terminal group. 

On t h e  o t h e r  hand, degraded products  o f  h i s t o n e  I showed 

two new N-terminal groups ( l y s i n e  and a l a n i n e )  . This r e -  

sult argues  f o r c i b l y  t h a t  t h e  f a s t e r  moving e l e c t r o p h o r e t i c  

bands were t h e  r e s u l t  o f  t r u e  p r o t e o l y s i s ,  

S i m i l a r i t y  of  P u r i f i e d  F r o t e a s e  t o  Endogenous Chromatin- 

bound Pro tease  A c t i v i t y .  Since only  1.25% o f  t h e  t o t a l  



Degrada t ion  o f  h i s t o n e  I i n  s o l u t i o n ,  r e c o n s t i t u t e d  

t o  DluA and i n  n a t i v e  chromat in  by exogenous p u r i f i e d  p ro -  

t e a s e .  H i s tone  I i n  s o l u t i o n  o r  h i s t o n e  I r e c o n s t i t u t e d  

t o  i I d A  ( 2  mg/ml) w a s  d i g e s t e d  w i t h  exogenoils p u r i f i e d  p ro -  

t e a s e  (50  u n i t s  i n  0 . 1  r n l  o f  i n  0.04 1uI l?aC1 - 1 0  rnM T r i s ,  

pH 8 j f o r  20 h r  a t  37'. Y,dSF t r e a t e d  chromat in  (10  ~ ~ ~ ~ / m l  

i n  0.04 )/I idaCl - 1 0  mM ' i 'ris, pH 8)  w a s  d i g e s t e d  w i t h  exoge- 

nous p u r i f i e d  p r o t e a s e  (500 u n i t s / m l )  f o r  20 h r  a t  77'. 

A t  t h e  end o f  i n c u b a t i o n ,  h i s t o n e  I and i t s  d e g r a d a t i o n  

p r o d u c t s  were e x t r a c t e d  w i t h  5"Joerch lor ic  a c i d  and sub-  

j e c t e d  t o  d i s c  g e l  e l e c t r o p h o r e s i s  as i n d i c a t e d  i n  M a t e r i a l s  

Methods. ( 1 )  i n t a c t  h i s t o n e  I ( 2 )  degraded h i s t o n e  I i n  

s o l u t i o n  ( 3 )  degraded h i s t o n e  I r e c o n s t i t u t e d  t o  DNA 

( 4 )  degraded h i s t o n e  I i n  n a t i v e  chromat in .  





chromatin-bound p ro tease  a c t i v i t y  w a s  recovered a f t e r  p u r i  - 
f i c a t i o n  o f  t h e  enzyme t o  homogeneity (Table 1 1 ) ,  t h e  poss i -  

b i l i t y  remained t h a t  t h e  p u r i f i e d  enzyme might not  be rep- 

r e s e n t a t i v e  o f  t h e  major a c t i v i t y  bound t o  chromatin.  To 

t e s t  t h i s  p o s s i b i l i t y ,  n a t i v e  rat l i v e r  chromatin samples 

were incuba ted  at  37' f o r  va r ious  p e r i o d s  o f  t ime ,  a f t e r  

which h i s t o n e s  and NHC p r o t e i n s  were i s o l a t e d  and separa ted  

by d i s c  e l e c t r o p h o r e s i s .  The same assay  procedure w a s  used 

f o r  p u r i f i e d  p ro tease ;  i n  t h i s  case  t h e  endogenous a c t i v i t y  

w a s  f i r s t  i n a c t i v a t e d  by PNiSF before  a d d i t i o n  o f  p u r i f i e d  

p r o t e a s e .  A s  shown i n  Figures  1 6  and 1 7 ,  t h e  o r d e r s  o f  

breakdown of  va r ious  chromosomal p r o t e i n s  ca ta lyzed  by t h e  

p u r i f i e d  enzyme were e s s e n t i a l l y  t h e  same as those  ca ta lyzed  

by t h e  endogenous a c t i v i t y .  It i s  concluded t h a t  t h e  p u r i -  

f i e d  p r o t e a s e  i s  r e p r e s e n t a t i v e  o f  t h e  endogenous a c t i v i t y  

o f  chromatin.  

To a s s a y  more c a r e f u l l y  t h e  breakdown of  h i s t o n e s ,  

h i s t o n e  I and i t s  breakdown produc t s  were s e p a r a t e  from t h e  

o t h e r  h i s t o n e  s p e c i e s  by t h e  method o f  Johns (1964).  A s  

shown i n  F igure  18, breakdown produc t s  from h i s t o n e  I run  

i n  t h e  same p o s i t i o n  as h i s t o n e  11b2 and h i s t o n e  IT.  



i l egrada t ion  o f  h i s t o n e s  i n  chromat in  by exogenous 

p u r i f i e d  p r o t e a s e  ( A )  and endogenous p r o t e a s e  (B) . Incu-  

b a t i o n  a t  37O, 0.04 .I A a C 1  - 10 mivI T r i s  (pH s ) ,  chromat in  

c o n c e n t r a t i o n  was 1 0  ii260/m1 f o r  4 and 8 h r  i n  e a c h  case .  

i3,ulSP t r e a t e d  chromat in  ( i n  ca se  A )  was d i g e s t e d  by exogenous 

p u r i f i e d  p r o t e a s e  (500 u n i t s  p e r  m l  o f  c h r o m a t i n ) .  PidSF 

t r e a t e d  chromat in  ( c )  wi thou t  adding  exogenous chromat in  

was i ncuba ted  f o r  8 h r  t o  s e r v e  as c o n t r o l .  





Degrada t ion  o f  HHC p r o t e i n s  i n  chromat in  by endoge- 

nous p r o t e a s e  ( A )  and exogenous p r o t e a s e  ( B )  . Incuba t ion  

a t  37O, 0 .04 !rl NaCl - 1 0  mid T r i s  (pH 8 )  , chromat in  w a s  

10 f o r  8 and 1 6  h r  i n  each c a s e .  PMSF t r e a t e d  

chromat in  ( i n  c a s e  B) w a s  d i g e s t e d  by exogenous p u r i f i e d  

p r o t e a s e  (500 u n i t s  p e r  ml o f  ch roma t in ) .  YMSF t r e a t e d  

chromat in  ( i n  ca se  C) without  add ing  exogenous chromat in  

w a s  i ncuba ted  f o r  1 6  h r  t o  s e r v e  as c o n t r o l .  
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FIGURE 1 8  

Degradat ion p a t t e r n s  of h i s t o n e s  i n  chromatin.  

Chromatin w a s  e x t r a c t e d  wi th  5% p e r c h l o r i c  a c i d  t o  y i e l d  

i n t a c t  h i s t o n e  I ( B ) ;  a s u l f u r i c  a c i d  e x t r a c t  o f  t h e  p e r -  

c h l o r i c  a c i d - i n s o l u b l e  m a t e r i a l  y i e l d e d  t h e  i n t a c t  r e s i d u a l  

h i s t o n e s  ( c )  . T o t a l  i n t a c t  h i s t o n e  i s  shown i n  ( A ) .  A 

similar Johnt s f r a c t i o n a t i o n  on PMSF t r e a t e d  chromatin d i -  

g e s t e d  w i t h  exogenous p u r i f i e d  p ro tease  y i e l d e d  degraded 

h i s t o n e  I ( E ) ,  and degraded r e s i d u a l  h i s t o n e  ( F ) .  tJn- 

f r a c t i o n a t e d ,  degraded h i s t o n e s  a r e  shown i n  (D) . 
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DISCUSSION 

The p r o t e a s e  we have i s o l a t e d  i s  somewhat d i f f e r e n t  

from t h e  n e u t r a l  p ro tease  i s o l a t e d  from c a l f  thymus by 

F u r l a n  and J e r i c i j o  (1968) . For  example, t h e  molecular  

weight i s  about  9 t imes b igger ,  opt imal  pH i s  7 i n s t e a d  o f  

7 .8 ,  t h e  enzyme needs d i v a l e n t  i o n s  as a c t i v a t o r  and i s  

i n h i b i t e d  by mercuric i o n .  However, t h e r e  a r e  some prop- 

e r t i e s  s h a r e d  by both enzymes, such  as, t h e  enzyme a c t i v i t y  

i s  sal t  -dependent, t he rmolab i l e  and i n h i b i t e d  by DFP, h i s -  

t o n e  I i s  t h e  f i r s t  p r o t e i n  a t t a c k e d  by t h e  enzyme when 

h i s t o n e  I i s  bound t o  chromatin,  but  once it i s  d i s s o c i -  

a t e d  from chromatin,  it i s  t h e  last  one being degraded. 

It is  o f  i n t e r e s t  t o  c o n s i d e r  t h e  b a s i s  o f  s p e c i f i c i t y  

o f  chromatin-bound p r o t e a s e .  The h igh  a c t i v i t y  wi th  L-poly- 

l y s i n e  may e x p l a i n  why t h e  enzyme p r e f e r s  h i s t o n e s  as sub- 

s t r a t e .  Next p o s s i b i l i t y  is  t h a t  a small s e c t i o n  o f  pro-  

t e i n ,  such  as t h e  c l a s s i c a l  sequence of  f o u r  b a s i c  amino 

a c i d  r e s i d u e s  followed by one a l i p h a t i c  r e s i d u e ,  which 

occurs  i n  a l l  h i s t o n e s ,  i s  t h e  s i g n a l  f o r  s p e c i f i c i t y ,  How- 

e v e r ,  i t  shou ld  be noted t h a t  t h i s  sequence a l s o  occurs  f r e -  

quen t ly  i n  t h e  protamines.  The p r o t e a s e  shows only  7% a c t i -  

v i t y  w i t h  protamines r e l a t i v e  t o  h i s t o n e s ,  This  sequence 

could  no t  be t h e  key t o  s p e c i f i c i t y .  A l t e r n a t i v e l y ,  t h e  

s p e c i f i c i t y  observed could be t h e  consequence of  t h e  r e l a -  

t i v e l y  open s t r u c t u r e  o f  h i s t o n e s  as compared t o  g l o b u l a r  
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* r o t e i n s .  This  p o s s i b i l i t y  i s  suppor ted  by t h e  evidence t h a t  

t h e  enzyme p r e f e r r e d  t h e  denatured forms of lysozyme and BSA 

as s u b s t r a t e s  t o  t h e  n a t i v e  forms. However, t h i s  p o s s i b i l i t y  

s t i l l  cannot e x p l a i n  why t h e  enzyme p r e f e r r e d  t h e  chromosomal 

p r o t e i n s  t o  c y t o s o l ,  even t h e  denatured  c y t o s o l  has  been used 

as t h e  s u b s t r a t e .  The o t h e r  p o s s i b i l i t y  may be t h a t  t h e r e  a r e  

s p e c i f i c  sequences i n  t h e  chromosomal p r o t e i n s ,  which a r e  sen-  

s i t i v e  t o  t h e  enzyme d i g e s t i o n .  This p o s s i b i l i t y  can be t e s t e d  

by de termining  t h e  amino a c i d  s'oquences o f  t h e  t h r e e  major . 

degraded products  from h i s t o n e  I bound t o  t h e  n a t i v e  chromatin.  

The environment o f  h i s t o n e s  undergoing p r o t e o l y s i s  c l e a r l y  

has  a profound e f f e c t  upon t h e  s p e c i f i c i t y  o f  t h e  p r o t e a s e .  

Thus, t h e  i n i t i a l  e f f e c t  of  t h e  p r o t e a s e  upon h i s t o n e s  i n  t h e  

i n t a c t  n u c l e o p r o t e i n  complex i s  seen  p r i m a r i l y  i n  i t s  rap id  

a t t a c k  upon h i s t o n e  I .  However, i f  t h e  e n t i r e  h i s t o n  complement 

is removed fl-om its assocfiztion -*-ith S N A ,  t he  ----I-.-..-.-- ~ I V  u c a 3 ~  a n++n-lp- b u a ~ n a  

f o u r  o f  t h e  f i v e  h i s t o n e  groups l e a v i n g  h i s t o n e  I r a t h e r  i n t a c t .  

Thus, t h e  enhanced r e s i s t a n c e  o f  t h e s e  h i s t o n e  f r a c t i o n s  t o  t h e  

p r o t e o l y t i c  enzyme probably l i e s  i n  a p r o t e c t i v e  e f f e c t  of 

t h e i r  i n t e r a c t i o n  w i t h  DBA, i n d i c a t i n g  that  t h e s e  f r a c t i o n s  

a r e  most l i k e l y  i n  a much more i n t i m a t e  a s s o c i a t i o n  wi th  DNA 

t h a n  a r e  h i s t o n e  I .  

Severa l  i s o l a t e d  f a c t s  suggest  t h a t  h i s t o n e  I i s  depos i t ed  

- on DNA cha in  i n  such a manner t h a t  i t  i s  much more exposed t o  

t h e  aqueous environment t h a n  a r e  t h e  o t h e r  f o u r  h i s t o n e  
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f r a c t i o n s .  Bru t l ag  e t  &., (1969) have observed t h a t  

h i s t o n e  I i s  t h e  f i r s t  h i s tone  f r a c t i o n  t o  be f i x e d  t o  t h e  

ONA when chromatin i s  exposed t o  i n c r e a s i n g  concen t ra t ions  

of  formaldehyde. Jensen and Chalkley (1968) observed t h a t  

when p r e c i p i t a t i o n  of chromatin i n  0.15 id N a C l  i s  conducted 

i n  t h e  presence of DNA o r  KiVA of  molecular weight g r e a t e r  

t h a n  3 x l o 4 ,  t h e  e x t e n t  of chromatin aggrega t ion  i s  g r e a t l y  

reduced. They showed t h a t  t h i s  i s  due t o  a n  inc reased  nega- 

t i v e  charge on t h e  chromatin molecules fo l lowing a  s h i f t  of 

a  p o r t i o n  of  h i s t o n e  I t o  t h e  f r e e  n u c l e i c  a c i d .  Frorn op- 

t i c a l  r o t a t o r y  d i s p e r s i o n  d a t a ,  Tuan and Bonner (1969) have 

c a l c u l a t e d  t h a t  t h e  va r ious  h i s t o n e  f r a c t i o n s  eomplexed wi th  

UNA can c o n t a i n  (upper  l i m i t )  t he  fo l lowing percentages  of 

.; - h e l i x :  h i s t o n e  I ,  157;; h i s t o n e  11, 587;; h i s t o n e  I11 and 

I V ,  427;. A l l  of t h e  i o n i c  d i s s o c i a t i n g  agen t s  employed f o r  

t h e  s e l e c t i v e  removal of h i s t o n e s  from chromatin d i s s o c i a t e  

h i s t o n e  I a t  t h e  lowest concen t ra t ions  of d i s s o c i a t i n g  agent 

(Chlenbusch e t . & . ,  1967; Fambrough and Bonner, 1968) . A l l  

of t h e s e  p r o p e r t i e s  of h i s tone  I ( e a r l y  removal from chro-  

matin by i n c r e a s i n g  concen t ra t ions  of d i s s o c i a t i n g  a g e n t s ,  

s u s c e p t i b i l i t y  t o  a t t a c k  by p r o t e o l y t i c  enzymes, p ropor t ion-  

a t e l y  l a r g e  c o n t r i b u t i o n  t o  t h e  aggrega t ion  of  p a r t i a l l y  de- 

h i s t o n i z e d  chromatin i n  0.15 M N a C 1 ,  a b i l i t y  t o  s h i f t  t o  

f r e e  n u c l e i c  a c i d s  of moderately l a r g e  s i z e ,  and apparent  

low content  of d - h e l i x )  can be accounted f o r  by assuming 

t h a t  h i s tone  I i s  more exposed t o  and /o r  i n t e r a c t s  more wi th  



t h e  aqueous environment t h a n  a r e ,  and/or  do,  t h e  o t h e r  

h i s t o n e  f r a c t i o n s ,  

From t h e  p a r t i a l  sequence o f  t h r e e  s u b f r a c t i o n s  of  

h i s t o n e  I ,  two from r a b b i t  thymus and one from c a l f  thymus, 

t h e  first 40 N-termial r e s i d u e s  have 75 mole pe rcen t  of 

amino a c i d s  be ing  l y s i n e ,  a l a n i n e  and p r o l i n e .  This  o v e r a l l  

composition i s  similar t o  t h a t  o f  t h e  last  C-terminal 110 

r e s i d u e s  o f  t h e  whole molecule (Bus t in  e t  e,, 1969,1970) 

(80  mole p e r c e n t  being l y s i n e ,  a l a n i n e  and p r o l i n e ) .  Both 

b a s i c  r eg ions  o f  h i s t o n e  I ( t h e  first 40 r e s i d u e s  and t h e  

l as t  110) may be s i t e s  f o r  DNA binding.  It has been sugge- 

s t e d  ( L i t t a u  e t  aJ., 1965) from phys ica l  s t u d i e s  o f  nucleo- 

h i s t o n e s  t h a t  h i s t o n e  I c r o s s - l i n k s  chromatin;  one b a s i c  

r e g i o n  could be combined wi th  one DNA molecule whi le  t h e  

o t h e r  b a s i c  r e g i o n  i s  combined w i t h  a second DNA molecule,  

a process  which could  l e a d  t o  t h e  format ion  o f  nucleohis tone  

complexes o f  any s i z e .  Ni@R s t u d y  on  t h e  r e c o n s t i t u t e d  DNA- 

h i s t o n e  I complex (Lee, 1972) s u g g e s t s  that p a r t  o f  pep t ide  

c h a i n  i n  t h e  N-terminal h a l f  ( r e s i d u e  1-51 )of  t h e  p r o t e i n  

i s  r e l a t i v e l y  f r e e  i n  t h e  complex s t a t e .  The second reg ion  

- ( r e s i d u e s  51 -100) of  t h e  pep t ide  c h a i n  i s  r e l a t i v e l y  r e s t r i c t e d  

i n  motion, because it i s  a d j a c e n t  t o  t h e  C-terminal h a l f  

molecule ( r e s i d u e  100-219), which i s  s t r o n g l y  bound t o  DNA. 

The schemat ic  summary o f  h i s t o n e  I i n  n a t i v e  chromatin 

and r e c o n s t i t u t e d  DNA-histone I complex i s  p r e s e n t  as i n  

F i g ,  19.  This model of  h i s t o n e  I may e x p l a i n  why h i s t o n e  I 



Schematic summary o f  h i s t o n e  I i n  n a t i v e  chromat in  

and r e c o n s t i t u t e d  DNA-histone I complex. 



His tone  I i n  Na t ive  Chromatin 

R e c o n s t i t u t e d  Dii-4-Histone I Comnlex 



i n  chromatin s u b j e c t  t o  t h e  enzyme d i g e s t i o n  produced l i m i t -  

ed  s p e c i f i c  p roduc t s ,  whi le  more degraded products  were de- 

t e c t e d  when h i s t o n e  I i n  s o l u t i o n  and DNA-histone I complex 

were s u b j e c t  t o  t h e  p r o t e a s e  d i g e s t i o n .  

Because t h e  enzyme p u r i f i e d  i n  t h i s  s tudy  y i e l d s  iden-  

t i c a l  breakdown produc t s  t o  those  produced by t h e  endogenous 

chromatin-bound a c t i v i $ f ,  .we b e l i e v e  t h e  two a r e  one and t h e  

s a n e  enzyme. The f a c t  t h a t  t h e  enzyme p r e f e r s  n u c l e a r  pro-  

t e i n  s u b s t r a t e s  s u g g e s t s  a p h y s i o l o g i c a l  r o l e  i n  t h e  turn-  

o v e r  o f  n u c l e a r  p r o t e i n s .  E a r l i e r ,  B a r t l e y  and Chalkley 

(1970) sugges ted  t h a t  such  a n  a c t i v i t y  probably played a 

r o l e  i n  t h e  r e u t i l i z a t i o n  of amino a c i d s  i n  popu la t ions  of 

c e l l s  undergiong a u t o l y s i s .  On t h e  c o n t r a r y ,  we s p e c u l a t e  

t h a t  t h i s  a c t i v i t y  p l a y s  a major r o l e  i n  t h e  t u r n o v e r  of 

NHC p r o t e i n s ,  which have been shown t o  have h igh  t u r n o v e r  

r a t e s  (Dice and Schimke, 1973). The pronounced s u s c e p t i -  

b i l i t y  o f  h i s t o n e s  t o  t h e  a t t a c k  o f  t h e  enzyme, which w a s  

supposed t o  be a normal c o n s t i t u e n t  o f  chromatin,  i s  h a r d l y  

compatible w i t h  t h e  low t u r n o v e r  o f  h i s t o n e s  i n  t h e  c e l l  

n u c l e i .  We could not  f i n d  any i n h i b i t o r  p r e s e n t  i n  t h e  . 
nucleoplasm. F u r t h e r  experiments  a r e  necessary  t o  i n v e s t i -  

g a t e  whether t h e  chromatin-bound p r o t e a s e  e x i s t s  i n  t h e  * 

i n t a c t  n u c l e i  e i t h e r  as a p r e c u r s o r  similar t o  proenzymes 

o f  t h e  g a s t r o i n t e s t i n a l  p r o t e a s e s  o r  being l o c a l i z e d .  
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CHAPTER I11 



I N T n G l l  ( J C T I O N  

During a t t e m p t s  t o  p u r i f y  a n e u t r a l  p r o t e a s e  from 

rat l i v e r  ch roma t in ,  a n  e s t e r a s e  i n c i d e n t a l l y  w a s  i s o -  

l a t e d .  dany p r o t e a s e s  such as t r y p s i n ,  chymot r y p s i n  and 

thrombin,  use A- tosy l - a rg in ine -me thy l  e s t e r  (TAME) as a 

s u b s t r a t e .  The re fo re  TAXh w a s  t r i e d  as a s u b s t r a t e  f o r  

p r o t e a s e  a c t i v i t y .  It u l t i m a t e l y  became c l e a r  t h a t  t h e  

n e u t r a l  p r o t e a s e  i s o l a t e d  from ra t  l i v e r  chromat in  could  

n o t  use T A I G .  However, rat  l i v e r  n u c l e i  does  c o n t a i n  a 

n o n s p e c i f i c  e s t e r a s e ,  which s p l i t s  t h e  e s t e r  bond o f  TAliik. 

I n  t h e  f o l l o w i n g ,  t h e  procedures  used t o  i s o l a t e  t h e  e s -  

t e r a s e  and some of  i t s  p r o p e r t i e s  a r e  d e s c r i b e d .  



Assay o f  b s t e r a s e  A c t i v i t y  by t h e  I s o t o p i c  Procedure .  

The method o f  Koffman e t  - - 9  a1 (1970) w a s  used w i t h  s l i g h t  

m o d i f i c a t i o n .  Each a s s a y  w a s  performed i n  d u p l i c a t e .  The 

i n c u b a t i o n  mix ture  c o n t a i n e d :  5 ,wl  of ['HJ- TAim ( 0 . 0 0 5 p ~ i ,  

approximate ly  0.033 nm; Biochemical and Nuclear  Corp. ) 

w i t h  un labe l ed  TAME (1 m a l e ) ,  50,wl o f  enzyme s o l u t i o n .  

The mixture  was i n c u b a t e d  a t  room tempera ture  f o r  t h e  d e s i r e d  

l e n g t h  of  t ime i n  a s c i n t i l l a t i o n  v i a l  w i t h  1 0  m l  o f  a count-  

i n g  s o l u t i o n  c o n s i s t i n g  of  S p e c t r a f l u o r  Butyl-PBD (70  m l )  

( ~ m e r s h a m / ~ e a r l e  ) and to luene  (948 ml) . The v i a l s  were w e l l  

shaken  and counted immediate ly  f o r  1 min i n  Beckman Model 

LS-200 B s c i n t i l l a t i o n  s p e c t r o m e t e r ,  This  s e r v e d  as zero 

t ime  c o n t r o l ,  Then t h e  vials sat at. room t ~ m p ~ r a t n r ~ ;  

d e s i r e d  t ime  i n t e r v a l s ,  t h e  v i a l s  were reshaken  w e l l  and 

counted.  The r e a c t i o n  r a t e  was l i n e a r  up t o  2 h  o f  incuba-  

t i o n .  d o u t i n e l y  1 h  i n c u b a t i o n  w a s  used t o  measure enzyme 

a c t i v i t y .  I n  t h i s  b i p h a s i c  system o n l y  t h e  f r a c t i o n  o f  

r a d i o a c t i v e  m a t e r i a l  e x t r a c t e d  by t o l u e n c e  i s  counted s i n c e  

t h e  s c i n t i l l a n t  S p e c t r o f l u o r  Butyl-PBD i s  t o t a l l y  a b s e n t  

from t h e  w a t e r  phase .  Thus, a t  zero t i m e ,  on ly  t h e  e s t e r  

f r a c t i o n  e x t r a c t e d  by t o l u e n e  i s  measured. During t h e  e s t e r  

h y d r o l y s i s  t h e  coun t s  p e r  minute i n c r e a s e  p r o p o r t i o n a l l y  t o  

t h e  r a t e  o f  h y d r o l y s i s  a s  a r e s u l t  o f  t h e  i n c r e a s e d  ex- 

3 t r a c t i o n  o f  H) methanol.  



The r a t e s  of spontaneous h y d r o l y s i s  of  TAME were d e t e r -  

mined from v i a l s  con ta in ing  s u b s t r a t e  without  enzyme. A t  

pH 8 ,  the  spontaneous hydro lys i s  dur ing  1 h  was 4% f o r  TAIME. 

The va lues  of enzyme a c t i v i t y  presented  were those  a f t e r  

t h e  va lues  of spontaneous hydro lys i s  had been s u b t r a c t e d  

f o r  each t ime i n t e r v a l .  

P u r i f i c a t i o n  of h s t e r a s e  f r o m  Chromatin. Sheared 

p u r i f i e d  chromatin w a s  a d j u s t e d  t o  1 0  p e r  m l .  So l id  

sodium c h l o r i d e  w a s  added t o  a f i n a l  concen t ra t ion  o f  0.7 1vI. 

The mixture was s t i r r e d  overnight  a t  4'. The c l e a r  s o l u -  

t i o n  was c e n t r i f u g e d  a t  177,700 g f o r  8 h. The superna-  

t a n t  w a s  c o l l e c t e d  and d ia lyzed  a g a i n s t  0.3 iVI N a C 1 ,  1 0  mlv1 
I 

T r i s  (pH 8 ) .  The s o l u t i o n  was t h e n  a p p l i e d  t o  a Bio-Rex 

70 column ( 2 . 5  cm x  30 cm) e q u i l i b r a t e d  wi th  0 .3  ;dI ilaC1, 

10  mlvl T r i s  (pH 8 ) .  The column was washed e x t e n s i v e l y  with 

t h e  same b u f f e r  u n t i l  t h e  A 
230 

reading was n e a r l y  zero.  

Then a l i n e a r  sa l t  g r a d i e n t  from 0.3 ,dI 1 J a C l  t o  1 . 0  4 N a C l  

i n  10 mNI T r i s  (pH 8 )  ( t o t a l  300 m l  j w a s  s t a r t e d .  Three ml. 

f r a c t i o n s  were c o l l e c t e d .  F r a c t i o n s  con ta in ing  t h e  e s -  

t e r a s e  a c t i v i t y  were pooled and concent ra ted  by ultra- 

f i l t r a t i o n   m mi con Pi8 10  membrane). The concent ra ted  pro- 

t e i n  s o l u t i o n  w a s  t h e n  app l i ed  t o  a Sephadex G-200 column 

( 3  cm x  100 cm) , e q u i l i b r a t e d  and e l u t e d  wi th  0.3 :B N a C l  

- 10 mi\! T r i s  ( p ~  8 ) . Three m l  f r a c t i o n s  were c o l l e c t e d .  

F r a c t i o n s  con ta in ing  t h e  e s t e r a s e  a c t i v i t y  were pooled 

and nixed wi th  calcium phosphate g e l .  The mixture w a s  
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c e n t r i f u g e d  a t  12,000 g f o r  10 min. The s u p e r n a t a n t  con- 

t a i n e d  t h e  enzyme a c t i v i t y  and was a p p l i e d  t o  a SE-Sephadex 

C-50 column (0 .9  x 25 cm) p r e - e q u i l i b r a t e d  with 0 .3  M N a C l  

- 10  mi\! T r i s  (pH 8 ) .  The column was washed w i t h  50 m l  o f  

0.3 1;1 ;\lac1 - 1 0  mljl T r i s  (pH 8 )  . Then a l i n e a r  sal t  g r a d i -  

e n t  from 0 .3  !,/I t o  1 id1 A a C 1  i n  1 0  mM T r i s  (pFi 8) was s t a r t e d  

t o  e l u t e  t h e  enzyme. The pure enzyme e l u t e d  a t  0.7 ~d N a C 1 .  



RESULTS 

D i s t r i b u t i o n  o f  E s t e r a s e  A c t i v i t y  i n  R a t  L i v e r  Nuclei .  

Table I shows t h e  d i s t r i b u t i o n  o f  e s t e r a s e  a c t i v i t y  i n  d i f -  

f e r e n t  n u c l e a r  components. 41% o f  t h e  a c t i v i t y  i s  l o c a t e d  

i n  nucleoplasm, 33% i s  i n  t h e  n u c l e a r  membrane and t h e  r e -  

maining 26% i s  a s s o c i a t e d  w i t h  chromatin. The s p e c i f i c  

a c t i v i t y  i n  d i f f e r e n t  n u c l e a r  components i s  a l s o  shown i n  

t h e  same t a b l e ,  n u c l e a r  membrane has  t h e  h i g h e s t  s p e c i f i c  

a c t i v i t y ,  fo l lowed by nucleoplasm and chromatin.  A t  p r e s -  

e n t  i t  i s  u n c l e a r  whether d i f f e r e n t  n u c l e a r  components 

have t h e  sane  o r  d i f f e r e n t  e s t e r a s e s .  We have s t u d i e d  

t h a t  a s s o c i a t e d  w i t h  chromatin.  

E x t r a c t i o n  of  E s t e r a s e  from Chromatin w i t h  Di f feren?  

Concent ra t ions  o f  Sodium Chlor ide .  The sheared  chromatin 

w a s  t r e a t e d  w i t h  i n c r e a s i n g  concen t ra t ions  o f  sodium 

c h l o r i d e  t o  e x t r a c t  e s t e r a s e .  F ig .  1 shows t h a t  33% a c t i v -  

i t y  w a s  r e l e a s e d  from chromatin wi th  0.3 M N a C l  and 56% 

a c t i v i t y  w a s  e x t r a c t e d  w i t h  0.7 M N a C 1 .  However, h i g h e r  

s a l t  c o n c e n t r a t i o n s  d i d  no t  e x t r a c t  more enzyme from chro-  

matin a l though  more p r o t e i n  w a s  r e l e a s e d .  So, 0.7 IJI N a C l  

w a s  r o u t i n e l y  used t o  e x t r a c t  e s t e r a s e  from chromatin.  

P u r i f i c a t i o n  o f  E s t e r a s e .  Table I1 summarizes t h e  

s t e p s  u t i l i z e d  t o  p u r i f y  e s t e r a s e .  The procedure adopted 

r e s u l t e d  i n  510-fold p u r i f i c a t i o n  o v e r  t o t a l  chromosomal 

p r o t e i n  w i t h  a y i e l d  of  2$ o f  t h e  a c t i v i t y .  Standard 



Table I 

Subnuclear Dis t r ibut ion of Esterase Act iv i ty  

Total  % of 
Total  e s te rase  t o t a l  Spec i f  i c  

Subnuclear p ro te in  a c t i v i t y  es te rase  a c t i v i t y  
f r a c t i on  ( ~ g )  vmole/h a c t i v i t y  ( vmole/h/pg) 

Nucleoplasm 1,800 4 50 41% 0.25 

Nuclear 8 50 3 60 33% 0.42 
membrane 

Chromatin 5 500 27 5 26% 0.05 



The e f f e c t  o f  d i f f e r e n t  s a l t  concen t ra t ions  on ex- 

t r a c t i o n  of e s t e r a s e  from chromatin.  The sheared  chromatin 

was a d j u s t e d  t o  10  ~ ~ ~ ~ / m l  and s o l i d  sodium ch lo r ide  was 

added t o  t h e  d e s i r e d  sa l t  concen t ra t ion .  The mixture was 

s t i r r e d  a t  4 ' ~  f o r  4 h  and cen t r i fuged  a t  177,700 g f o r  

8 h .  The superna tan t  and p e l l e t  were c o l l e c t e d .  The e s -  

t e r a s e  a c t i v i t y  and p r o t e i n  concen t ra t ion  w a s  determined 

as shown i n  Mate r i a l s  and IvIethods. 





a 3 ~n 
r i -  1 0 Y CO r i  

.d w 0 Ln M ri 
?+ ri 
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methods were used, which inc luded  chromatography on Bio - 
Eex 70 (Fig .  2 ) ,  Sephadex 6-200 (F ig .  3) and SE Sephadex 

C-50 (Fig .  4 ) .  The most e f f e c t i v e  p u r i f i c a t i o n  s t e p ,  

based on t h e  c r i t e r i a  o f  f o l d  p u r i f i c a t i o n  and recovery?  

was Bio-Rex 70 column chromatography. 

lvlolecular P r o p e r t i e s  of  P u r i f i e d  E s t e r a s e .  The 
- 

molecular  weight  of  t h e  p u r i f i e d  e s t e r a s e  w a s  e s t i m a t e d  

t o  be approximately 15,000 by suc rose  g r a d i e n t  c e n t r i f -  

ugat ion  ( sed imenta t ion  c o e f f i c i e n t  = 1.9 S ) and about  

15,000 by SDS d i s c  e l e c t r o p h o r e s i s  ( ~ i g .  5 ) .  A s i n g l e  

peak of  p r o t e i n  w a s  ob ta ined  upon s u b j e c t i n g  t h e  p u r i f i e d  

e s t e r a s e  t o  SDS d i s c  e l e c t r o p h o r e s i s  and u rea  g e l  e l e c t r o -  

p h o r e s i s  i n  t h e  presence o f  reducing  agent  ( ~ i g .  6 ) .  Based 

on  t h e  f o l d - p u r i f i c a t i o n  d a t a  (Table 11' ) ,  assuming a 

molecular  weight o f  t h e  a c t i v e  enzyme of  15,000 and t h a t  
1 7  

t h e  rat hap lo id  genome s i z e  i s  1 . 8 ~  10'"  d a l t o n s  ( B r i t t e n  

and Davidson, 1971) ,  t h e  i s o l a t e d  rat l i v e r  chromatin 

would c o n t a i n  approximately 2x l o5  molecules o f  t h i s  enzyme 

p e r  haplo id  genome. This e s t i m a t e  i s  s u b j e c t  t o  t h e  f u r -  

t h e r  assumption t h a t  only  one e s t e r a s e  i s  p r e s e n t  i n  chro- 

matin and no a c t i v a t i o n  o r  i n a c t i v a t i o n  of enzyme a c t i v i t y  

h a s  occurred .  

E f f e c t  o f  pH and I n h i b i t o r s  on E s t e r a s e  A c t i v i t y ,  The 

p u r i f i e d  e s t e r a s e  shows a pH optimum a t  8 .2  and h a l f  maximal 

a c t i v i t y  at  pH 6.9 and 10.5, sugges t ing  t h a t  h i s t i d i n e  and 

l y s i n e  r e s i d u e  might be involved i n  i t s  a c t i v i t y .  The enzyme 



Chromatography o f  e s t e r a s e  a c t i v i t y  on  Bio-Hex 70. 

hnzyrne (87 x l o 4  & mol/h. 60 m e )  i n  0 .3  18 N a C l  - 1 0  mM Tr is  

(pH 8)  b u f f e r  was a p p l i e d  t o  t h e  col~rrnn ( 2 . 5  x 30 cm). 

f i l u t i o n  w a s  w i t h  a l i n e a r  sodium c h l o r i d e  g r a d i e n t  from 

0.3 '4 t o  1 1fl i n  10 mIvi T r i s  (pH 8 ) .  3 l n l  f r a c t i o n s  were 

c o l l e c t e d ;  t h e  f low r a t e  w a s  a d j u s t e d  t o  1 5  ml/h; a l l  p ro -  

cedures  were c a r r i e d  o u t  a t  4'. 





Chromatography o f  e s t e r a s e  a c t i v i t y  on  Sephadex G-700. 

Enzyme ( 6 0  x lo4 irmol/h, 2,190 ~ i g )  i n  0 .3  1 N a C l  - 10 rr&i 
/' 

T r i s  (pH 8 )  b u f f e r  was a p p l i e d  t o  t h e  column ( 3  x 100 em). 

S l u t i o n  w a s  w i t h  t h e  same b u f f e r ;  2.7 r n l  f r a c t i o n s  were 

c o l l e c t e d ;  f low r a t e  was a d j u s t e d  t o  1 0  ml/h; all proce-  

d u r e s  were c a r r i e d  o u t  a t  4'. 



O.D. at 230 rnp (-x-) 



Chromatography of  e s t e r a s e  a c t i v i t y  o n  SE Sephadex 

C-50. Lnzyme (9 x l o 4  itrnol/h, 64,ug) i n  0.3 !U 6aC1 - 1 0  mlvl 
/ 

T r i s  ( p ~  8)  b u f f e r  w a s  a p p l i e d  t o  t h e  column (0 .9  x 2 5  cm). 

& l u t i o n  was w i t h  n l i n e a r  sodium c h l o r i d e  g r a d i e n t  from 

0 .3  id t o  1 ;i/i i n  1 0  mIYI T r i s  (pH 8 ) .  3 ml f r a c t i o n s  were 

c o l l e c t e d ;  t h e  f low r a t e  w a s  a d j u s t e d  t o  2 0  ml/h; a l l  p r o -  

c edu re s  were c a r r i e d  o u t  a t  4'. 





E s t i m a t i o n  o f  t h e  molecu la r  weight o f  e s t e r a s e  by 

SDS po lyacry lamide  g e l  e l e c t r o p h o r e s i s .  The m o b i l i t i e s  o f  

d i f f e r e n t  s t a n d a r d  p r o t e i n s  a r e  p l o t t e d  a g a i n s t  t h e  l o g  of  

t h e  mo lecu la r  weigh t .  The i n t e r c e p t  f o r  e s t e r a s e  i n d i c a t e s  

a molecu la r  weight  o f  about  15,000. 





Disc e l e c t r o p h o r e s i s  of  e s t e r a s e  on  d i f f e r e n t  po lyacry-  

l amide  g e l  s y s t e m s .  Gels  1 and 2 were t h e  u r e a  g e l  sys tem;  

g e l  3 was t h e  SDS g e l  sys tem.  Gel 1 w a s  t h e  p r o t e i n  pooled 

f rom f r a c t i o n  #lo0 t o  #190 o f  Sephadex G-200. Gels 2 and 

3 were t h e  p u r i f i e d  enzyme from 3E Sephadex C-50 column. 
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a c t i v i t y  i s  e s s e n t i a l l y  l o s t  below pH 5.0,  and d e c r e a s e s  

above pH 11, presumably due t o  d e n a t u r a t i o n  ( F i g .  7 ) .  

The e f f e c t s  of  var ioi ls  i n h i b i t o r s  o f  e s t e r a s e  a c t i v i t y  

a r e  shown i n  Table 111. The s e r i n e  hydroxyl  group r e a g e n t s  

DFP and 21i1SF a r e  p o t e n t  i n h i b i t o r s ;  sodium b i s u l f i t e  i s  

a l s o  e f f e c t i v e  bu t  needs h i g h e r  c o n c e n t r a t i o n s .  

& f f e c t  of S u b s t r a t e  Concen t r a t i on .  F i g .  8 shows 

h y d r o l y s i s  r a t e  o f  TAAE as a f u n c t i o n  o f  s u b s t r a t e  concen- 

t r a . t i o n .  I n h i b i t i o n  o f  t h e  r e a c t i o n  r a t e  by i n c r e a s i n g  

s u b s t r a t e  c o n c e n t r a t i o n  (above 5 d l  w a s  obse rved )  . When 

t h e  expe r imen ta l  p o i n t s  o b t a i n e d  a r e  p l o t t e d  acco rd ing  t o  

t h e  method o f  Lineweaver and Burk ( p i g .  9), t h e  h l ichae l i s  

c o n s t a n t  f o r  h y d r o l y s i s  w a s  0.16 mid. 



k f f e c t  o f  i n c u b a t i o n  pH on t h e  e s t e r a s e  a c t i v i t y .  

hnzyme (800 L{ mol/h, 0 .3  ~ l g  p r o t e i n )  was i n c u b a t e d  under  
/ 

d i f f e r e n t  pH c o n d i t i o n s .  Xnzyrne a c t i v i t y  a s s a y  w a s  p e r -  

formed as g i v e n  i n  i f la ter ia l  and Methods. 





Table I11 

Effect  of I nh ib i t o r s  on Esterase Act iv i ty  



kiffect of  s u b s t r a t e  c o n c e n t r a t i o n  on e s t e r a s e  

a c t i v i t y .  





Lineweaver-durk p l o t  f o r  t h e  h y d r o l y s i s  o f  TAlvl?; b y  

t h e  purified e s t e r a s e .  





E s t e r a s e ,  i n  t h e  s t r i c t e r  s ense  o f  t h e  word, c a t a l y z e s  

t h e  h y d r o l y s i s  o f  a l a r g e  number of  c a r b o x y l i c  e s t e r s .  

A ld r ige  (1953)  proposed a f r e q u e n t l y  used c l a s s i f i c a t i o n  

o f  e s t e r a s e s  based on t h e i r  behav io r  toward organophosphorus 

compounds. Accord ing ly ,  A-es t e r a se s  (Ec '3. 1. 1. 2 )  a r e  

n o t  i n h i b i t e d  by organophosphorus compounds bu t  hydro lyze  

them as s u b s t r a t e s .  They a l s o  s p l i t  a r o m a t i c  e s t e r s  such 

as phenyl a c e t a t e  and ,  t h e r e f o r e ,  have been d e s i g n a t e d  as 

a r y l e s t e r a s e s .  I n  c o n t r a s t ,  B -es t e r a se s  ( L C  3. 1. 1. 1) 

a r e  i n h i b i t e d  by organophorphorus .  These enzymes have 

been fo rmer ly  known as " a l i - e s t e r a s e s "  o r ,  because o f  

t h e i r  wide s p e c i f i c i t y ,  as u n s p e c i f i c  e s t e r a s e s .  I n  p i g  

k idney  a t h i r d  t y p e  o f  e s t e r a s e  has  been d e s c r i b e d  

(Bergmann e t  al., 1 9 5 7 ) .  This enzyme i s  n e i t h e r  i n h i b i t e d  

by organophosphorus compounds n o r  does  it hydro lyze  thein 

and t h e r e f o r e ,  h a s  been named C - e s t e r a s e ,  S ince  t h e  e s -  

t e r a s e  he re  p u r i f i e d  i s  i n h i b i t e d  by DFY and PMSF, i t  may 

be t e n t a t i v e l y  c l a s s i f i e d  as a 3 - e s t e r a s e .  However, none 

o f  t h e  p r e s e n t  c l a s s i f i c a t i o n s  o f  e s t e r a s e s  i s  comple te ly  

s a t i s f a c t o r y  and unambiguous. 

I n  ana logy  t o  t h e  nechanism o f  e s t e r  h y d r o l y s i s  by 

endopep t idases  as s t u d i e d  i n  d e t a i l  i n  many L a b o r a t o r i e s ,  

t h e  p a r t i c i p a t i o n  o f  a h i s t i d i n e  r e s i d u e  a t  t h e  a c t i v e  

s i t e  o f  t h e  e s t e r a s e s  i s  sugges t ed  by t h e  pH p r o f i l e .  



However, d i r e c t  exper imenta l  ev idence  f o r  t h i s  i s  s t i l l  

l a c k i n g .  

k t  p r e s e n t  t h e  metabol ic  f u n c t i o n  o f  most ca rboxy l -  

e s t e r a s e s  i s  s t i l l  obscu re .  h.lrnost a l l  s u b s t r a t e s  used 

a r e  f o r e i g n  compounds which do not  o c c u r  normal ly  i n  i n t e r -  

mediary metabolism. Some o f  them a r e  o f  cou r se  o f  pharmaco- 

l o g i c a l  s i g n i f i c a n c e .  Unspec i f ic  e s t e r a s e s  may p l a y  a r o l e  

i n  d e t o x i c a t i o n  sys tems .  So f a r  t h e  p h y s i o l o g i c a l  sub- 

s t r a t e s  f o r  most o f  t h e  e s t e r a s e s  a r e  s t i l l  unknown. 
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One d i f f i c u l t y  i n  t h e  s t u d y  of  e u k a r y o t i c  gene con- 

t r o l  i s  t h e  complexity o f  such genomes compared t o  those  

of p r o k a r y o t i c  c e l l s .  The genome s i z e  o f  J$. c o l i .  i s  4.5 . - 
l o b  nuc leo t ide  p a i r s ,  i. e . ,  about  5,000 genes coding f o r  

4 average s i z e d  po lype t ides -  ( M .  W. = 3 x 1 0  ) ;  i n  d i c -  

tyos te l ium d i s c o i d e m ,  5 x lo7  nuc leo t ide  p a i r s  o r  about  

9 50,000 genes;  i n  man, 8 x 1 0  nuc leo t ide  p a i r s ,  8 m i l l i o n  

genes and mind boggling s i n c e  i t  appears  h i g h l y  u n l i k e l y  

t h a t  any c e l l  need employ 8 m i l l i o n  d i f f e r e n t  po lypep t ides  

dur ing  i ts  l i f e  cyc le .  Major p o r t i o n s  of  t h e  DNA o f  h i g h e r  

organisms have been thought  by one s p e c u l a t o r  o r  a n o t h e r  

t o  c o n s i s t  o f  r e s e r v e  genes ,  r e p e t i t i v e  genes ,  r e g u l a t o r y  

genes o r  e v o l u t i o n a r y  garbage.  However, a reasonable  ex- 

p l a n a t i o n  h a s  n o t  y e t  been advanced f o r  such  l a r g e  genome 

s i z e s .  Most o f  t h e  known b i o s y n t h e t i c  pathways a r e  a l r e a d y  

represen ted  i n  u n i c e l l u l a r  organisms. It seems u n l i k e l y  

t h a t  t h e  1 ,800 f o l d  i n c r e a s e  i n  genome s i z e  from b a c t e r i a  

t o  m a m m a l s  can be a t t r i b u t e d  t o  a 1,800 f o l d  i n c r e a s e  i n  

t h e  number o f  s t r u c t u r a l  genes.  Quite possibly, ,  t h e  p r i n -  

c i p a l  d i f f e r e n c e s  between b a c t e r i a  and m a m m a l s  presumably 

l i e  i n  t h e  degree of i n t e g r a t e d  c e l l u l a r  a c t i v i t i e s  and 

degree of c e l l  d i f f e r e n t i a t i o n ,  and t h u s  i n  a v a s t l y  i n -  

c reased  complexity o f  r e g u l a t i o n  r a t h e r  t h a n  a v a s t l y  i n -  

c reased  number o f  s t r u c t u r a l  genes.  



A second problem has t o  do w i t h  t h e  r e p e t i t i o n  o f  

DNA sequences.  Examination of  p r o k a r y o t i c  DNA r e v e a l s  

tha t ,  a p a r t  from r-RNA c i s t r o n s ,  it  is  composed of sequen- 

c e s ,  each o f  which i s  repeated  a s i n g l e  t ime i n  t h e  genome 

( t h e  unique sequences)  . I n  c o n t r a s t ,  e u k a r y o t i c  DNA con- 

sists of  t h r e e  c l a s s e s  of sequences:  h i g h l y  r e p e t i t i o u s ,  

middle r e p e t i t i o u s  and unique. I n  most h i g h e r  organisms, 

h i g h l y  r e p e t i t i o u s  DNA makes up 8 - 12% o f  t o t a l  n u c l e a r  

DNA. This  f r a c t i o n  of  t h e  genome i s  of  low complexi ty,  

r e l a t i v e l y  homogeneous, p r e s e n t  i n  very h igh  f r e q u e n c i e s  

5 (10 t o  l o 6  cop ies  p e r  haplo id  genome), r e a s s o c i a t e s  t o  

form r a t h e r  we l l  base p a i r e d  duplexes and h a s ,  i n  some 

c a s e s ,  a n  unusual  base composition.  

P u r i f i e d  h i g h l y  r e p e t i t i v e  DNA, when dena tu red ,  

reannealed and mounted f o r  EM s t u d y ,  y i e l d s  a h i g h  pro-  

p o r t i o n  of  c i r c l e s  (Henning e t  &. , 1970) .  The r e p e t i -  

t i v e  regions  a r e  t h e r e f o r e  i n  tandem arrangements ( ~ a e ,  

1970; Jones ,  1970; Henning and Walker, 1970) and a r e  known 

t o  be c l u s t e r e d  i n  t h e  centromeric  a r e a s  o f  chromosomes 

 ones, 1970; Pardue and G a l l ,  1970; Botchan e t  a l . ,  1971; 

Saunders et Q., 1972) .  It i s  deba tab le  whether  h i g h l y  re-  

p e t i t i v e  sequences f u n c t i o n  as a templa te  f o r  RNA s y n t h e s i s  

i n  vivo.  (Flamm eJ a&., 1969; Hennig and Walker, 1970) .  

They might s e r v e  a r o l e  i n  chromosomal "housekeepingfi 

(walker ,  1968; K r a m  9 s&. , 1972; Jones ,  1970) . 
Afoderately r e p e t i t i v e  sequences make up t o  1 0  - 30% 

of t h e  t o t a l  n u c l e a r  DlYA o f  h i g h e r  organisms. R e p e t i t i o n  



f r e q u e n c i e s  f o r  t h i s  c l a s s  o f  DNA range from t e n s  t o  

thousands o f  cop ies  p e r  h a p l o i d  genome. This c l a s s  o f  DNA 

sequences i s  h i g h l y  heterogeneous,  and forms imper fec t  

duplexes upon r e n a t u r a t i o n ;  t h e  m a j o r i t y  a r e  i n t e r s p e r s e d  

throughout  t h e  genome but some a r e  c l u s t e r e d  i n  c e r t a i n  

a r e a  of chromosomes ( e .  g.  5s-RNA, r-RNA,  t - R N A ,  h i s t o n e  

genes ) (Pardue and G a l l ,  1974) . 
I n  t h e  l as t  t e n  y e a r s  a v a r i e t y  o f  o b s e r v a t i o n s  

been made, b e a r i n g  on  t h e  i n t e r t w i n e d  i s s u e s  of DNA sequence 

o r g a n i z a t i o n  and t h e  mechanism of gene r e g u l a t i o n  i n  . 

h i g h e r  organisms.  O f  course such genomes a r e  so  l a r g e  

(up t o  10" n u c l e o t i d e  p a i r s )  t h a t  knowledge o f  t h e s e  ac- 

t u a l  n u c l e o t i d e  sequences might no t  be ve ry  u s e f u l .  How- 

e v e r ,  i t  now appears  t h a t  t h e  genomes o f  h i g h e r  organisms 

a r e  o rgan ized  i n  recognizable  p a t t e r n s .  E a r l y '  s t u d i e s  

(Waring and B r i t t e n ,  1966)  i n d i c a t e d  that i n  mammalian DNA 

many r e p e t i t i v e  sequences were i n t e r s p e r s e d  throughout  t h e  

genome. It w a s  observed t h a t  most h igh  molecular  weight 

DNA formed p a r t i a l  duplexes as a r e s u l t  o f  r e p e t i t i v e  s e -  

quence i n t e r a c t i o n s .  Networks were formed i n d i c a t i n g  t h a t  

many fragments  o f  10,000 nuc leo t ides  i n  l e n g t h  conta ined  

more t h a n  one r e p e t i t i v e  sequence element.  When t h e  s i z e  

o f  t h e  i n p u t  DNA w a s  reduced, a s m a l l e r  amount o f  DHA formed 

p a r t i a l  duplexes  a t  r e p e t i t i v e  r e a c t i o n  c o n d i t i o n s .  These 

r e s u l t s  sugges ted  t h a t  r e p e t i t i v e  and unique sequences 

were i n t e r s p e r s e d .  Experiments on c a l f  DNA ( ~ r i t t e n  and 

Smith,  1970) ,  measuring t h e  r e a s s o c i a t i o n  o f  l o n g  l a b e l e d  



fragments  w i t h  a g r e a t  excess  o f  s h o r t  unlabeled  f r a g -  

ments, showed t h a t  t h r e e  - four ths  of t h e  4,000 n u c l e o t i d e  

l a b e l e d  fragments  conta ined  r e p e t i t i v e  sequences and 

t h a t  many of  t h e s e  wdre i n t e r s p e r s e d  wi th  unique sequences,  

Recent experiments  on s e a  u rch in  and f r o g  showed t h a t  

much o f  t h e  r e p e t i t i v e  DNA i s  i n t e r s p e r s e d  among unique 

sequences and t h a t  t h e  modal l e n g t h  of t h e  i n t e r s p e r s e d  

repea ted  sequence elements  i s  about 300 n u c l e o t i d e s  

(Davidson and B r i t t e n ,  1973).  One middle r e p e t i t i v e  s e  - 
quence i s  fo l lowed by a unique sequence o f  700 t o  1 ,100 

n u c l e o t i d e s  i n  l e n g t h ,  This f i n e  l e v e l  i n t e r s p e r s i o n  

occurs  i n  a t  l e a s t  35 t o  40 $ of  t o t a l  genomal DNA. More 

t h a n  205 o f  t h e s e  genomes i s  i n  t h e  long  p e r i o d  i n t e r -  

s p e r s i o n  p a t t e r n  where t h e  l e n g t h  of  t h e  unique sequence 

i s  on t h e  average at l e a s t  4,000 nuc leo t ides  (Davidson 

and B r i t t e n ,  1973).  Recently Bonner and h i s  a s s o c i a t e s  

(1974) observed t h a t  about 56 mass $ o'f the .  rat  genome i s  

organized  as f o l l o w s :  one middle r e p e t i t i v e  sequence approx- 

ima te ly  300 5 200 base p a i r s  i n  l e n g t h  i s  fo l lowed 

immediately i n  about  60% of c a s e s  by a second r e p e t i t i v e  

segment of t h e  same l e n g t h ,  t o  make a double t  middle 

r e p e t i t i v e  segment about  400 t o  600 base p a i r s  i n  l e n g t h ,  

( I n  t h e  remaining 40% of t h e  cases  only  one r e p e t i t i v e  

segment i s  obse rved) .  This  i s  t h e n  followed by a unique 

sequence of 2,000 t o  16,000 n u c l e o t i d e s  i n  l e n g t h .  About 

23 mass $ of  t h e  rat genome is  arranged s i m i l a r l y  bu t  w i t h  
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unique sequences o f  500 t o  2,000 base p a i r s .  

The exper imenta l  obse rva t ions  reviewed above supply  

r e l a t i v e l y  p r e c i s e  in fo rmat ion  on t h e  p a t t e r n s  o f  i n t e r -  

s p e r s i o n  o f  r e p e t i t i v e  and unique sequences.  The similari- 

t y  of t h e  r e s u l t s  f o r  a n  echinoderm, a n  amphibian and a 

m a m m a l  s u g g e s t s  t h a t  i n t e r s p e r s i o n  of  r e p e t i t i v e  and 

unique sequences appear  t o  be a g e n e r a l ,  i f  no t  u n i v e r s a l ,  

p r o p e r t y  o f  h i g h e r  organism DNA. These p a t t e r n  a r range  - 
ments a r e  v e r y  l i k e l y  t o  be o f  f u n c t i o n a l  s i g n i f i c a n c e  and 

a r e  c o n s i s t e n t  wi th  a model proposed by B r i t t e n  and 

Davidson (1969) f o r  gene r e g u l a t i o n  i n  eukaryotes  . 
The model proposes t h a t  each s t r u c t u r a l  gene i n  a 

g i v e n  gene b a t t e r y  i s  preceded by a c e r t a i n  r e p e t i t i v e  se -  

quence. The sequences s e r v e  as r e c o g n i t i o n  and b inding  

s i t e s  f o r  sequence-speci f ic  r e g u l a t o r  molecules ,  which a r e  

termed i i a c t i v a t o r s i i ,  Since e i t h e r  Riu'A o r  p r o t e i n  co%d 

s e r v e  t h i s  f u n c t i o n ,  B r i t t e n  and Davidson (1969) considered 

bo th  a l t e r n a t i v e s  as p o s s i b l e .  I n  e i t h e r  c a s e ,  genomic 

sequences coding f o r  t h e  a c t i v a t o r  must e x i s t ,  and t h e s e  

t h e y  termed " i n t e g r a t o r  genesf t  . These i n t e g r a t o r  genes 

a r e  p h y s i c a l l y  a s s o c i a t e d  wi th  "sensor  g e n e s N ,  which r e s  - 
pond t o  e x t e r n a l  e f f e c t o r s  ( e  . g  ., hormones) i n  such a way 

t h a t  t r a n s c r i p t i o n  becomes induced i n  t h e  a d j a c e n t  i n t e -  

g r a t o r  genes .  Thus s imple e x t e r n a l  s i g n a l s  can t r i g g e r  a 

v a s t  response from a very l a r g e  number of  non-contiguous 

genes;  t h e i r  f u n c t i o n  impl ies  t h e  e x i s t e n c e  of  mul t ipo in t  



swi tches  i n  t h e  r e g u l a t o r y  system. The model r e q u i r e s  

t h e  e x i s t e n c e  o f  r e p e t i t i v e  sequence elements  and p r e d i c t s  

t h a t  s p e c i f i c  l o c a t i o n s  of p a r t i c u l a r  r e p e t i t i v e  sequences 

a r e  o f  c r u c i a l  f u n c t i o n a l  s i g n i f i c a n c e .  

A t  t h e  very  h e a r t  of  t h i s  model i s  t h e  p o s s i b i l i t y  

t h a t  RNA could s e r v e  as a n  a c t i v a t o r .  Such RNA molecules 

would have t o  be: 1 )  confined t o  t h e  nucleus  2 )  bound t o  

chromatin 3) r e p e t i t i v e  gene t r a n s c r i p t s  4 )  h i g h l y  h e t e r o -  

geneous. 

Bekhor, Kung and Bonner (1969) and a l s o  Huang and 

Huang (1969) presented  evidence sugges t ing  t h a t  seque nee- 

s p e c i f i c  r e c o n s t i t u t i o n  of  chromosomal p r o t e i n s  t o  DNA 

r e q u i r e s  chromatin-bound RNA, termed chromosomel HIJA, which 

h y b r i d i z e s  t o  t h e  middle r e p e t i t i v e  sequences o f  homolog- 

ous DNA (Holmes, 1973) .  This c l a s s  of  RITA i s  heterogene-  

o u s ,  organ s p e c i f i c ,  confined p r i n c i p a l l y  t o  t h e  nucleus 

and of  g e n e r a l  occurrence (Bonner and Widholm, 1967 , 
Benjamin, et g., (1966),  Huang, 1967 , Dahmus and McConnell, 

1969 , Shih ,  1969 , Mayfield and Bonner, 1971) .  If t h e  

chromosomal RNA i s  an a c t i v a t o r  as proposed by B r i t t e n  

and Davidson (1969),  i t  becomes impor tant  t o  a s k  t h e  ques- 

t i o n ,  w i t h  which c l a s s e s  of  DXA does chromosomal KNA i n t e r -  

a c t ,  and how a r e  they  arranged i n  t h e  genome. S ince  t h e  

s i z e  of  chromosomal RNA i s  small (about 16,000 d a l t o n s ) ,  

when i t  h y b r i d i z e s  wi th  DNA t h e  hybr ids  would be t o o  s h o r t  

t o  be v i s u a l i z e d  d i r e c t l y  by e l e c t r o n  microscopy. Therefore ,  

we have c o v a l e n t l y  coupled chromosomal RNA t o  f e r r i t i n ,  a n  
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e l e c t r o n  dense marker,  t o  a l low t h e  mapping o f  t h e s e  
-*3 

arrangements i n  genome. P re l iminary  r e s u l t s  o f  such  a 

s t u d y  a r e  p r e s e n t e d  below. 



Horse f e r r i t i n  w a s  purchased from Po lysc i ence .  

Bronoa.cety1 bromide was purchased from A l d r i c h  Chem. Co , 
I n c .  ~ d e r c a p t o s u c c i n i c  d ihydraz ide  w a s  a generous  g i f t  

from D r .  ~. K. Atkinson o f  Ar thu r  3 .  L i t t l e ,  I n c .  Cesium 

c h l o r i d e  w a s  purchased from iiare E a r t h  U i v i s i o n ,  American 

P o t a s h  & Chemical Corp. DhAE Sephadex A-25,  and Sephadex 

G-25 were f rom yharmacia Fine Chemicals I n c .  Pronase ,  

Grade B ,  w a s  from Calbiochern, 



METHODS 

I 

Growth o f  R a t  A s c i t e s  C e l l s .  The Novikoff a s c i t e s  

tumor l i n e  used i n  t h e  fo l lowing i n v e s t i g a t i o n  w a s  main- 

t a i n e d  by a s e r i a l  t r a n s p l a n t a t i o n  i n  male a l b i n o  Sprague- 

Dawley rats purchased from Berkeley P a c i f i c  l a b .  Trans fe r  

w a s  c a r r i e d  o u t  every  6 t h  day and a s c i t e s  c e l l s  were 

ha rves ted  a t  t h e  same t ime.  

? r e p a r a t i o n  o f  c-MIA from R a t  A s c i t e s  C e l l s .  

w a s  p repared  from rat a s c i t e s  c e l l s  according  t o  t h e  method 

o f  Dahmus and McConnell (1969) wi th  a s l i g h t  modif i -  

c a t i o n .  Unless o therwise  noted,  a l l  o p e r a t i o n s  were 

c a r r i e d  ou t  at  4'. Asc i t e s  c e l l s  were d i l u t e d  w i t h  an  

equa l  volume of  TNKM b u f f e r  (50 mM T r i s ,  pH 6.7 - 0.13 M 

N a C l  - 25 mM K C 1  - 2.5 mM ;i%c12) and c e n t r i f u g e d  at  700 g 

f o r  1 0  min. The p e l l e t  w a s  washed s e v e r a l  t imes  i n  

t h r e e  volumes of  de ionized  w a t e r  and c e n t r i f u g e d  at  700 g 

u n t i l  no contaminat ion by e r y t h r o c y t e s  w a s  apparen t .  

The p u r i f i e d  a s c i t e s  c e l l s  were l y s e d  wi th  1% (v/v) of 

T r i t o n  - X 100 i n  saline-EDTA (75 mM N a C l  - 24 rnM EDTA, 

pH 8) . The crude n u c l e a r  p e l l e t  w a s  c o l l e c t e d  by c e n t r i -  

f u g a t i o n  a t  3,000 x g and washed once w i t h  saline-EDTA. 

Nuclei  were l y s e d  us ing  a Potter-Elvehjem homogenizer 

i n  10  mh4 T r i s  ( p ~  8)  and t h e n  sedimented a t  10,000 g f o r  

1 5  min. This  s t e p  w a s  repea ted  twice .  The r e s u l t i n g  

p e l l e t ,  r e f e r r e d  t o  as crude chromatin,  w a s  used as t h e  

s t a r t i n g  m a t e r i a l  f o r  c-RNA p r e p a r a t i o n .  



The crude  chromatin w a s  suspended i n  a n  equa l  volume 

o f  10 mM T r i s  ( p ~  8 )  and d i l u t e d  w i t h  two volumes of 6 M 

C s C l  i n  1 0  mM T r i s  (pH 8 )  t o  g i v e  a f i n a l  C s C l  concent ra-  

t i o n  of 4 M. The r e s u l t i n g  s o l u t i o n  w a s  extremely v iscous  

and w a s  homogenized i n  a Waring b lender  at  20 v o l t s  f o r  

30 s e e .  The s o l u t i o n  w a s  s t i r r e d  overnight  and cen t r i fuged  

at  82,000 g  f o r  15 hours  . The chromosomal p r o t e i n s  

and c-HNA formed s k i n s  at  t o p  o f  t h e  c e n t r i f u g e  t u b e s .  i 

The s k i n s  were removed w i t h  a s p a t u l a  and washed t h r e e  

t imes  w i t h  7074 e thano l .  The chromosomal p r o t e i n s  were then  

d i g e s t e d  w i t h  1 m g / m l  of  pronase (pre incubated  f o r  90 rnin 

a t  37') i n  1 0  mM T r i s  ( p ~  8 )  f o r  4 - 6 hours  a t  37'. 

SDS w a s  added t o  a f i n a l  c o n c e n t r a t i o n  o f  1% followed by 

t h e  a d d i t i o n  o f  an  equal  volume o f  w a t e r  s a t u r a t e d  phenol 

con ta in ing  0.1% 8 - hydroxyquinoline.  A f t e r  shaking  f o r  

30 rnin a t  room tempera ture ,  t h e  phases  were s e p a r a t e d  by 

c e n t r i f u g a t i o n  a t  1,000 g  f o r  1 0  min and t h e  aqueous 

phase w a s  c o l l e c t e d .  Nucleic a c i d s  were p r e c i p i t a t e d  by 

t h e  a d d i t i o n  o f  one - t e n t h  volume o f  20% potassium a c e t a t e  

and two volumes o f  95% e thano l .  A f t e r  2  hours  a t  -20' 9 

t h e  p r e c i p i t a t e  w a s  recovered by c e n t r i f u g a t i o n ;  washed 

once wi th  70% e thano l  and d i s s o l v e d  i n  s e v e r a l  m l  of 

0.2 NI N a C l  - 7 M urea  - 1 0  mM T r i s  (pH 8 ) .  The r e s u l t i n g  

s o l u t i o n  w a s  a p p l i e d  t o  a A - 25 DEAE sephadex column 

(0.9 x 25 cm) p r e e q u i l i b r a t e d  w i t h  0.2 14 N a C l  - 7 M urea  

- 1 0  m;Jf T r i s  (pH 8 )  and e l u t e d  w i t h  a l i n e a r  g r a d i e n t  of  



idaC'1 from 0 .2  14 t o  1 .0  ;Vf i n  t h e  presence  o f  7 id u r ea -  

10 :n~d 'l'ris ( p H  8 ) .  C-iii'JA w a s  r ecovered  by p r e c i p i t a t i o n  

w i t h  two volumes o f  95% e t h a n o l  i n  t h e  presence  o f  27; po- 

t a s s i u m  a c e t a t e  f o r  2 hoirrs a t  -20'. 

3 i n  V i t r o  Labe l ing  o f  c-KlIA w i t h  H - dimethyl  S u l f a t e .  

C-KFiA w a s  l a b e l e d  i n  v i t r o  by t h e  procedure  of iv!ayfield 

and Bonner ( 1 9 7 2 ) .  One rng of c-KNA w a s  d i s s o l v e d  i n  0 . 1  mh 

o f  0 .1  ;B potass ium phosphate  b u f f e r  (pH 7 . 5 ) .  The s o l u -  

t i o n  w a s  i ncuba ted  o v e r n i g h t  w i t h  1 m C i  o f  'H - dimethyl  

s u l f a t e  ( s p e c i f i c  a c t i v i t y  400 mCi/mmole) a t  4'. The i n -  

c u b a t i o n  mix tu re  w a s  passed  th rough  a Sephadex 5-25 column 

( 1 . 5  x 60 cm) e q u i l i b r a t e d  and e l u t e d  w i t h  0 . 1  iJI potassium 

phosphate  b u f f e r .  The l a b e l e d  c-KNA w a s  recovered  from 

t h e  colunn e l u a n t  by c e n t r i f u g a t i o n  a f t e r  p r e c i p i t a t i o n  

w i t h  95% e t h a n o l  a t  -20' o v e r n i g h t .  The s p e c i f i c  a c t i v i t y  

o f  l a b e l e d  c-XIIA w a s  10 ,000  cprnh,g. 

M o d i f i c a t i o n  o f  c-HllA. ?H - l a b e l e d  c-XRA w a s  mixed 

with unlabe led  c-HNA t o  y i e l d  a s p e c i f i c  a c t i v i t y  o f  

2 ,000 cpm/ LI g. Two mg o f  t h i s  mix ture  w a s  d i s s o l v e d  i n  

1 m l  o f  0 . 1  ;tI sodium a c e t a t e  b u f f e r  (pH 4 . 6 )  and w a s  

o x i d i z e d  by a d d i t i o n  o f  1 ml of  f r e s h l y  p repa red  0.05 of  

14aI04 i n  t h e  da rk  f o r  1 hour  a t  room t empera tu re .  F ive  

d' 

, ~ r  1 of e t h y l e n e  g l y c o l  were added t o  reduce t h e  e x c e s s  

ria10 4' The o x i d i z e d  c-RiqA was d i a l y z e d  a g a i n s t  0  .l id s o -  

d i u n  a c e t a t e  b u f f e r  ( p ~  4 . 6 )  i n  t h e  dark  a t  4' o v e r n i g h t .  

To t h e  r e s u l t i n g  o x i d i z e d  c-iiNA s o l u t i o n ,  2 cdrnoles o f  
/ 
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mercaptosuccin ic  d ihydraz ide  (from a f r e s h l y  prepared 0.01 M 

s o l u t i o n )  were added. A f t e r  r e a c t i o n  i n  t h e  da rk  f o r  1 0  

hours  a t  room tempera ture ,  t h e  s o l u t i o n  w a s  d i a lyzed  a- 

g a i n s t  0 .1  14 phosphate b u f f e r  (pH 8) . D i t h i o t h r e i t o l  w a s  

added t o  a f i n a l  c o n c e n t r a t i o n  of 5 xW. A l l  o p e r a t i o n s  

beyond t h i s  p o i n t  were c a r r i e d  o u t  under a n  argon atrno.s- 

phere .  The d i t h i o t h r e i t o l  t rea tment  f o r  one hour  a s su red  

t h a t  a l l  t h e  mercapto groups of  t h e  coupled mercapto-succinic 

d ihydraz ide  were i n  t h e  reduced form. D i t h i o t h r e i t o l  w a s  

removed by d i a l y s i s  a g a i n s t  0.01 M phosphate b u f f e r  

(pH 7  -5 )  

P u r i f i c a t i o n  and Modif icat ion of  F e r r i t i n .  F e r r i t i n  

w a s  modif ied by t h e  method o f  Wu and Davidson (1973) but  

w i t h  s l i g h t  modif ica t ion .  Commercial 6 t imes  r e c r y s t a l l i z e d  

h o r s e  s p l e e n  f e r r i t i n  w a s  d i s so lved  i n  2  $ ammonium sul- 
m1 . ---7 f a t e  (pH 5.8) a t  a concen t ra t ion  o f  10 r n g / m l .  Lnree V O L -  

m e s  of t h e  f e r r i t i n  s o l u t i o n  were g e n t l y  mixed wi th  one 

volume o f  20% CdS04 and t h e  mixture allowed t o  s t a n d  over- 

n i g h t  a t  4'. The c r y s t a l l i z e d  f e r r i t i n  w a s  p e l l e t e d  by 

c e n t r i f u g a t i o n  at 39,000 g  f o r  20 min a t  4' and red i s so lved  

i n  2 s  ammonium s u l f a t e  t o  give a f i n a l  c o n c e n t r a t i o n  o f  

1 0  mg/ml. I n s o l u b l e  m a t e r i a l  w a s  removed by c e n t r i f u g a t i o n  

as above. The r e c r y s t a l l i z a t i o n  procedure w a s  r epea ted  2 

more t imes .  The r e s u l t i n g  f e r r i t i n  s o l u t i o n  w a s  d i a lyzed  

a g a i n s t  10 mM potassium phosphate b u f f e r  ( p ~  7.8) and was 

a d j u s t e d  t o  a c o n c e n t r a t i o n  of  5 t o  8 m g / m l  w i t h  0.5 M 



potassium phosphate b u f f e r  ( p ~  7.8) . To 5 ml o f  f e r r i t i n  

s o l u t i o n  (8 mg/ml i n  0.5 M sodium phosphate b u f f e r ,  pH 7.8) 

was added 2 5 ) 1  o f  bromoacetic bromide i n  1 0  equal  p o r t i o n s  

w i t h  cons tan t  s t i r r i n g  a t  4' f o r  30 min. The pH w a s  main- 

t a i n e d  between 7 and 8 by t h e  a d d i t i o n  o f  0 . 1  Ifl NaOH. 

A f t e r  a c e t y l a t i o n ,  2 r n l  of 4 M sodium a c e t a t e  b u f f e r  (pH 4.5) 

were added t o  t h e  r e a c t i o n  mixture and s t i r r e d  f o r  t e n  

minutes a t  4'. The r e s u l t i n g  s o l u t i o n  w a s  d i a l y z e d  exten-  

s i v e l y  a g a i n s t  1 0  mWI phosphate b u f f e r  (pH 6.5) a t  4'. 

Denatured f e r r i t i n  w a s  removed by c e n t r i f u g a t i o n  at  1,000 g 

f o r  1 5  min. The superna tan t  w a s  c o l l e c t e d  and c e n t r i f u g e d  

at  132,000 g f o r  2 hours  t o  p e l l e t  t h e  a c e t y l a t e d  f e r r i t i n .  

The modified f e r r i t i n  w a s  d i s s o l v e d  i n  1 m l  o f  1 0  mIbl 

phosphate b u f f e r  (pH 7 .8 ) .  

Ferritin-C-RNA Coupling. One mg modified c-RWA, 

d i s s o l v e d  i n  0.5 m l  of  0 . 1  bl N a C l  - 1 mM EDTA - 1 0  rnM 

phosphate b u f f e r  (pH 8) was mixed w i t h  30 m g  a c e t y l a t e d  

f e r r i t i n  i n  0.5 m l  o f  0.3 iJI b o r a t e  b u f f e r  (pH 9 ) .  The r e -  

a c t i o n  mixture w a s  incubated  under an  argon atmosphere i n  

t h e  dark  f o r  1 4  days a t  4'. 

For  s e p a r a t i o n  o f  unreac ted  c-RNA from t h e  conjugated 

ferritin-c-RNA and f r e e  f e r r i t i n ,  0 .1  rnl  of  t h e  r e a c t i o n  

mixture w a s  l a y e r e d  on t o p  o f  a 5 m l  o f  sucrose  g r a d i e n t  

(15 t o  25%) i n  0 . 1  M 11aC1 - 1 0  rnM phosphate b u f f e r  ( p ~  7.5)  

and cen t r i fuged  a t  132,700 g f o r  7 hours a t  lo0 .  The 

g r a d i e n t  w a s  f r a c t i o n a t e d  and counted. The f r a c t i o n s  con- 

t a i n i n g  ferritin-c-RNA conjugates  were combined, d i a l y z e d  
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a g a i n s t  0 .1  N a C l  and p e l l e t e d  by c e n t r i f u g a t i o n  a t  

172,700 g f o r  2 .5  hours .  The coupling e f f i c i e n c y  between 

f e r r i n  and C-H~L'A w a s  about 5 s .  

H y b r i d i z a t i o n  of  Ferritin-c-HlL'A t o  3iY;A. The h y b r i d i  - 
z a t i o n  mixture conta ined  407: formamide -. 0 . 1  li? t r i c f n e  

b u f f e r  (PK 7.2)  - 1 mIvi t r i sod ium EDTA - 0.3 lii B a C l  - 5 , ~  g 

o f  unsheared denatured DiiA, 2 .5  ,& g o r  25 j i g  P e r r i t i n - c -  ,' ,' 

-. .- 
?ci\ti: cc;n?l~lox (3:;~ to ill<~ r a t i o  0.5 : 7,r and 5 : 1 res;?ecti-$2- 

1 ~ )  

The n a t i v e  DliA was f irst  denatured by a d d i t i o n  o f  1 E 

N a O K .  A f t e r  i n c u b a t i o n  at room temperature f o r  10 min, t h e  

s o l u t i o n  w a s  n e u t r a l i z e d  wi th  an  equal  amount o f  2 $2 

NaH2T04. The denatured DNA s o l u t i o n  w a s  mixed w i t h  

ferri t in-c-KliA complex i n  phosphate b u f f e r  and formaxnide. 

El.  c o l i  M A ,  i n s t e a d  of  ra-t a s c i t e s  DNA was used a s  t h e  - - 
c o n t r o l .  

H y b r i d i z a t i o n  w a s  c a r r i e d  ou t  by i n c u b a t i o n  a t  37' 

f o r  1 5  and 2 4  hours  (40% forrnainide, approx. 0.18 td1 ~ a ' )  . 
A f t e r  i n c u b a t i o n ,  t h e  s o l u t i o n  w a s  d i l u t e d  wi th  an  equal  - 

voluxe o f  1 0  112d T r i s  - 1 m"l t r i sod ium EDTA ( p H  8 ) .  An 

equal  volurile o f  f r e s h l y  d i s t i l l e d  phenol ,  s a t u r a t e d  w i t h  

0 . 1  i.4 sodium bora te  (pK 8) was g e n t l y  added and ;nixed 

thoroughly .  Ynis mixture w a s  c e n t r i f u g e d  a t  1 ,000  g f o r  

1 0  min. The r e s u l t i n g  aqueous phase was c o l l e c t e d  and 

d i a l y z e d  e x t e n s i v e l y  a g a i n s t  1 0  &,I T r i s  - 1 mi;: t r isodiu71-  

EDTA, (pK 8 )  a t  4'. The phenol e x t r a c t i o n  s t e p  renoved 
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-traces o f  f r e e  f e r r i t i n  and f e r r i t i n - c - R d k  complexes ~ ~ r h i c h  

hzd n o t  h y b r i d i z e d  t o  the DXA, thus r e d u c i n g  t h e  backgrcund 

i n  e l e c t r o n  micrographs .  

7- a l e c t r o n  i3icroscopy.  The procedure  used f o r  p r e p -  

a r a t i o n  o f  specimens f o r  e l e c t r o n  microscone i s  d e s c r i b e d  

by Davis e_4 aA., ( 1971). The hyperphase  contained 1 0 , r ( l  

o f  Z I ~ A  ( 5  g/ml) ; 8 1 T r i s  (1 ST, pY 8 . 5 ) ,  1511 1 o f  t r i s o -  
1 

d i m  2X.A (0  -1 ,A, 2Ii 8.5), 5 , ~ i  1 o f  cytochrome c (1 mgjnl) 
,' 

and 6 0 j i  1 f ormami.de ( 68%) . The hypophase c o n t a i n e d  10% 

forlnamide - 1 0  mlil T r i s  ( p ~  8 . 5 ) .  TJranyl a c e t a t e  ( 5  x ~ o - ~ P  

i n  90$ e t h a n o l )  w a s  used f o r  s t a i n i n g .  The grids were i n  

a l l  c a s e s  r o t a r y  - shadowed w i t h  P t  - Pd (80 - 20)  and 

exan ined  u s i n g  a P h i l l i p s  300 e l e c t r o n  microscope ,  
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B i s t r i b u t i o n  o f  Perritin-G-,LilIA complexes i n  t h e  DNA. 

F e r r i t i n  t agged  c-&LA rflolecules were h y b r i d i z e d  t o  a s c i t e s  

n u c l e a r  lli\lA i n  a n  e f f o r t  t o  map t h e  arrangement of t h e s e  

sequences  i n  t h e  genome. The f e r r i t i n  a c t s  as a n  e l e c t r o n  

dense marker s o  t h a t  t h e  p o s i t i o n s  a t  which c-MA h y b r i d i z e  

t o  LIIIA c a n  be v i s u a l i z e d  d i r e c t l y  by e l e c t r o n  microscope.  

Typ ica l  r e s u l t s  of  t h i s  exper iment  a r e  shown i n  t h e  m i -  

c rographs  o f  F i g .  l. By measuring t h e  d i s t a n c e s  between 

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

c o n s t r u c t e d  ( F i g .  2 ) .  These r e s u l t s  r e v e a l  t h a t  f o r  t h o s e  

Y!\JX s t r a n d s  which c o n t a i n  f e r r i t i n  molecu les ,  two l e v e l s  

o f  i n t e r s p e r s i o n  e x i s t ;  one of  100 - 700 n u c l e o t i d e s  and  

a n o t h e r  o f  500 - ! !SCI@ n u c l e o t i d e s  i n  leng th .  S ince  t h e  

i n t e r f e r r i t i n  d i s t a n c e  i s  a l s o  t h e  i n t e r  HNA d i s t a n c e  and 

s i n c e  c  - K i U  s p e c i f i c a l l y  h y b r i d i z e s  t o  moderate ly  r e p e t i  - 
t i o u s  D d A  sequences  ( ~ o l r n e s ,  1 9 7 3 ) ,  t h i s  o b s e r v a t i o n  i s  

i n  accord  w i t h  o t h e r  s t u d i e s  on t h e  arrangement o f  rnoderate- 

ly r e p e t i t i o u s  BAA sequence i n  t h e  ra t  genoqe ( ~ o n n e r  5 &., 

1 9 7 4 ) .  However t h e  arrloi~nt of  c-KNA used f o r  t h i s  h g b r i d i -  

z a t i o n  exper iment  w a s  no t  enoigh t o  s a t u r a t e  a l l  t h e  s i t e s  

a v a i l a b l e  i n  DL\;-4. F u r t h e r  exper iment  u s ing  s a t u r a t i n g  

amount of  c-3144, f o r  h y b r i d i z a t i o n  i s  n e c e s s a r y .  J e  have ,  

however, shown t h a t  t h e  s i t e s  t o  which r e p e t i t i v e  sequerrce 

o f  gene e x p r e s s i o n  b inds  may be mapped by e l e c t r o n  micros-  

ccpe  . 
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X l e c t r o n  lrlicrographs of fe r r i t in -c -K&A h y b r i d s .  
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