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ABSTRACT The s t r u c t u r e  and o v e r a l l  f unc t ion  of t h e  T4 
DNA r e p l i c a t i o n  complex has  been o u t l i n e d  by Albe r t s  and 
coworkers. I n  order  t o  f u r t h e r  r e f i n e  t h i s  p i c t u r e  we 
have been s tudying  t h e  molecular  d e t a i l s  of  t h e  i n t e r a c -  
t i o n s  of some of  t h e  p r o t e i n s  of t h i s  r e p l i c a t i o n  system 
wi th  r e l e v a n t  n u c l e i c  a c i d  l a t t i c e s ,  and wi th  one 
another .  W e  have shown t h a t  gene 32-protein binds t o  
s h o r t  ( k  = 2+8 r e s i d u e s )  o l i gonuc leo t ides  e s s e n t i a l l y  
independently of base composition o r  sugar  type;  this 
b inding  is  a l s o  r e l a t i v e l y  independent of s a l t  con- 
c e n t r a t i o n .  I n  c o n t r a s t ,  t h e  coopera t ive  b inding  of 
gene 32-protein t o  polynucleo t ides  shows an appre- 
c i a b l e  dependence on base  composition and sugar- type,  
and a  l a r g e  dependence on s a l t  concent ra t ion .  This  s a l t  
concent ra t ion  dependence r e s i d e s  i n  t h e  b inding  cons t an t  
t o  t h e  n u c l e i c  a c i d  l a t t i c e  ( K ) ,  and n o t  i n  t h e  coopera- 
t i v i t y  parameter ( w ) ;  it has been shown t h a t  t h i s  s a l t  
concen t r a t i on  dependence involves  a  s i g n i f i c a n t  anion,  
a s  w e l l  a s  a  c a t i o n ,  displacement  r e a c t i o n  on binding.  
These r e s u l t s  a r e  i n t e r p r e t e d  i n  terms of an e x p l i c i t  
two-conformation model of t h e  i n t e r a c t i o n  of t h i s  pro- 
t e i n  wi th  nuc l e i c  a c i d  l a t t i c e s .  I n  a d d i t i o n ,  t h e  
r e s u l t s  provide  a  q u a n t i t a t i v e  molecular  i n t e r p r e t a t i o n  
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of the autogenous regulation by this protein of its own 
synthesis, and lead to general principles for the 
development of binding specificity via cooperative 
(cluster) protein binding. 
T4 DNA replication i n  vivo involves at least seven 
proteins. We have characterized the binding properties 
of the T4 DNA polymerase to various DNA substrates, and 
present a model which describes how T4 DNA polymerase 
might bind to the primer-template substrate during 
replication based on these results. At in vivo salt 
concentrations we have shown that T4 DNA polymerase, by 
itself, synthesizes DNA "dispersively"; synthesis in the 
"progressive" mode requires T4 DNA polymerase, gene 32- 
protein, the proteins encoded by T4 genes 44, 62 and 45, 
and ATP. ATP hydrolysis is required only for the ini- 
tial assembly of these proteins into a multiprotein 
complex. This complex has a lifetime of less than 45 
seconds. A model bearing on some molecular aspects of 
the structure and possible function of this "five- 
protein" system is discussed. 

INTRODUCTION 

The identification and characterization of the com- 
ponents of several viral and bacterial DNA replication 
complexes, as well as the assembly of these components into 
functional in v i t ro  replication systems, are advancing 
rapidly in a number of laboratories (for recent summaries 
see refs. 1-4, as well as related articles in this volume). 
Alberts and coworkers, in particular, have led the way in 
defining the bacteriophage T4 system, and have shown that 
the equivalent of "leading strand" elongation of DNA primers 
can be conducted i n  v i t r o ,  at essentially i n  vivo rates, 
using an appropriate DNA template-primer, deoxyribo- 
nucleotide triphosphates, ATP, and five phage-T4-coded pro- 
teins (2,3). The proteins involved are the products of gene 
43 (T4 DNA polymerase), gene 32 (T4 helix-destabilizing 
protein), and genes 44/62 and 45 (polymerase accessory 
proteins); these comprise the "five-protein" elongation 
system. 

This five-protein system can be expanded to form a 
"complete" (seven-protein) i n  v i t ro  replication system, 
capable of both "leading" and "lagging" strand synthesis at 
a replication fork at approximately physiological rates, by 
adding ribonucleoside triphosphates and the products of 
genes 41 and 61 (the RNA priming proteins). In addition to 
the cleavage of deoxyribonucleoside triphosphates to 
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monophosphates (dNTP -t dNMP) i m p l i c i t  i n  polymerization, 
functioning of the f ive-protein system requires  the concom- 
mitant  hydrolysis  of ATP ( t o  ADP) by gene 44/62 p ro te in ,  and 
the seven-protein system involves the  hydrolysis  of GTP ( t o  
GDP)  by gene 41 p ro te in  a s  wel l  (5)  . 

I n  order t o  fu r the r  r e f i n e  t h i s  p i c t u r e  we have been 
studying the molecular d e t a i l s  of the in te rac t ions  of some 
of the  p ro te ins  of the  T4 r e p l i c a t i o n  system with re levant  
nucle ic  ac id  l a t t i c e s ,  and with one another. In  t h i s  paper 
we w i l l  summarize c e r t a i n  aspects of our recent  s tud ies  on: 
( i )  the  s t r u c t u r e  and nucle ic  ac id  binding s p e c i f i c i t y  of 
gene 32-protein; (ii) the  binding t o  nucle ic  acid templates 
and p rocess iv i ty  of polymerization of the T4 DNA polymerase; 
and ( i i i )  the i n t e r a c t i o n  of the  polymerase with ( a s  well  as  
the  modulation of i t s  process ivi ty  by) the  polymerase 
accessory prote ins .  Deta i ls  of these s tud ies  have been 
(6-8) or  w i l l  be (9-11; a l s o  Newport and von Hippel, 
manuscripts i n  prepara t ion)  published elsewhere. 

GENE 32-PROTEIN - NUCLEIC A C I D  INTERACTIONS 

I n i t i a l  Measurements. Alberts  and coworkers (12,13) 
f i r s t  i so la ted  and p u r i f i e d  gene 32-protein, and 
demonstrated i n  v i t r o  t h a t  i t s  c e n t r a l  funct ional  f ea tu re  
is i t s  a b i l i t y  t o  bind p r e f e r e n t i a l l y  and cooperatively t o  
single-strand DNA sequences. Subsequent s tud ies  from t h i s  
laboratory (6-8) i n i t i a t e d  a quan t i t a t ive  thermodynamic exa- 
mination of t h i s  property of the prote in .  I t  was shown t h a t  
gene 32-protein can bind s h o r t  ( k  = 2+8 res idues)  oligo- 
nucleotides with an apparent associa t ion constant  of 
% 105 M-1, and t h a t  t h i s  binding is  e s s e n t i a l l y  independent 
of ol igonucleotide base composition and sugar type. I n  
addi t ion,  measurements of the cooperative binding of gene 
32-protein t o  polynucleotide l a t t i c e s  revealed the  binding 
s i t e  s i z e  of the p ro te in  (n)  t o  be % 7 nucleotide r e s i -  
dues, the  binding constant  (K)  t o  be % lo4-106 ~ - 1  i n  0.1 M 
NaC1, and the  cooperat iv i ty  parameter ( w )  t o  be 'L l o 3 .  [See 
Figure 1 and r e f .  (14) f o r  d e f i n i t i o n s  and descr ip t ions  of 
these binding parameters.] Even though gene 32-protein i s  
thermodynamically defined as  a "melting prote in"  a s  a con- 
sequence of i t s  p r e f e r e n t i a l  binding t o  single-stranded 
nucle ic  acid sequences, it has been shown (13,6) t h a t  t h i s  
p ro te in  i s  "k ine t i ca l ly"  blocked from ac tua l ly  melting 
nat ive  DNA. However it can melt double-stranded 
poly [d (A-T) I t o  equilibrium. 
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Isolated S~ngly Contiguous Doubly Contiguous 

FIGURE 1. D e f i n i t i o n s  of thermodynamic parameters  f o r  
t h e  coopera t ive  b inding  of p r o t e i n s  t o  s ingle-s t randed  
n u c l e i c  l a t t i c e s .  K i s  t h e  i n t r i n s i c  equi l ibr ium cons t an t  
f o r  t h e  i s o l a t e d  binding of a  p r o t e i n  t o  t h e  l a t t i c e ,  and 
w is  t h e  equ i l i b r ium cons t an t  f o r  t h e  s h i f t i n g  of a  pro- 
t e i n  molecule from an i s o l a t e d  t o  a  s i n g l y  contiguous 
b inding  s i t e .  I n  coopera t ive  b inding  t o  a  polynucleo t ide  
l a t t i c e  each p r o t e i n  molecule (except  t h a t  a t  t h e  end of t h e  
c l u s t e r )  is bound wi th  a  n e t  a f f i n i t y  cons t an t  of Kw. 
n is  t h e  s i t e  s i z e  of t h e  bound p r o t e i n ,  i n  u n i t s  of 
nuc l eo t ide  r e s idues  covered (here  3 p e r  p r o t e i n ) .  

I n  Vivo T i t r a t i o n  of Single-Stranded DNA Sequences and 
Autogeneous Regulat ion of  Gene 32-Protein Synthes is .  
Concurrent ly w i th  t h e  above s t u d i e s ,  Gold and coworkers 
(15,16) and Krisch e t  a l .  (17)  demonstrated in vivo  t h a t  
t h e  amount of gene 32-protein synthes ized  i n  a  T4 i n f e c t i o n  
i s  p r o p o r t i o n a l  t o  t h e  amount of s ing le-s t randed  DNA pre-  
s e n t .  Subsequently Lemaire e t  a l .  (18) showed, u s ing  an 
i n  v i t r o  t r a n s l a t i o n  system, t h a t  gene 32-protein synthe- 
sis is  autogenously r egu la t ed .  They found t h a t  a f t e r  a l l  of 
t h e  s ingle-s t randed  DNA sequences p r e s e n t  i n  t h e  s o l u t i o n  
have been complexed wi th  gene 32-protein,  t h e  f r e e  con- 
c e n t r a t i o n  of t h e  p r o t e i n  i nc reases  t o  a  c r i t i c a l  l e v e l .  A t  

t h i s  p o i n t  t h e  p r o t e i n  b inds  s p e c i f i c a l l y  t o  i t s  own 
(homologous) mRNA, s h u t t i n g  o f f  f u r t h e r  syn thes i s  of gene 
32-protein without  i n t e r f e r i n g  wi th  t h e  s y n t h e s i s  of o t h e r  
T4 p r o t e i n s .  These f i n d i n g s ,  demonstrat ing b inding  s p e c i f i -  
c i t y  t o  va r ious  n u c l e i c  a c i d  s u b s t r a t e s  in vivo,  seemed 
incompatible  w i t h  our  e a r l i e r  demonstrat ion of apparent  non- 
s p e c i f i c i t y  of b inding  a t  t h e  o l igonuc leo t ide  l e v e l ,  and l ed  
us t o  a f u r t h e r  examination of the binding  s p e c i f i c i t y  of 
gene 32-protein.  
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Oligonucleotide T i t r a t ions .  To t h i s  end we (9)  repeated 
and extended the  e a r l i e r  o l iqom~cleo t ide  t i t r a t i o n s  of Kelly 
e t  a l .  ( 7 1 ,  monitoring the  quenching of the  i n t r i n s i c  
(tryptophan) fluorescence of gene 32-protein on oligo- 
nucleotide binding. Working with higher precis ion tech- 
niques we showed unequivocally (within a f a c t o r  of % 3 
i n  K )  t h a t  the  binding ( K o l i g o )  of gene 32-protein t o  o l i -  
gonucleotides of length 2 t o  8 res idues  i s  independent of 
base composition and oligonucleotide length,  and t h a t  
binding t o  RNA oligonucleotides i s  a t  most 3-fold weaker 
than binding t o  DNA oligonilcleotides of the  same length and 
composition. I n  addi t ion we showed t h a t  K o l i g o  f o r  gene 
32-protein binding t o  oligonucleotides i s  approximately 
independent of s a l t  concentrat ion ( 8  log ~ ~ ~ i ~ ~ / a  109 [NaCl] 
= -0.3; see  r e f .  19 f o r  general  treatment and in te rp re ta -  
t i o n  of such d a t a ) .  The lack of s p e c i f i c i t y  i n  oligo- 
nucleotide binding seemed indeed t o  suggest t h a t  the  
demonstrated p h y s i o l o g i c a l  binding s p e c i f i c i t y  must 
r e f l e c t  e i t h e r  an enhancement of small d i f ferences  i n  
a f f i n i t y  a s  a consequence of p ro te in  monomer binding i n  
cooperative c l u s t e r s  ( 2 0 ) ,  or  t h a t  binding t o  polynucleotide 
l a t t i c e s  must involve d i f f e r e n t  gene 32-protein-nucleic ac id  
in te rac t ions  ( o r ,  of course, both of the above). 

Polynucleotide T i t r a t i o n s  . To inves t iga te  t h i s  aspect  
we undertook a comprehensive s e r i e s  of t i t r a t i o n s  of various 
homopolynucleotides with gene 32-protein, monitoring e i t h e r  
the quenching of i n t r i n s i c  p ro te in  fluorescence o r  the UV 
absorbance change of the nucleic ac id  due t o  the  base 
unstacking which accompany binding ( 6 ) .  T i t r a t i o n s  were 
ca r r i ed  ou t  as  a function of s a l t  concentrat ion,  and t y p i c a l  
r e s u l t s  (here  with poly r A )  a t  d i f f e r e n t  s a l t  concentrat ions 
a re  presented i n  Figure 2 .  Clearly binding i s  cooperative 
and s a l t  concentrat ion dependent. 

The f r e e  ligand (p ro te in )  concentrat ion a t  the  mid- 
point  of t i t r a t i o n s  such as  those of Figure 2 is  equal t o  
(Ku)-l f o r  t h a t  polynucleotide a t  t h a t  s a l t  con- 
centra t ion.  Values of Kw measured i n  t h i s  way on a 
va r i e ty  of polynucleotides a r e  presented a s  a p l o t  of log 
Kw v e r s u s  log [NaCl] i n  Figure 3. Clearly the  e f f e c t i v e  
binding constant  (Kw) f o r  gene 32-protein ( a t  constant  
s a l t  concentrat ion) is dependent on both the  base com- 
pos i t ion  and sugar type of the polynucleotide. Quant i ta t ive  
analys is  of d a t a  such a s  t h a t  of Figure 3 shows t h a t  Kw f o r  
a random copolymer containing sve ra l  types of bases (or  f o r  
a n a t u r a l  DNA) i s  approximately equal t o  the  compositionally- 
weighted sum of the Kw values f o r  the individual  homopoly- 
nucleotides,  ind ica t ing  t h a t  the  s p e c i f i c i t y  depends on 
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FIGURE 2. S a l t  concentrat ion dependence of the  binding 
of gene 32-protein t o  poly rA i n  10 rnM Hepes, 0.1 mM EDTA, 
pH 7.7,  p lus  added NaCl a s  indicated.  The s o l i d  l i n e s  
represent  ca lcula ted  t h e o r e t i c a l  curves, using n = 7 
nucleotide residues per  p ro te in  monomer and w = 2 x l o3 .  
K was determined (using t h i s  w )  from the  experimental 
value of Kw. 

log [NoClI 

FIGURE 3. P l o t  of log Kw versus log [NaCl] f o r  the  
cooperative binding of gene 32-protein t o  various 
polynllcleotides; buffer  condit ions a s  i n  Figure 1. Lines 
marked "f luor"  o r  "UV" represent  dupl ica te  s e t s  of measure- 
ments ca r r i ed  ou t  by quenching of i n t r i n s i c  prote in  
f luorescence,  o r  changes i n  W absorbance, respect ively .  
The r e s t  of the data  a l l  represent  f luorescence quenching 
determinations. 
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d i f f e r e n t i a l  binding of individual  bases along the  chain. 
I n  addi t ion,  Kw f o r  a given polydeoxyribonucleotide is 
always g rea te r  than t h a t  f o r  the  homologous polyribo- 
nucleotide (Figure 3 ) .  

Both Figures 2 and 3  a l s o  show t h a t ,  unlike oligo- 
nucleotide binding,  cooperative polynucleotide binding i s  
v e r y  s a l t  concentrat ion dependent ( 8  log K U / ~  log [NaCl] 
c -6 t 1). In  addi t ion,  binding measurements performed 
with mono- and d iva len t  s a l t s  carrying d i f f e r e n t  anions 
suggest t h a t  approximately two-thirds of the above s a l t  
dependence r e f l e c t s  displacement of protein-bound anions 
a s  a  consequence of nucle ic  ac id  in te rac t ions  ( 9 ) .  Studies 
involving the  f i t  of t h e o r e t i c a l  binding equations t o  
experimental t i t r a t i o n  data ,  and measurements a t  very low 
binding d e n s i t i e s  (v) ,  show t h a t  a l l  the  s a l t  dependence 
of Kid is  i n  K ,  with w remaining constant  ( s a l t -  
independent) a t  % 103. 

These r e s u l t s  ind ica te  t h a t  gene 32-protein can bind t o  
nucle ic  ac ids  i n  two very d i f f e r e n t  ways, probably repre- 
sent ing two d i s t i n c t  p ro te in  conformations. We term these  
binding conformations the oligonlrcleotide and the  poly- 
nucleotide binding modes, respect ively .  Figure 4 i l l u s -  
t r a t e s  and sllmmarizes some of the in fe r red  molecular 

FIGURE 4. Schematic representa t ion of the  binding modes 
(conformations) of gene 32-protein t o  nucle ic  acid l a t t i c e s .  
Note t h a t  binding i n  the  polynucleotide mode involves 
unmasking of a  l a rge ly  e lec t ros ta t i ca l ly -b ind ing  sub-s i te ,  
with the concommitant removal of the block t o  s t a t i s t i c a l  
("shuffl ing") binding seen i n  the  oligonucleotide mode, and 
a l s o  the  d isrupt ion of the "anion binding s i t e " .  
Cooperative binding i n  the  polynucleotide mode involves l a t -  
t i c e  d i s t o r t i o n  and protein-protein i n t e r a c t i o n  (see  t e x t  
and, f o r  fu r the r  d e t a i l s ,  r e f .  9) . 
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f ea tu res  of these two binding modes i n  schematic form ( f o r  
fu r the r  d e t a i l s  see r e f .  9).  

Binding Proper t ies  of GP32*I and GP32*III. Hosoda and 
coworkers (21,22) have shown t h a t  b r i e f  treatment of na t ive  
gene 32-protein with p ro teo ly t i c  enzymes r e s u l t s  i n  cleavage 
of an % 60 res idue peptide from the  C-terminus, and an % 

20 res idue peptide from t h e  N-terminus of the o r i g i n a l  pro- 
t e i n .  These cleavage products can be i so la ted  from such a 
d iges t ;  the  r e s u l t i n g  prote ins  have been termined GP32*I 
(C-terminal peptide removed) , GP32*II (N-terminal peptide 
removed) and GP32*III (both peptides removed) . These 
cleaved p ro te ins  show changes i n  both apparent binding a f f i -  
n i t y  and cooperat iv i ty  of binding t o  n ~ i c l e i c  ac id  l a t t i c e s ,  
r e l a t i v e  t o  undigested gene 32-protein (21,22,23). I n  order 
t o  f u r t h e r  our molecular understanding of the in te rac t ions  
responsible f o r  gene 32-protein complex formation with 
nucle ic  ac ids ,  we have measured the  thermodynamic parameters 
character iz ing the  binding of GP32*I and GP32*III t o  nucle ic  
ac id  l a t t i c e s  (11) . 

GP32*I binds t o  s h o r t  ol igonucleotides with approxi- 
mately the same K a s  gene 32-protein ( a t  % 0.1 M NaCl), 
but  with a somewhat increased s a l t  dependence. Binding of 
GP32*I t o  the  various polynucleotides of Figure 3 follows 
the same order of binding a f f i n i t y ,  and shows the same 
o v e r a l l  s a l t  dependence as  gene 32-protein; n and w a r e  
unchanged from the gene 32-protein values,  and K i s  
increased % 2 t o  4-fold. These r e s u l t s  a r e  a l l  consis tent  
with a p a r t i a l  p ro teo ly t i c  removal of the negatively charged 
"shuff l ing block" i n  gene 32-protein (see  Figure 4) . Thus 
thermodynamically, GP32*I is  very s imi la r  t o  the  nat ive  
p ro te in ;  the  small change i n  K is not s u f f i c i e n t  of i t s e l f  
t o  explain why t h i s  de r iva t ive  can melt nat ive  DNA t o  
equil ibrium (11,24).  Clear ly  k i n e t i c  explanations of t h i s  
d i f ference  must be sought. 

GP32*III binds nucle ic  ac ids  very d i f fe ren t ly .  This 
de r iva t ive  shows no t r a c e  of binding cooperat iv i ty  (w = 1 1 ,  
and a much lower n e t  binding a f f i n i t y .  The dependence of 
binding a f f i n i t y  on s a l t  concentrations i s  a l s o  decreased. 
On the other  hand GP32*III deforms the single-stranded 
nucle ic  ac id  l a t t i c e  on binding (as  evidenced by CD and UV 
absorbance s tud ies )  t o  the  same extent  as  gene 32-protein 
and GP32*I. This suggests (see r e f s .  6,11,20) t h a t  l a t t i c e  
deformation alone cannot be responsible f o r  the cooperati- 
v i t y  of binding of gene 32-protein; the re  must be substan- 
t i a l  involvement of d i r e c t  prote in-prote in  in te rac t ions  
(Figure 4) . 
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Competitive Cooperat ive "Non-Specific'' Binding a s  a  
Genome Regulatory Mechanism. A s  descr ibed  above, gene 32- 
p r o t e i n  binding i n  t h e  polynucleo t ide  mode does indeed exhi-  
b i t  some d i f f e r e n c e s  i n  n e t  a f f i n i t y  (Ku) f o r  d i f f e r e n t  
nuc l e i c  a c i d  l a t t i c e s  a t  cons tan t  s a l t  concent ra t ion  
(F igure  31, depending on base composition and sugar  type.  
In  add i t i on ,  a t  h igher  s a l t  concent ra t ions  [such a s  those  
c h a r a c t e r i z i n g  t h e  i n  vitro t r a n s l a t i o n  system of Lemaire 
e t  al. (18 ) l  we see  a  f i n i t e  " l a g  phase" i n  t h e  coopera- 
t i v e  t i t r a t i o n  curve (Figure 21, p r i o r  t o  t h e  onse t  of l a t -  
t i c e  binding.  Thus t h e  free p r o t e i n  concent ra t ion  must 
reach a  c e r t a i n  c r i t i c a l  l e v e l  be fo re  binding begins.  These 
p r o p e r t i e s  provide  a  q u a n t i t a t i v e  explana t ion  of t h e  pre-  
f e r r e d  order  of b inding  of t h i s  p r o t e i n  t o  d i f f e r e n t  nuc l e i c  
a c i d  l a t t i c e s ,  and thus  a l s o  of t he  mechanism by which t h e  
p r o t e i n  au to regu la t e s  i t s  own syn thes i s .  The p r o t e i n  
"binding cycle" underlying t h i s  c o n t r o l  system i s  repre-  
sen ted  schemat ica l ly  i n  F igure  5. 

How does such a  system work? Because b inding  i s  
coopera t ive  (F igure  2 )  and competi t ive f o r  p r o t e i n  ( i . e . ,  
gene ra l ly  t h e r e  i s  an excess  of l a t t i c e  b inding  s i t e s  
a v a i l a b l e ) ,  c o n t r o l  depends on which of t he se  s e t s  competing 
binding s i t e s  a r e  s a t u r a t e d  f i r s t .  Figure 3  sugges ts  t h a t  
f o r  l a t t i c e s  of comparable s i z e  and base composition, 
binding t o  DNA sequences should precede RNA binding.  [ I n  
add i t i on  ( d a t a  no t  shown i n  F igure  3) b inding  of gene 
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FIGURE 5. Schematic r e p r e s e n t a t i o n  of t h e  sequence of 
events  involved i n  t h e  autogenous r e g u l a t i o n  of gene 32- 
p r o t e i n  s y n t h e s i s ,  a s  e luc ida t ed  by Gold and coworkers 
1 6 1 8 )  The var ious  competi t ive binding e q u i l i b r i a  
involved a r e  i nd i ca t ed  ( s ee  t e x t ) .  
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32-protein t o  poly dT is  anomalously t i g h t ,  fu r the r  favoring 
the i n i t i a l  sa tu ra t ion  of DNA l a t t i c e s . ]  Cooperative 
binding can amplify small  d i f ferences  i n  i n t r i n s i c  binding 
af f i n i  t y  (K)  o r  cooperat iv i ty  (a) ; dif ferences  i n  binding 
l a t t i c e  s i ze  can a l s o  modulate the  binding competition, 
again because binding is  cooperative (20).  Thus f o r  two 
competing l a t t i c e s  of i d e n t i c a l  base compositon and sugar 
type,  t h e  l a r g e r  l a t t i c e  w i l l  s a t u r a t e  f i r s t .  A t  equal 
l eve l s  of l a t t i c e  s a t u r a t i o n  the n e t  binding f r e e  energy of 
the system is  rendered more unfavorable (by RTlnW r e l a t i v e  
t o  an "unbroken" c l u s t e r )  whenever a  contiguously bound pro- 
t e i n  c l u s t e r  i s  terminated and a  new c l u s t e r  is  i n i t i a t e d  a t  
an i s o l a t e d  binding s i t e .  

An example of the use of t h i s  p r i n c i p l e  might be the 
o r i g i n a l  suggestion of Russel e t  a l .  (16) t h a t  gene 32 
mRNA may be character ized by a  c r i t i c a l  unstructured control  
sequence (e.g.,  flanked by two s t a b l e  hai rpins)  which is  
longer than the  analogous sequences on other  T4 mRNAs. 
This could account very simply f o r  the  binding preference of 
the  p ro te in  f o r  i t s  own message. Studies of the base 
sequences of pu ta t ive  mRNA con t ro l  regions (e-g. ,  see  Krisch 
e t  al., 25) should soon permit assessment of the  applica- 
b i l i t y  of such notions t o  r e a l  systems. 

Clearly such models can, i n  p r inc ip le ,  account f o r  
sequen t i a l  regula t ion processes such a s  t h a t  out l ined i n  
Figure 5. Elsewhere (10) we have computer-simulated some 
poss ible  models, and have shown t h a t  these  notions can be 
made q u a n t i t a t i v e l y  consis tent  with the gene 32-protein 
autoregula t ion data .  In  addi t ion,  these approaches can be 
used t o  const ruct  a va r i e ty  of genome regulatory systems 
based on the  genera l  p r i n c i p l e  t h a t  s p e c i f i c i t y  of binding 
t o  competing nucle ic  ac id  sequences can a r i s e  through the  
cooperative binding of p ro te ins  t h a t ,  binding individual ly  
a t  i s o l a t e d  s i t e s ,  show only marginal sequence-dependent 
binding s p e c i f i c i t y .  

INTERACTIONS O F  T4 DNA POLYMERASE WITH PRIMER AND TEMPLATE 

I n  order t o  funct ion i n  e i t h e r  a  polymerization or  a  
3'+5' exonuclease (ed i t ing)  mode, DNA polymerase must bind 
a t  the  3 '-(primer) terminus of a  primer-template complex 
(see r e f .  1 f o r  many funct ional  d e t a i l s  and binding models). 
Thus elements of both s ingle-  and double-stranded DNA 
binding could be involved i n  t h i s  in te rac t ion .  We have 
ca r r i ed  o u t  a  number of experiments t o  l ea rn  more about the  
molecular d e t a i l s  of the  formation of t h i s  c e n t r a l  component 
of the T4 DNA r e p l i c a t i o n  complex. 
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Binding t o  Single-Stranded DNA. Sedimentation veloci ty  
and DNA-cellulose column techniques (26,271 have been used 
t o  measure the  binding of T4 DNA polymerase t o  s ingle-  
stranded,  c i r c u l a r  @XI74 DNA. The r e s u l t s  show t h a t  
polymerase binds f a i r l y  t i g h t l y  t o  single-stranded DNA a t  
low ion ic  s t r eng th  ( K  = l o 5  M - ~  a t  0.05 M NaCl), and t h a t  
binding decreases markedly with increas ing s a l t  con- 
centra t ion.  

We f ind,  as  has been shown with many other  nucleic acid- 
p ro te in  in te rac t ion  systems (see  above and r e f .  1 9 ) ,  t h a t  a  
log-log p l o t  of the  apparent binding constant  versus s a l t  
concentrat ion is  l i n e a r  ( a  log K/a log [NaCl] " -5; data  not 
shown), and t h a t ,  unlike f o r  gene 32-protein, binding shows 
no anion dependence. These data  can be in te rp re ted  quan- 
t i t a t i v e l y  (19) t o  suggest t h a t  the in te rac t ion  of T4 
polymerase with single-stranded DNA involves 7  t o  8 charge- 
charge (DNA phosphate with bas ic  prote in  side-chain) con- 
t a c t s .  

These single-stranded DNA-polymerase binding data  can 
a l s o  be ext rapola ted  t o  es t imate  a  binding constant  f o r  t h i s  
in te rac t ion  a t  physiological  s a l t  concentrations. Based on 
s a l t  e f f e c t s  with DNA-repressor in te rac t ions ,  it has been 
shown (28) t h a t  the  e f f e c t i v e  ca t ion  concentrat ion ( f o r  such 
in te rac t ions  wi thin  an E .  coli c e l l  is a t  l e a s t  0.20 M 
( i n  ~ a +  equivalents)  . In 0 . 2  M NaCl we es t imate  the 
polymerase-single-stranded DNA binding constant  t o  be 5 
l o 2  M - ~ .  This low value of K suggests t h a t  few, i f  any, 
polymerase molecules bind i n  i s o l a t i o n  t o  (e. g. ) s ingle-  
stranded p a r t s  of DNA r e p l i c a t i o n  forks  i n  vivo. 

Salt-Dependence of Polymerase Function. The above data  
suggest t h a t  the f r e e  energy of binding of T4 DNA polymerase 
t o  single-stranded DNA has a  major e l e c t r o s t a t i c  component 
involving Q 8 charge-charge in te rac t ions .  We may now ask 
whether t h e  s a l t  dependence of the binding of the  T4 poly- 
merase t o  o ther  nucle ic  acid s t r u c t u r e s  ( including the 
primer-template complex) is s imi lar .  To approach t h i s  
question we determined the  e f f e c t  of varying s a l t  con- 
cen t ra t ion  on the  r a t e  of primer extension by T 4  polymerase 
a t  an o l igo  dT - poly dA primer-template junction. In addi- 
t i o n ,  we examined the  s a l t  dependence of the r a t e  of 
d iges t ion of ( l i n e a r )  single-stranded DNA by the  polymerase 
ac t ing i n  the  3'+5' exonuclease mode. I n  both cases the 
e f f e c t  of NaCl on the  r a t e  of c a t a l y s i s  suggested the 
involvement of Q 7-8 charge-charge in te rac t ions  per 
binding event. These r e s u l t s  suggest t h a t  the s a m e  types 
oP electros L a t l c  lnkerac t lons  are lilvolved I n  polymerase 
binding t o :  (i) " i n t e r i o r "  single-stranded s i t e s  on 
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c i r c u l a r  DNA; (ii) the  primer-template junction i n  the  poly- 
merization mode; and (iii) the 3' termini  of single-stranded 
DNA i n  the exonuclease mode. 

Mapping the  In te rac t ions  of T4 DNA Polymerase with the  
Primer-Template Complex. 3'+5' exonuclease a c t i v i t y  of T4 
polymerase on o l igo  dT - poly dA templates has been u t i l i z e d  
t o  determine which p a r t i c u l a r  res idues  of the primer make 
important contacts  with the polymerase. Using 
l abe l l ed  template-bound primers of i n i t i a l l y  unique length,  
we found ( i n  the  absence of deoxynucleoside tr iphosphates)  
t h a t  t h e  polymerase d iges t s  these parameters a t  a  uniform 
r a t e  u n t i l  the  primer length is reduced t o  10 nucleotide 
residues.  A t  t h a t  po in t  d iges t ion is slowed, indicat ing 
t h a t  residue 11 (from the  3' end) makes an important contact  
with the polymerase. Further analys is  involving appl ica t ion 
of the same technique t o  primers of shor te r  i n i t i a l  length 
ind ica tes  t h a t  T4 DNA polymerase i n t e r a c t s  s t rongly  with 
nucleotide residues 1, 2 ,  3, 4 and 8, 9, 10, and 11, 
counting from the 3'-OH primer terminus. Residues 5, 6 and 
7 do no t  seem t o  i n t e r a c t  s i g n i f i c a n t l y ,  based on t h i s  
assay. (For d e t a i l s  see  r e f .  29 ,  and manuscript i n  prepara- 
t ion . )  We note t h a t  the  e igh t  primer-polymerase contacts 
deduced by t h i s  technique a r e  numerically consis tent  with 
the  7-8 charge-charge in te rac t ions  elucidated from s a l t -  
dependence da ta  f o r  the in te rac t ion  between polymerase and 
various nucle ic  ac id  "subst ra tes" .  

I n  Figure 6 we present  a model of the  primer-template- 
polymerase complex which is  consis tent  with a l l  evidence 
presented above. Having no information t o  the  contrary,  the 
primer-template complex is  shown i n  the usual  double-helical 
form. We note t h a t  this permits contacts with residues 1, 
2 ,  3, 4, 8, 9,  10 and 11 along one "side" of the double- 
he l ix ;  residues 5, 6 and 7 ,  which apparently do not i n t e r a c t  
with the polymerase, a re  located on the opposite s i d e  of the 
DNA s t ruc tu re .  These r e s u l t s  suggest t h a t  polymerase may 
contain two (presumably pos i t ive ly  charged) primer-binding 
sub-s i tes ;  one react ing with primer residues 1 through 4, 
and t h e  o ther  with residues 8 through 11. 

Process ivi ty  of T4 Polymerase-Catalyzed DNA Synthesis. 
Several groups have shown t h a t  T4 DNA polymerase is  capable 
of processive synthes is  under some condit ions (30,31). To 
inves t iga te  t h e  p rocess iv i ty  of t h i s  polymerase under a 
va r i e ty  of conditions we have used the assay scheme out l ined 
i n  Figure 7 ( a  s imi la r  procedure has been developed indepen- 
dently by McClure and Chow, 32).  I n  analyzing the  data  
obtained from t h i s  system we assume t h a t  processive 
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F I G U R E  6. Proposed model f o r  T 4  DNA polymerase binding 
t o  the  primer-template complex. Contacts between polymerase 
and primer occur a t  residues 1-4 (a ) and residues 
8-11 ( ( ) , respect ively  counting from the 3' -OH end of the  
primer (see t e x t ) .  

Assay Scheme 

I 1) Quench 

2) Denature 

3) Separate on gel 

n.+3 ' - - \ ~ " r r~  

n.+2 '- I Separated 

n.+l '4 primers 

n. *- 

FIGURE 7. Model of the  assay system fo r  determining 
polymerase p rocess iv i ty  (see t e x t  f o r  condi t ions) .  The 
elongated primers a re  separated by polyacrylamide g e l  
e lec t rophores is  a t  the end of the experiment, and the s i z e  
d i s t r i b u t i o n s  a r e  determined by quan t i t a t ive  autoradiography 
(see  Figure 9)  . 
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synthes is  involves a minimum of th ree  s t eps :  (i) binding of 
a (template complementary) nucleoside tr iphosphate u n i t  t o  
the polymerase-prlmer-template complex; (ii) covalent 
l inking of t h i s  u n i t  ( a s  the  nucleoside monophosphate) t o  
the 3'-primer terminus; and (iii) translocat ion of the  poly- 
merase one nucleotide res idue forward along the  template t o  
achieve c o r r e c t  alignment a t  the  new primer terminus. The 
"process ivi ty"  of t h i s  synthes is  depends on the  number of 
such three-step cycles the  polymerase can complete before it 
d i s soc ia tes  from the  primer-template complex. 

Assuming d i s soc ia t ion  is  a f i r s t - o r d e r  process,  we can 
ass ign a p robab i l i ty  t o  each three-step cycle ,  where P i s  
the  p robab i l i ty  t h a t  a p a r t i c u l a r  number of cycles w i l l  be 
completed p r i o r  t o  a d i s soc ia t ion  event. Thus f o r  a given 
s e t  of primers which have been associa ted  with T4 DNA poly- 
merase only once during the  experiment ( t h i s  i s  assured by 
maintaining a high primer t o  polymerase r a t i o ) ,  the  f r a c t i o n  
of primers t h a t  have had exact ly  n nucleotides added t o  
the  3'-terminus is: 

n 
X 

log (n) = (n - 1) log P + log (1 - p) ( 2 )  
t o t a l  

where n is the  number of nucleotides added (i .e . ,  t he  number 
of cycles completed) p r i o r  t o  d i s soc ia t ion ,  and nx/ntotal 
is the f r a c t i o n  of elongated primers with exact ly  n addi- 
t ions .  

For example, i f  P = 0.9, the p robab i l i ty  of adding a t  
l e a s t  one nucleotide t o  the  3'-terminus of a p a r t i c u l a r  
primer is  0.9, t h a t  of adding a t  l e a s t  two nucleotides is  
p2 = 0.81, t h a t  of adding a t  l e a s t  th ree  nucleotides is 
~3 = 0.729, e t c .  The p robab i l i ty  of adding exactly one 
nucleotide is P l  - ~2 = 0.09; t h a t  of adding exactly two 
nucleotides is  p2 - p3 = 0.081, and so  on. A p l o t  of 
log (nx/ntotal)  a s  a funct ion of (n - 1) should y i e l d  a 
s t r a i g h t  l i n e  with a slope = log P and y-intercept = log 
( I  - P ) ,  from which P can be determined. Such a p l o t  i s  
shown i n  Figure 8, u t i l i z i n g  data  obtained from the  analys is  
of the bands i n  Lane I of Figure 9. We f ind  under these  
condit ions ( a  30 second reac t ion  i n  0.095 M NaC1) t h a t  
synthes is  is  processive (P = 0-84 + 0.01); t h i s  value of P 
means t h a t  50% of the elongated primers w i l l  have undergone 
a t  l e a s t  four  cycles of nucleotide addi t ion p r i o r  t o  poly- 
merase d issocia t ion.  The l i n e a r i t y  of t h i s  p l o t  confirms 
our i n i t i a l  assumption t h a t  during processive synthes is  



VI PROKARYOTIC REPLICATION ENZYMOLOGY 

L 0.40 
2 4 6 8 10 12 14 

n-1 Additions 

FIGURE 8. Data from Lane I of Figure 9, p l o t t e d  
according t o  eq. ( 2 )  . A value of P = 0.833 is obtained from 
the  s lope,  and of P = 0.848 from the  y- in tercept  (see  t e x t ) .  

T4 DNA polymerase d i s soc ia tes  from the  primer-template 
complex i n  a f i r s t -o rde r  fashion. 

Figure 9 shows a s e r i e s  of experiments i n  which the 
process ivi ty  of T4 DNA polymerase was determined a s  a func- 
t i o n  of NaC1. Clear ly ,  a s  s a l t  concentrat ion i s  increased 
the p rocess iv i ty  of the  polymerase decreases. This f inding 
i s  consis tent  with the  r e s u l t s  presented above, indicat ing a 
decreasing binding constant  f o r  polymerase t o  nucle ic  ac id  
subs t ra tes  ( including the  primer-template complex) a t  
increasing s a l t  cohcentrat ions.  These data  s t rongly  
suggest t h a t  DNA synthes is  b y  polymex-ase alone under s a l t  
condit ions comparable t o  the in v i t ro  s i t u a t i o n  (% 0.2 M 
NaCl) i s  t o t a l l y  d ispers ive .  

PROPERTIES OF THE FIVE PROTEIN T4 DNA REPLICATION SYSTEM 

Addition of T4 Polymerase Accessory Proteirls Makes DNA 
Synthesis Processive a t  i n  v i t ro  S a l t  Concentrations. The 
r e s u l t s  described above show t h a t  T4 DNA polymerase, ac t ing 
by i t s e l f  under roughly in v i t ro  s a l t  condit ions,  binds 
only weakly t o  single-stranded DNA (or t o  primer-template 
complexes), and synthes izes  new DNA i n  a t o t a l l y  d ispers ive  
manner [P = 0; eq. (1) and ( 2 ) ,  above]. Using the  assay 
system and condit ions shown i n  Figures 7 and 9,  we f ind  t h a t  



42 JOHN W. NEWPORT ET AL. 

FIGURE 9. Autoradiogram of experiment t o  determine the  
p rocess iv i ty  of T4 DNA polymerase ( see  t e x t ) .  Reaction mix 
contained 10 mM T r i s  ( p H  7.8), 0.5 mM DTT, 200 pg/ml BSA, 
0.1 m~ EDTA, 2.5 m~ M ~ C ~ Z ,  3.1 x 10-7 ( d ~ )  16 (molari ty of 
nucleotide res idues)  and 1.16 x 10-8 M T4 DNA polymerase. 
The react ions  were incubated a t  various concentations of 
added NaCl f o r  the  times indicated.  Time po in t s  represent  
30 (C, F,  I ,  L, 0,  R, U), 120 ( B ,  E l  HI K,  N ,  Q,  T)  and 300 
( A ,  D ,  G, J, M I  P I  S )  seconds. NaCl concentrat ions were 
135 mM (A, B ,  C ) ;  115 mM ( D l  E ,  F ) ;  95 mM (G,  H ,  I ) ,  75 mM 
(J, K ,  L); 5 5 m ~  ( M , N ,  0 ) ;  3 5 m ~  (PI Q,  R) and25mM (S, T, 

U )  . 

the  addi t ion of gene 32, 44/62 and 45 p ro te ins ,  p lus  ATP, 
r e s u l t s  i n  a tremendous increase i n  the r a t e  and processi-  
v i t y  of synthes is  of new DNA (poly dT) under i n  vivo s a l t  
condit ions.  The omission of any of these four accessory 
p ro te ins ,  o r  of ATP, from the  reac t ion  mix reduces the pro- 
c e s s i v i t y  back t o  approximately the l e v e l  c h a r a c t e r i s t i c  of 
T4 DNA polymerase alone (Figure 9 ) .  These r e s u l t s  a re  i n  
good accord with the  e a r l i e r  observations of Alberts  and 
coworkers (2,4) and Nossal and P e t e r l i n  (33) t h a t  the " f i v e  
p ro te in  system" i s  capable of e f f i c i e n t  leading s t rand 
synthes is  on nicked double-stranded DNA. 
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ATP Hydrolysis is  Required f o r  Assembly of the Five 
Prote in  Replication Complex, Rather Than f o r  Elongation. 
Piperno and Alberts  (34) have demonstrated t h a t  ATP 
h y d r o l y s i s  i s  required t o  demonstrate the  s t imulat ion of 
DNA synthes is  by gene 44/62 and 45 prote ins  i n  the  f i v e  pro- 
t e i n  system; ATP b i n d i n g  alone does not  su f f i ce .  Further- 
more, these workers showed t h a t  l e s s  than one ATP is 
hydrolyzed pe r  ten  deoxyribonucleotides incorporated i n t o  
DNA. These r e s u l t s  suggest t h a t  ATP hydrolysis  may control  
a s s e m b l y  of the  r e p l i c a t i o n  complex, r a the r  than being 
required as an energy source f o r  polymerase t rans locat ion i n  
chain elongation.  This model p red ic t s  t h a t  once the  rep l i -  
ca t ion complex is  assembled, the  length of the  DNA chain 
synthesized should be independent of ATP hydrolysis .  
Furthermore, the  number of r e p l i c a t i o n  complexes formed 
(or the  number of chain i n i t i a t i o n  events per  u n i t  time) 
s h o u l d  be a function of ATP concentration. This hypothe- 
sis was t e s t e d  i n  an experiment of the  s o r t  depicted i n  
Figure 9 ,  where DNA synthes is  by the f i v e  p ro te in  system was 
monitored a s  a  function of ATP concentration. 

The r e s u l t s  obtained (data  not presented here;  f o r  
d e t a i l s  see  r e f .  29 and Newport and von Hippel, i n  
preparation) show t h a t  a s  the  ATP concentrat ion is  
decreased, fewer primers a r e  elongated. However, once i n i -  
t i a t e d  the  l e n g t h  of the extended primers is  i n d e p e n d e n t  
of ATP concentration. This s t rongly  suggests t h a t  ATP 
hydrolysis  i s  required only fo r  the  establishment (assembly) 
of a funct ional  f i v e  p ro te in  r e p l i c a t i o n  complex, and not  
f o r  elongation p e r  se. 

Further analys is  of such experiments a l s o  shows t h a t  the  
number of primers elongated increases  with time. This 
suggests t h a t  a  r e p l i c a t i o n  complex, once assembled, is not 
in f  i n i t e l y  s t a b l e ;  a  maximum complex l ife-t ime of % 45 
seconds i s  obtained under our experimental conditions. This 
l i fe- t ime i s  e s s e n t i a l l y  independent of the r a t e  of primer 
elongation.  These r e s u l t s  suggest t h a t  ATP hydrolysis  may 
serve a s  a  timing mechanism t o  control  the temporal s t a -  
b i l i t y  of the funct ional  ( f i v e  p ro te in )  r e p l i c a t i o n  complex. 

Stoichiometry of the Five Prote in  Replication Complex. 
Gene 44/62 p ro te ins  a r e  i s o l a t e d  as  a  t i g h t  complex composed 
of approximately four  gene 44- and two gene 62-coded poly- 
peptide chains; the  t o t a l  molecular weight of the complex is 
% 180,000 dal tons  (35,36). I n  experiments i n  which the 
r a t e  of i n i t i a t i o n  of DNA synthes is  (primer extension) was 
s tudied as  a  function of gene 44/62 p ro te in  concentrat ion i n  
the presence of excess gene 32 and 45 prote ins ,  we f ind  t h a t  
maximal i n i t i a t i o n  a c t i v i t y  occurs a t  a  l e v e l  of one gene 
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44/62 p ro te in  complex per primer. I n  s imi la r  experiments i n  
which the concentrat ion of gene 45 prote in  was varied,  we 
were unable t o  achieve sa tu ra t ion  of i n i t i a t i o n  a c t i v i t y ,  
suggesting that .  qene 45 p ro te in  binding i s  much weaker. 

Model of the  Assembly of the T4-Coded Five Prote in  DNA 
Replication Complex. These r e s u l t s  and others  (4,5,29,33) 
a r e  cons i s t en t  with a preliminary working model f o r  the  f i v e  
p ro te in  system on an o l igo  dT - poly dA primer-template 
which i s  schematized i n  Figure 10. We suggest t h a t  i n  the  
presence of gene 32- and 45-proteins, and ATP, one gene 
44/62 p ro te in  moiety binds t i g h t l y  t o  the  primer-template 
complex. T 4  DNA polymerase (gene 43 prote in)  then binds 
onto t h i s  complex, in te rac t ing  mostly with the primer s t rand 
and r e s u l t i n g  i n  a complex capable of rapid  and high pro- 
cess ive  "leading s t rand"  DNA synthes is  a t  i n  vivo s a l t  
concentations. Additional experimental support f o r  some 
aspects  of t h i s  model w i l l  be presented elsewhere (Newport 
and von Hippel, I n  prepara t ion) .  

DNA Syntnesis 

FIGURE 10. Proposed assembly scheme f o r  the  f i v e  pro- 
t e i n  T4 DNA r e p l i c a t i o n  complex. Dark a reas  represent  
s t rong in te rac t ions .  For f u r t h e r  d e t a i l s  see t e x t ,  
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