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A Kinetic Model for Nucleohis tone-Dependent  DNA 

The  nuc leoh i s tone  c o m p o n e n t  of pea  e m b r y o  c h r o m a t i n  
p r e p a r e d  acco rd ing  t o  t h e  p r o c e d u r e  of HUANG a n d  
BONNER z, i n e r t  as  a t e m p l a t e  for  R N A  syn thes i s ,  func-  
t ions  as  a p r i m e r  in  a n  Escherichia coli D N A  p o l y m e r a s e  
(deoxynuc leos ide  t r i p h o s p h a t e :  D N A  nuc l eo t idy l  t r a n s -  
ferase,  EC. 2.7.7.7) r eac t i on  s y s t e m  =. T h e  r e su l t i ng  l imi t ed  
syn thes i s  ceases ove r  a t i m e  i n t e r v a l  in  wh ich  D N A -  
p r i m e d  D N A  s y n t h e s i s  p rogress ive ly  increases .  

T h e  p r o d u c t  of  t h e  n u c l e o h i s t o n e  p r i m e d  D N A  syn-  
thes i s  compr i ses  m o s t l y  nuc l eoh i s tone  b o u n d  D N A  a n d  
some  free u n b o u n d  D N A  s. T he  f r ac t ion  of D N A  p r o d u c t  
b o u n d  to  t h e  nuc leoh i s tone ,  w h i c h  also appea r s  to  com-  
p l ex  t h e  p o l y m e r a s e  e n z y m e  to  fo rm a n  i nac t i ve  complex ,  
is sens i t ive  to  endonuc l ea s e  b u t  insens i t ive  to  exonuc lease  
ac t ion  4. However ,  t h e r e  is v e r y  l i t t l e  t r ans f e r  of p r i m e r  
h i s t one  to  newly  syn the s i zed  D N A  p r o d u c t  s. T he  p r e s e n t  
i n v e s t i g a t i o n  is conce rned  w i t h  t he  r a t e  of D N A  poly-  
merase  ac t ion  w i t h  D N A  a n d  nuc leoh i s tone  as  p r i m e r s  as  
a f fec ted  b y  c o n c e n t r a t i o n  of p r i m e r  a n d  deoxynuc leos ide  
t r i p h o s p h a t e s .  T h e  e x p e r i m e n t a l  o b s e r v a t i o n s  are  in  
accord  w i t h  a quas i  equ i l i b r i um  mode l  in  wh ich  a c o m p l e x  
p o l y m e r a s e  t e m p l a t e  a n d  p r o d u c t  is r eve r s ib ly  t r a n s -  
f o r m e d  to  a s t a t e  in  wh ich  t h e  p o l y m e r a s e  is no  longer  
ava i l ab l e  for  c a t a l y z i n g  f u r t h e r  D N A  syn thes i s .  

Results. Figure  1 shows  t h e  ef fec t  of v a r y i n g  D N A  
c o n c e n t r a t i o n s  on  t he  r a t e s  of D1WA syn thes i s  b y  E. coli 
D1WA p o l y m e r a s e  w i t h  D N A  a n d  w i t h  nuc l eoh i s tone  of 
pea  e m b r y o  as  p r imers .  As p r e v i o u s l y  s h o w n  =, D N A  
s y n t h e s i s  w i t h  e i t h e r  p r i m e r  p roceeds  in  a n  essen t i a l ly  
l inea r  f a sh ion  o v e r  t h e  m e a s u r e d  t i m e  in te rva l ,  30 min .  
T h e  ra t io  of D N A -  to  n u c l e o h i s t o n e - p r i m e d  r eac t i on  r a t e s  

Synthes is  

decreased  w i t h  inc reas ing  p r i m e r  c o n c e n t r a t i o n .  The  r a t e  
vs. c o n c e n t r a t i o n  prof i les  obeyed ,  w i t h  e x p e r i m e n t a l  
er ror ,  s imple  Michael i s  k ine t i c s  a t  low D N A  c o n c e n t r a -  
t ions .  B o t h  K m a n d  V were  g r ea t e r  for  t h e  D N A - p r i m e d  
r eac t ion  t h a n  for t h e  n u c l e o h i s t o n e - p r i m e d  reac t ion .  The  
slopes of t he  doub le  rec iproca l  I /c  V. 1 /DNA plo t s  (Km/V)  
were  t h e  same.  

A n  ana logous  s i t u a t i o n  p e r t a i n s  t o  t h e  e f fec t  of deoxy-  
nuc leos ide  t r i p h o s p h a t e  ( d N T P )  c o n c e n t r a t i o n  (F igure  2). 
A t  low c o n c e n t r a t i o n s  of d N T P  the  r a t e s  are  compa rab l e .  
A t  h igh  c o n c e n t r a t i o n s  t he  r a t e  decreased  w i t h  DNA,  b u t  
n o t  w i t h  nuc l eoh i s tone  as  p r imer .  -Kra a n d  Vma x, as in t h e  
case of  v a r y i n g  D N A  c o n c e n t r a t i o n ,  were  g r ea t e r  for  t h e  
D N A -  t h a n  for  t h e  n u c l e o h i s t o n e - p r i m e d  r e a c t i o n ;  a n d  
t h e  s lopes of t he  d o u b l e  rec iprocal  1/v vs. 1 / d N T P  p lo t s  
were  t h e  same.  I n  e x p e r i m e n t s  in  wh ich  b o t h  nucleo-  
h i s t o n e  a n d  D N A  were  p r e s e n t  in  t h e  p o l y m e r a s e  r eac t i on  
mix tu re ,  t h e  r a t e  of DN2k s y n t h e s i s  was  a lways  closer  to  
t h a t  of t h e  n u c l e o h i s t o n e - p r i m e d  r e a c t i o n  t h a n  to  t h a t  of  
t h e  D N A - p r i m e d  r eac t i on  alone.  

W h e n  va r ious  c o m p o n e n t s  of t he  D N A  p o l y m e r a s e  
r eac t i on  m i x t u r e  were  a d d e d  a f t e r  30 m i n  of reac t ion ,  
v e r y  l i t t le ,  if any ,  f u r t h e r  increase  in D N A  s y n t h e s i s  was  
o b s e r v e d  w i t h  nuc l eoh i s tone  as  p r i m e r  (Table) .  W' i th  D N A  
as p r i m e r  f u r t h e r  D N A  syn thes i s  e n s u e d  u p o n  a d d i t i o n  
of e n z y m e  a n d  e n z y m e  plus  d N T P .  

W e  propose  t h e  fol lowing m e c h a n i s m  to  a c c o u n t  for t h e  
f i nd ing  t h a t  t he  s t r a i g h t  l ines  r e su l t i ng  f rom t h e  rec iproca l  
p l o t s  w i t h  n u c l e o h i s t o n e  a n d  D N A  a p r i m e r  a p p e a r  to  b e  
para l le l  u p o n  v a r y i n g  e i t h e r  D N A  or  d N T P  c o n c e n t r a t i o n .  
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Fig. 1. Effect of DNA concentration on the rate of DNA synthesis 
with pea embryo DNA (O) and with nucleohistone Co) as primers. 
The reaction mixtures contained in/~motes/ml; potassium phosphate 
buffer pH 7.2, 40/~moles; MgC12, 4.0/2moles; 2-mercaptoethanol 
0.6 /*mole; dCTP, dGTP, dTTP and [H ~] dATP (10 /zC//,mole), 
12.5 nmoles each = 50 nmoles of dNTP. In addition, the mixture 
contained 1.3 units of DNA polymerase and varying amount of 
primer. Preparation and characterization of primers and enzyme are 
given in previous publications I,L. Rate iv) expressed as nmoles of 
DNA/ml reaction mixture synthesized, ml]30 min at  37°C. The 
smooth curves were calculated from the Miehaelis equation 
v = VSI(Km + S) where S is the DNA concentration. The values for 
K m are 80 and 8.8 nmoles/ml reaction mixture for the DNA- and 
nucleohistone-primed reactions, respectively. The corresponding 
values for V are 55.6 and 6.1 nmoles of DNA synthesizedlml reaction 
mixture. 30 min. The inset shows the corresponding double reciprocal 
plots. 
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Fig. 2. Effect of deoxynucleoside triphosphate (dNTP) concentrat ion  
on the rate of DNA synthesis in the presence of 32 nmoleslml of pea 
embryo DNA. Other conditions are the same as those for Figure I. 
The values for Krn are 150 and 16 nmoles/ml for the DNA and 
nucleohistone-primed reactions. The corresponding values for V are 
63 and 6.7 nmoles DNA synthesizedlml. 30 rain. The inset shows the 
corresponding reciprocal plots. 
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(b) [ T ~ X  ° ] + E  , I T  ~ X ° J E  
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(c) [ T ~ X  °] + X ° • [ T ,~ X ° X ]  E 

k4 
(d) [ T ,-~ X ° X ]  E + X ° • [ T ~,, X ° X , ]  E 

(e) I T  ,-, X ° X ( n -  z)] E + X ° 
k5 

• [ T  , - , P ] E  • 

I T  ~ P ]  + E 

where  T is t e m p l a t e  D N A ;  X °, nuc leos ide  t r i p h o s p h a t e ;  
X ,  nuc leo t ide  res idue ;  E, e n z y m e ;  P ,  t h e  p r o d u c t  D N A  
[ =  X ° X ( n _ l ) ] ;  kx to  k 5 a re  r a t e  c o n s t a n t s ;  a n d  ( ~ )  
deno t e s  b o n d i n g  to  p r imer .  T h e  f i r s t  2 r eac t ions  are  t h e  
revers ib le  b o n d i n g  of t he  base  of a nuc leos ide  t r i p h o s p h a t e  
to  t he  base  a t  t he  3 ' -OH end  of t h e  t e m p l a t e  (a) fol lowed 
b y  c o m p l e x i n g  w i t h  e n z y m e  (b). I t  is f u r t h e r  a s s u m e d  
t h a t  t h e  t e m p l a t e  u n w i n d s  a n d  t h a t  t h e  unwind ing ,  
h y d r o g e n  bond ing ,  a n d  coup l ing  of nuc leos ide  t r i phos -  
p h a t e  to  fo rm a p h o s p h o d i e s t e r  l inkage  (release of pyro -  
p h o s p h a t e  n o t  shown)  p roceed  v i r t u a l l y  s i m u l t a n e o u s l y  
(c) s. Th e  p r o d u c t  D N A  c h a i n  t h u s  grows f rom t h e  phos -  
p h o r y l a t e d  Y - O H  end  (d) ~ to  yie ld  t e m p l a t e - p r o d u c t  
c o m p l e x  s a n d  free e n z y m e  (e). 

The  q u a s i - e q u i l i b r i u m  r a t e  e q u a t i o n  for free D N A  is:  

k 5 e (T) (X) 
v = Ka  + KB (T) + ( r )  (X) (1) 

where  [v = k 5 e is t he  ve loc i ty  of f o r m a t i o n  of acid in- 
soluble  DNA] ,  K a  = k~ kdk  3 k 1, KB  = (n -- 1) ks/k 4, a n d  
(T),  (X), a n d  e are  t h e  c o n c e n t r a t i o n s  of t e m p l a t e ,  d N T P ,  
a n d  enzyme,  respec t ive ly .  

The  m e c h a n i s m  w i t h  nuc l eoh i s tone  as t e m p l a t e  is as- 
s u m e d  to  be  iden t i ca l  w i t h  t h a t  for  D N A  e x c e p t  t h a t  in 
t h e  f inal  s tep  t h e  e n z y m e  is n o t  re leased  b u t  is r eve r s ib ly  
t i ed  u p  in a comp lex  such  t h a t  i t  is no  longer  ava i l ab le  
for  f u r t h e r  ca ta lys is ,  i.e. : 

k5 
[ T  ~ P ]  E .  - - - - ~  I T  ,~ P / E *  

k. 

This  i n t roduces  a n  a d d i t i o n a l  fo rm of enzyme,  [ T ~ P / E * ,  
whose  c o n c e n t r a t i o n  is a f u n c t i o n  of t h e  ac t ive  e n z y m e -  

Effect of adding components after incubation 

Added after Relative amount of DNA synthesis 
30 min~ DNA primer Nucleohistone 

H20 100 100 
dNTP, 80 nmoles 114 115 
Enzyme, 0.7 units 148 94 
Enzyme + dNTP 181 121 
Nucleohistone - 94 
DNA - 105 

Standard reaction mixture contained per ml: 80 nmoles of dNTP; 
65 nmoles of pea embryo DNA or 310 nmoles of nucleohistone (as 
DNA); and 0.2 unit of DNA polymerase. After 30 min at 37 °C, the 
components (in 0.1 ml) above were added and the reaction allowed 
to proceed for an additional 30 min. The amounts of DNA synthesized 
after addition of H20 were 3.7 and 1.2 nmoles for the DNA- and 
nucleohistone-primed reactions, respectively. 

s u b s t r a t e  c o m p l e x  [ T ~ P / E .  T h e  r e su l t i ng  quas i -equi l i -  
b r i u m  r a t e  e q u a t i o n  is:  

kde (T) (X) 
v = Ka  + KB  (T) + (1 + Kc) (T) (X) (2) 

where  K ,  = hdk  e 

I n s p e c t i o n  of e q u a t i o n s  (1) a n d  (2) w h e n  v is expressed  
as a f u n c t i o n  of e i t h e r  t e m p l a t e  (T) or  d N T P  (X) con-  
c e n t r a t i o n  shows  t h a t  each  obeys  s imple  Michael is  
kinet ics ,  i.e. [v = ( V S ) [ K  + S)], a n d  t h a t  t he  s lope of 
t h e  rec iproca l  p lo t  (Kin/V) is n o t  c h a n g e d  b y  t h e  i n t r o d u c -  
t i on  of a n  a d d i t i o n a l  fo rm of t h e  enzyme,  as  was  found  
expe r imen t a l l y .  Fa i lu re  to  r e spond  to  inc reas ing  e n z y m e  
c o n c e n t r a t i o n  impl ies  t h a t  t h e  l imi t ed  s i tes  on  t h e  nucleo-  
h i s t one  for c o m b i n a t i o n  w i t h  e n z y m e  to  fo rm a n  ac t ive  
complex  are  no  longer  ava i lab le .  The  p rev ious  o b s e r v a t i o n  
t h a t  a d d i t i o n  of p a n c r e a t i c  deoxyr ibonuc lease ,  a n  endo-  
nuclease,  to  a nuc l eoh i s tone  s u p p o r t e d  p o l y m e r a s e  r e a c t i o n  
m i x t u r e  a f t e r  m a x i m u m  D N A  syn thes i s  ha s  occu r red  a, sug-  
gests  t h a t  se lec t ive  i n t e r n a l  p h o s p h o d i e s t e r  b o n d s  of p ro  
d u c t  a n d / o r  t e m p l a t e  are  i n v o l v e d  in t he  f o r m a t i o n  of 
t h e  p u t a t i v e  c o m p l e x  of p roduc t ,  t e m p l a t e  a n d  i n a c t i v e  
enzyme.  I t  is of i n t e r e s t  to  no t e  t h a t  p o l y a m i n e s  h a v e  
also b e e n  f o u n d  to  s t i m u l a t e  t h e  r a t e  of nuc leoh i s tone -  
d e p e n d e n t  D N A  syn thes i s  9. 

A n  a l t e r n a t e  m e c h a n i s m  p o s t u l a t i n g  t h a t  t he  p resence  
of 2 species of t e m p l a t e  (free D N A  a n d  nuc leoh i s tone) ,  
b o t h  of w h i c h  c o m b i n e  w i t h  enzyme,  b u t  t h a t  on ly  1 
c o m p l e x  ( t h a t  w i t h  free DNA)  is e n z y m a t i c a l l y  ac t ive ,  
leads  to  a r a t e  e q u a t i o n  w i t h  iden t i ca l  Km'S for  free D N A  
a n d  c h r o m a t i n  b u t  d i f f e ren t  V's, a n d  is t he re fo re  ex- 
c luded.  This  l a t t e r  t y p e  of b e h a v i o r  ha s  been  obse rved  in 
a c o m p a r i s o n  of D N A -  a n d  l iver  c h r o m a t i n - s u p p o r t e d  
R N A  syn thes i s  b y  E.  coli R N A  p o l y m e r a s e  x°,n 

Rdsumd. A basse  c o n c e n t r a t i o n  de ~ , template ,  e t  de  
d6oxynuc l6os ide  t r i p h o s p h a t e ,  la  v i tesse  de  syn th~se  de  
D N A  p a r  la  D N A  po lym6rase  de  E. coli su i t  la  loi s imple  
de  Michaelis .  Les  va l eu r s  de Km et  de V p o u r  les r6ac t ions  
d 6 p e n d a n t  de  la  nuc l6oh i s tone  son t  p lus  basses  que  les 
va l eu r s  p o u r  les r6ac t ions  d 6 p e n d a n t  du  DNA,  ma i s  les 
r a p p o r t s  V / K  m son t  semblables .  Les  a d d i t i o n s  suppl6-  
m e n t a i r e s  de c o n s t i t u a n t s  du  m61ange r6ac t ionne l  de la  
po lym6rase  n ' o n t  eu q u ' u n  t r~s  fa ib le  effe t  sur  le sys t6me  
d 6 p e n d a n t  de la  nuc l6ohis tone .  
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