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Inhibition of RNA Polymerase Activity by Arginine-Rich Histones 

A l t h o u g h  his tor ies  h a v e  b e e n  s h o w n  to  i n h i b i t  t h e  
D N A - d e p e n d e n t  R N A  s y n t h e s i s  w h e n  c o m p l e x e d  w i t h  
t h e  D N A  t e m p l a t e ,  t h e  e x a c t  m e c h a n i s m  of t h e  i n h i b i t i o n  
is n o t  clear.  E x p e r i m e n t s  r e p o r t e d  in t h i s  p a p e r  inves t i -  
ga te  t h e  poss ib le  i n t e r a c t i o n s  of  h is tor ies  w i t h  t h e  e n z y m e  
D N A - d e p e n d e n t  R N A  p o l y m e r a s e  a n d  t h e i r  effect  o n  
the  D N A - d e p e n d e n t  R N A  s y n t h e s i s  in v i t ro .  

P a r t i a l l y  pur i f i ed  p r e p a r a t i o n s  of t h e  e n z y m e  were  
p r e p a r e d  f r o m  M i c r o c o c c u s  l y s o d e i h t i c u s  ( s p r a y  dr ied  
f r o m  Miles Chemica l  Corp.)  b y  t h e  m e t h o d  of NAKA- 
MOTO et  al. 1. T h e  specif ic  a c t i v i t y  u s e d  in t h e s e  exper i -  
m e n t s  r a n g e d  f r o m  600-800 U/nag of e n z y m e .  H i g h l y  
pur i f i ed  e n z y m e  (specific a c t i v i t y  1550 U / m g ) ,  p u r c h a s e d  
f r o m  MiIes Chemica l  C o r p o r a t i o n ,  w a s  also e m p l o y e d .  
T h e  s t a n d a r d  r e a c t i o n  m i x t u r e  for  a s s a y  of R N A  syn -  
thes i s  in v i t r o  w a s  e s sen t i a l ly  t h a t  of NAKAMOTO et  al. 1 
e x c e p t  t h a t  t h e  q u a n t i t y  of  each  c o m p o n e n t  a n d  f ina l  
v o l u m e  were  ha lved .  Genera l ly ,  r e a c t i o n s  were  i n c u b a t e d  
a t  37 ~ for  10 ra in  w i t h  30 ~xg of e n z y m e  a n d  50 ag  D N A .  
T h e  i n c o r p o r a t i o n  w a s  d e t e r m i n e d  b y  t h e  m e t h o d  of 
BOLLUM 2. All i n t e r a c t i o n s  of h is tor ies  w i t h  t h e  D N A  or 
w i t h  the  e n z y m e  were  p e r f o r m e d  in 0 . 0 0 5 M  T r i s - H C 1 ,  

p H  7.5, a n d  w a t e r  w a s  a d d e d  to  a s s u r e  equa l  v o l u m e s  
w h e n  necessa ry .  

Whole ,  u n f r a c t i o n a t e d  s a m p l e  of calf  t h y m u s  h i s t o n e  
w a s  p r e p a r e d  b y  acid e x t r a c t i o n  f r o m  s a l i n e - w a s h e d  calf  
t h y m u s  nuc l eop ro t e i n s .  T h e  v a r i o u s  f r a c t i o n s  (F1, F2a,  
F2b ,  F3) were  o b t a i n e d  f r o m  caK t h y m u s  n u c l e o p r o t e i n  
b y  e x t r a c t i o n  w i t h  e t h a n o l i c - H C l  a n d  w i t h  0 . 2 N  HC13. 
F u r t h e r  f r a c t i o n a t i o n  w a s  ach i eved  b y  c h r o m a t o g r a p h y  
on  c a r b o x y m e t h y l  cel lulose 4 a n d  b y  gel f i l t r a t ion  on  
S e p h a d e x  G-755. H i s t o n e  f r a c t i o n s  F2c  (chicken e r y t h r o -  
cytes)  a n d  H-1 a n d  H-3  ( sperm)  were  o b t a i n e d  f r o m  
ch icken  e r y t h r o c y t e s  a n d  f r o m  the  s p e r m  of sea  u r c h i n  
S t r o n g y l o c e n t r o t u s  p u r p u r a t u s ,  r e spec t ive ly ,  b y  s imi la r  

m e t h o d s .  To  i n su r e  t h e  i d e n t i t y  of t h e  f r ac t ions ,  all 
s a m p l e s  were  a n a l y z e d  for  t h e  a m i n o  acid  a n d  N - t e r m i n a l  
a m i n o  acid c o m p o s i t i o n ;  t h e  p u r i t y  of  each  of  t h e  f rac-  
t i o n s  w a s  d e t e r m i n e d  b y  e l e c t r o p h o r e s i s  in s t a r c h  6 o r  
p o l y a c r y l a m i d e  7 gels. P r o t a m i n e  su l f a t e  (Mann  R e s e a r c h  
L a b o r a t o r i e s ) ,  p o l y l y s i n e  (M.W. 100,000 M a n n  R e s e a r c h  
L a b o r a t o r i e s ) ,  a n d  p o l y a r g i n i n e  (M.W. 15-50,000,  Miles 
L a b o r a t o r i e s )  we re  u s e d  in p lace  of  h i s tor ies  in s o m e  
a s says .  

I n i t i a l  s t ud i e s  u s ing  u n f r a c t i o n a t e d  calf  t h y m u s  h i s t o n e  
d e m o n s t r a t e d  t h a t  t h e  e x t e n t  of i n h i b i t i o n  of  t h e  D N A -  
d e p e n d e n t  R N A  s y n t h e s i s  in v i t r o  d e p e n d s  g r e a t l y  on  
w h e t h e r  t h e  h is tor ies  in i t i a l ly  were  a l lowed  to  i n t e r a c t  
w i t h  t he  p o l y m e r a s e  e nz yme ,  t h e  n u c l e o t i d e  t r i p h o s -  
p h a t e s ,  or  t h e  D N A  t e m p l a t e .  T a b l e  I s h o w s  t h e  a m i n o  
acid  a na ly s i s  a n d  source  of t h e  v a r i o u s  h i s t o n e  f r a c t i o n s  
u s e d  in f u r t h e r  a s says .  T h e  effec ts  of  t h e s e  v a r i o u s  
h i s t o n e  f r a c t i o n s  on  t h e  r a t e  of R N A  s y n t h e s i s  w h e n  
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Table I. The amino acid composition of the various historic fractions and their source 

Fraction Total 
CODE histone 

CTH F1 F2al F2a F2b F3 H-1 H-3 

Source Calf Calf Calf Calf Calf Calf Sea urchin 
thyums thynms thymus thyums thymus thynms 

F2c 

Chicken 
erythro- 
cyte 

Poly- Poly- Culpeine 
arginine lysine 

Synthetic Herring 

Amino acid 

Lysine 14.4 27.7 I0.0 11.4 76.0 10.3 20.2 I1.9 2,1.9 - 100 - 
Histidine 1.7 - 1.9 2.1 2.4 2.4 1.7 2.3 1.8 - - - 
Arginine 8.3 1.8 13.9 11.6 7.8 13.6 19.0 20.1 l l .d  100 - 7d 
Aspartic acid 4.8 2.1 5.1 5.2 5.1 4.5 3.4 4.6 1.7 - - - 
Threonine 5.6 5.4 6.7 5.9 5.8 6.5 4.8 6.3 3.1 - - 2.1 
Serine 6.1 6.8 2.5 4.2 9.2 3.9 7.6 11.2 13.1 - - 4.6 
Glutamie acid 8.3 3.7 6.4 7.6 7.9 10.6 4.2 5.0 3.7 - - 
Proline 5.4 10.0 1.4 3.0 3.4 4.4 2.8 2.0 6.9 - - 7.5 
Glycine 8.5 6.9 15.9 12.1 7.0 6.0 4.2 10.0 4.7 - - - 
Alanine 13.8 25.1 7.6 10.4 10.8 13.4 18.9 7.8 15.2 - - 6.6 
Half cystine . . . .  0.1 . . . . .  
Valine 6.0 4.3 8.0 7.0 7.1 4.8 4.5 5.8 4.0 - - 3.7 
Methionine 1.0 - 1.0 1.0 1.0 1.5 1.3 1.2 0.5 - - - 
Isoleucine 4.0 0.9 5.6 5.4 5.5 4.9 2.5 4.2 3.0 - - 1.2 
Leucine 7.7 4.3 8.1 8.4 5.8 9.2 2.7 4.0 4.0 - - - 
Tyrosine 2.5 0.5 3.5 3.0 3.6 2.1 1.1 2.3 1.4 - - - 
Phenylalanine 1.9 0.5 2.3 1.7 1.6 2.0 0.8 1.1 0.5 - - - 

Arginine/lysine 0.58 0.06 1.39 1.02 0.48 1.32 0.92 1.69 0.46 - - - 

All serine values are corrected (10%) for hydrolytic losses. All values are expressed as % of total moles of aniino acids recovered. 
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Table II. Comparison of the inhibition of RNA synthesis, expressed 
as % of control (no histone), of each histone fraction after inter- 
action with DNA or with enzyme 

100 

8O 
Histone: DNA = 0.7 Historic: DNA = 0.3 

E 
Fraction % of control Fraction % of control = 60 

with with with with 
q0 DNA enzyme DNA enzyme 

CTH 54 30 CTH 74 36 
F1 20 30 F1 66 76 
F2a 61 24 F2a 82 34 
F2al 42 36 F2al 59 55 
F2b 77 29 F2b 94 35 
F3 67 29 F3 91 25 
H-1 44 33 H-1 77 61 
H-3 40 16 H-3 88 27 
F2c 40 40 F2c 77 69 
Protalnine sulfate 65 59 Protamine sulfate 83 31 
Polyarginine �9 - - Polyarginine ~ 88 77 
Polylysine 10 30 Polylysine 50 90 

Dissolved in 0.05N HC1; control for this fraction included the 
addition of an equivalent amount of 0.05 N HC1 to reaction mixtures. 

al lowed to in te rac t  ini t ial ly w i th  the  D N A  t emp l a t e  or 
wi th  t he  po lymerase  enzyme  are shown in Table II .  In  
each of these  assays,  the  D N A  (50 ~g) and  enzyme  
(30 ~g) levels were cons tan t ,  while 2 levels of each of the  
h i s tone  f rac t ions  were used. All of the  lysine-r ich frac- 
t ions  (F1, F2b, H - l ,  and F2c), excep t  t he  F2b fract ion,  
exh ib i t ed  l i t t le var ia t ion  in tile inhibi t ion of R N A  syn- 
thes is  when  p re ineuba ted  e i ther  wi th  t he  D N A  t e m p l a t e  
or w i th  t he  enzyme.  More arginine-r ich f rac t ions  (F2a, 
F3, F2a l ,  H-3, and  p ro t amine  sulfate), however ,  demon-  
s t r a t ed  a 2-to 4-fold grea ter  inhib i t ion  of R N A  synthes is  
when  al lowed to in te rac t  ini t ial ly wi th  the  enzyme t h a n  
wi th  t he  D N A  templa te .  F rac t ion  F 2 a l  was  an excep t ion  
in th is  case. These results  indica te  t h a t  the  increase in 
inh ib i t ion  of R N A  synthes is  caused by  the  in te rac t ion  
of t he  to ta l  calf t h y m u s  h is tone  wi th  the  enzyme  ins tead  
of t he  D N A  templa te ,  was largely due to  the  more  
arginine-r ich h i s tones  of t h a t  fraction.  The syn the t i c  
po lyca t ions  (polyarginine or polylysine) failed to  show 
any  corre la t ion of arginine-lysine con ten t  to  the  change  
in inhib i t ion  of R N A  synthes is  by  the  pre incubat ion .  In  
general,  t h e  lysine-r ich h i s tones  exhib i ted  a grea ter  inhi-  
b i t ion  of R N A  synthes i s  t h a n  the  arginine-r ich h is tones  
when  al lowed to in te rac t  f i rs t  wi th  the  D N A  templa te .  
However ,  the  arginine-r ich h is tones  showed the  grea ter  
inh ib i t ion  w h e n  the  histories were  al lowed to  in te rac t  
ini t ial ly w i th  the  po lymerase  enzyme.  This  arginine-r ich 
h i s tone -enzyme  in te rac t ion  was found wi th  h is tones  f rom 
several  species of organisms.  

To faci l i tate  the  size of fu r ther  exper iments ,  only  the  
F1 (very lysine-rich) and  F3 (relat ively arginine-rich) 
h is tone  f rac t ions  were compared .  Bo th  of these  f ract ions  
are c o m m o n  to  all eucaryot ic  organisms and  can be ob- 
t a ined  in considerable  pur i ty .  W h e n  the  I~NA polymerase  
Was al lowed to  in te rac t  ini t ia l ly wi th  the  DNA, la ter  
add i t ions  of h is tones  resul ted  in inhibi t ions  similar  to  
t h a t  where  h is tones  were allowed to  in te rac t  w i th  the  
D N A  (Figure). Here,  the  lysine-r ich h is tones  exh ib i t ed  
grea ter  inh ib i t ion  t h a n  the  arginine-r ich fractions.  I t  has  
been  shown  t h a t  the  R N A  polymerase  enzyme  b inds  
readi ly  to the  D N A  templa te .  This b ind ing  appears ,  
therefore ,  to  p r even t  inac t iva t ion  of t he  enzyme  by  

ONA+ erlzyr~e~ 
hlstone 
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! 

DNA + histone~ 
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last 

c F~ 

Enzyme § 

ONA last 

The effect on the rate of RNA synthesis caused by interacting the 
lysine-rieh (F1) or the arginine-rich (F3) histones with either DNA 
template, the polymerase enzyme, or the enzyme-DNA complex. 
Enzyme, 30[~g/rx; DNA, 50[zg/rx; histone, 20~g/rx; C, control 
(no histone). 

arginine-r ich his tones.  W h e t h e r  the  D N A - b o u n d  enzyme  
is unable  to i n t e r ac t  wi th  t he  arginine-r ich his tones  or 
whe the r  t he  arginine-r ich h i s tones  have  a h igher  af f in i ty  
for the  u n m a s k e d  pa r t s  of t he  D N A  t h a n  for the  enzyme  
remains  to  be de te rmined .  Based on h i s tone -DNA inter-  
ac t ion s tudies  r epor ted  b y  AKINRIMIS1 and  BONNER s, 
the  second a l t e rna t ive  appears  more  probable .  

I t  can be concluded t h a t  the  sequence of addi t ion  of 
the  react ion c o m p o n e n t s  of the  in v i t ro  D N A - d e p e n d e n t  
R N A  synthes i s  should be considered when  using h is tones  
as inhibi tors .  The  level of inhibi t ion caused by  the  
arginine-r ieh h i s tones  can be increased 2-to 4-fold when  
these  h is tones  are allowed to in te rac t  f i rs t  wi th  t he  
po lymerase  en zy me  or wi th  the  free nucleot ides  ins tead  
of the  D N A  templa te .  These f indings m a y  help to explain  
the  d i f ferent  resul ts  ob ta ined  by  various laborator ies  on 
the  re la t ive efficiencies of the  lysine-r ich and  arginine-  
r ich his tones  in inhib i t ing  the  D N A - d e p e n d e n t  R N A  
synthes is  9 I t  is necessary  to  stress t h a t  s imilar  experi-  
m e n t s  u n d e r t a k e n  wi th  t h e  enzyme D N A  polymerase  
have  shown t h a t  no such in te rac t ion  be tween  arginine-  
r ich or lys ine-r ich h is tone  takes  place in the  case of t he  
DNA polymerase  enzyme 1~ 

Zusammen[assung. I m  K o m p l e x  mi t  der  DNS-Mat r ize  
zeigt  die lys inreiehe F rak t ion  F1 eine doppe l t  so grosse 
H e m m u n g  der  R N S - S y n t h e s e  in vi t ro  als das arginin-  
reiche His ton  F3. Demgegenf iber  erwies sich das arginin-  
reiche Hi s ton  F3, mi t  R N S - P o l y m e r a s e  komplexier t ,  
wi rksamer  als das  lysinreiche His ton  F1, das  heisst,  dass  
die Inh ib i t ion  m i t  dem argininre ichen His ton  F3 ffinf- 
fache Ste igerung und  d a m i t  doppel te  Wi rksamke i t  gegen- 
fiber F1 ergibt .  
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